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Abstract. The monitoring of glaciers in Switzerland has a
long tradition, yet glacier changes during the 20th century are
only known through sparse observations. Here, we estimate a
halving of Swiss glacier volumes between 1931 and 2016 by
mapping historical glacier elevation changes at high resolu-
tion. Our analysis relies on a terrestrial image archive known
as TerrA, which covers about 86 % of the Swiss glacierised
area with 21703 images acquired during the period 1916—
1947 (with a median date of 1931). We developed a semi-
automated workflow to generate digital elevation models
(DEMs) from these images, resulting in a 45 % total glacier
coverage. Using the geodetic method, we estimate a Swiss-
wide glacier mass balance of —0.5240.09 mw.e.a~! be-
tween 1931 and 2016. This equates to a 51.5 +8.0 % loss
in glacier volume. We find that low-elevation, high-debris-
cover, and gently sloping glacier termini are conducive to
particularly high mass losses. In addition to these glacier-
specific, quasi-centennial elevation changes, we present a
new inventory of glacier outlines with known timestamps and
complete attributes from around 1931. The fragmented spa-
tial coverage and temporal heterogeneity of the TerrA archive
are the largest sources of uncertainty in our glacier-specific
estimates, reaching up to 0.50mw.e.a~!. We suggest that
the high-resolution mapping of historical surface elevations
could also unlock great potential for research fields other
than glaciology.

1 Introduction

Glaciers are melting rapidly on a global scale, and constraints
on regional- to global-scale volume changes since the 2000s
have been constantly improving (Gardner et al., 2013; Braun
et al., 2019; Zemp et al., 2019; Shean et al., 2020; Hugonnet
et al., 2021). Large-scale changes that occurred through-
out the 1900s are, however, still largely unknown. Recently,
modern developments in photogrammetry and structure from
motion have emerged, making it possible to exploit histori-
cal images for glaciological applications (Mertes et al., 2017;
Girod et al., 2018; Dehecq et al., 2020). These methods en-
able the reconstruction of glacier surface geometries for the
late 19th and early 20th centuries, providing either a single
snapshot or, in the best of cases, a multi-decadal time series
of glacier change (Midgley and Tonkin, 2017; Molg et al.,
2019). These estimates of glacier changes often reveal large
discrepancies when compared to model-based approaches
(Holmlund and Holmlund, 2019; Belart et al., 2020; Geyman
et al., 2022). To resolve these discrepancies, longer and more
frequent observations of glaciers changes are essential, and
historical data (e.g. film-based images) hold promise to bet-
ter constrain the response of glaciers to a changing climate.
Glaciers in Switzerland and the European Alps have ex-
perienced net retreat since around 1850, albeit at a fluctu-
ating rate, as captured by glaciological mass balance mea-
surements (GLAMOS, 1881-2020; Vincent et al., 2009;
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Huss et al., 2015; Beniston et al., 2018; Huss et al., 2021).
The climate in the 20th century was generally unfavourable
for glaciers, but mass gains and glacier advances were ob-
served in the 1920s and late 1970s (Huss et al., 2010a; Fig. 1c
and d). During the last few decades, however, an accelerating
mass loss trend has been seen (Hugonnet et al., 2021).

While topographic maps resolving Swiss glaciers have
been drawn by the Swiss Federal Office of Topography
(swisstopo) since the late 19th century, today’s picture of
glacier changes during the last century is largely based on
a combination of (i) long-term glacier mass balance se-
ries extending back to the 1910s (GLAMOS, 1881-2020),
(ii) repeated aerial photogrammetry acquired after the 1960s
(Bauder et al., 2007), and (iii) model-based reconstructions
(e.g. Huss et al., 2008). Such combined reconstructions are
available for selected glaciers, and the results have been ex-
trapolated to the regional scale (e.g. Huss, 2012). In this con-
text, it is important to note that since the uncertainties in
glaciological mass balance series are cumulative, they can
cause large biases if not corrected with geodetic estimates
over longer periods (Cox and March, 2004; Thibert et al.,
2008; Zemp et al., 2010, 2013). For Swiss glaciers, such cor-
rections have generally been based on mass changes derived
from topographic maps before 1960 and later on from de-
tailed geodetic surveys based on aerial imagery. However,
uncertainties in the former datasets are large and sometimes
difficult to quantify, especially for the first half of the 20th
century. Modern reanalysis of the source material for these
early maps, thus, holds great potential for further constrain-
ing the magnitude and lowering the uncertainty in estimates
for past glacier changes.

From the First World War to the late 1940s, large parts
of the Swiss Alps were surveyed by means of terrestrial
(i.e. ground-based) photogrammetry. Engineers of swisstopo
took photographs from about 7000 locations distributed
across the country and measured both the terrain and the
camera position with a phototheodolite (an angle-measuring
device combined with a measuring camera). These surveys,
which produced images that are now stored in what is known
as the TerrA image archive (see Sect. 2.2), served as the basis
for the production of the first national topographic maps with
a scale of 1:50000, as well as a set of military maps at the
scale 1 : 10000.

Here, we digitally process 21703 terrestrial photographs
acquired during the TerrA surveys by using modern pho-
togrammetric methods and generate digital elevation mod-
els (DEMs) of nearly all glaciers in Switzerland (89 % by
count). The images and DEMs refer to the time span between
1916 and 1947 (with a median year of 1931) and are used to
reconstruct the geodetic glacier mass balance from 1931 to
2016 (Fig. 1). This is one of the rare regional reconstructions
based on digital photogrammetry before the 1950s (e.g. Be-
lart et al., 2020; Geyman et al., 2022) and, to the knowledge
of the authors, the first of such scope to use terrestrial pho-
tographs as the source material.
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2 Study site and data
2.1 Study site

According to the latest Swiss Glacier Inventory (SGI2016;
Linsbauer et al., 2021), Switzerland presently contains
ca. 1400 glaciers covering 961.4 + 22 km? in total. By area,
this is about half of all glaciers in the European Alps (Paul
et al., 2020). The Swiss glaciers currently span an elevation
range between 1357 and 4599 ma.s.]., with a median ele-
vation of 2913 ma.s.l. and a mean slope of 28° (Linsbauer
et al., 2021). Both the median elevation and the mean slope
are higher than the global average, which are 1308 ma.s.l.
and 11°, respectively (RGI Consortium, 2017). This rela-
tive steepness makes Swiss glaciers particularly suited for
reconstructions based on terrestrial photogrammetry, as the
steepness allows for favourable incidence angles of the pho-
tographs. In this study, we consider all glaciers on Swiss ter-
ritory as long as suitable photographic material is available
from the historical surveys (see below).

2.2 The TerrA terrestrial image archive

The TerrA archive consists of 57 385 images in total, cov-
ering most of the mountains in Switzerland, and the images
were acquired during the first half of the 20th century. Ac-
cording to the images’ approximate viewsheds (produced by
swisstopo and distributed together with the images), about
21703 (38 %) of these images cover glaciers.

Images were acquired from high points surrounding the
surveyed areas (e.g. summits, ridges, slopes), and stereo
acquisition was performed by taking two sets of pictures
from locations spaced a few hundred metres apart (Fig. 2a).
From each location, a panorama of about four to five im-
ages (Fig. 2b) was acquired to increase the viewing angle,
with all images being acquired in the same orientation as
their stereo-counterparts. About 86 % of the glacierised area
is covered by at least two historical images from different
physical locations, thus setting a constraint to the maximum
theoretical coverage of the dataset. The actual coverage is
lower as the incidence angle (i.e. the difference between the
angle of the image and the terrain slope) is often low due to
the photographs being acquired from the ground. This makes
it difficult for feature-matching algorithms to obtain accurate
results, thus lowering the coverage.

The 13cm x 18 cm terrestrial images contained in the
TerrA archive are scanned by swisstopo at a resolution of
21 um, yielding digital images of 53 Mpx. The metadata of
each image include an identifier for which stereo pair they
belong to, the acquisition date, the position, and the view-
ing direction of the image as determined from field mea-
surements. The photographs used in this study were acquired
with 21 individual cameras between 1916 and 1947. Most
photographs were acquired in the 1920s and 1930s, with a
median year of 1931 and a standard deviation of 5 years.

https://doi.org/10.5194/tc-16-3249-2022
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Figure 1. (a) The distribution of Swiss glaciers around 1931 (blue areas). Country borders are outlined in black. The locations of the
TerrA photographs used in the study are shown with coloured dots, whose colour indicates the year of acquisition. The red boxes show the
bounds of other figures (figure numbers given in white). (b) The location of Switzerland (marked in red) in Europe. (¢) Anomalies of mean
annual (black) and mean summer (red) air temperature from 1961-1990; 10-year running averages are drawn as lines, and the data are from
14 homogenised stations (MeteoSwiss, 2021). (d) Mean anomalies in annual glacier mass balance compared to 1961-1990. The data are
described in Sect. 2.3. Map coordinates are in the Swiss CH1903+/LV95 (EPSG:2056) coordinate system.
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Figure 2. (a) Imaging locations (black arrows pointing in the imaging direction) together with ca. 1931 (blue) and ca. 2016 (grey) glacier
outlines for Rhonegletscher (alternatively Rhone Glacier). (b) Panorama example overlooking Rhonegletscher (outlined in dashed blue). The
transparent red boxes show the coverage of each image. The darkest red indicates five images overlapping. (¢, d) Examples of a “Wild”-
type (¢) and a “Zeiss”-type (d) photograph and associated fiducial marks (framed in red).
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The cameras were of two different brands called Wild and
Zeiss, which had different focal lengths, image dimensions,
and frame geometry (Fig. 2c, d).

Within the 2008 “Action Plan for the Preservation of the
Spatially Relevant Cultural Heritage of swisstopo”, it was
decided to preserve the images in the TerrA archive, to scan
them all, and to make them available to the public (Ryf and
Kloti, 2008; Rickenbacher, 2012). After conceptual prepara-
tions, swisstopo started the project in 2013 and announced
the release of the dataset in 2018 (swisstopo, 2018). To our
knowledge, no scientific publication has used this unique
digital dataset to date. The novel use of the imagery pro-
posed here might thus pave the way for further utilisation
of the archive.

2.3 Auxiliary data

Our processing workflow (see Sect. 3) requires a modern
DEM as a reference for co-registration, as means of valida-
tion, and for calculating surface elevation changes with re-
spect to the DEMs generated from the TerrA archive. We
use the SwissALTI3D DEM (swisstopo, 2019) for this. This
DEM is a2 m x 2 m mosaic of lidar (below 2000 m a.s.1.) and
digital aerial photography. Over glaciers, acquisition years
range from 2007 to 2018, with a median year of 2016. The
reported absolute accuracy of the DEM is between 0.1 and
3 m, depending on the location.

To exclude areas of possible elevation change over the
85-year period, we mask glaciers, perennial snowfields, and
lakes. To do so, we use (i) the glacier and snow mask
that Freudiger et al. (2018) digitised from the “Siegfried
maps” made in 1917-1944 and (ii) the swissTLM3D prod-
uct to mask natural and artificially dammed lakes (swisstopo,
2020).

The TerrA images were previously used to create the
first edition of 1:50000 topographic maps (the so-called
“LK507) in the alpine regions of Switzerland (swisstopo, per-
sonal communication, 2021). We use georeferenced scans of
these maps to derive glacier outlines for all glaciers, which
are proven here to be concurrent with the TerrA dataset.
To digitise glacier outlines from the LK50 map series (see
Sect. 3.1.3 for details), we use glacier outlines from the Swiss
Glacier Inventory 1973 (SGI1973; Miiller et al., 1976) as a
template and follow the same naming convention for glacier
identification. The SGI1973 is based on orthophotographs
acquired in 1973 and represents the first accurate and com-
plete mapping of Swiss glaciers.

Glacier outlines corresponding to the SwissALTI3D DEM
are taken from the SGI2016 (Linsbauer et al., 2021). These
are based on detailed mapping performed on orthopho-
tographs with 0.1 to 0.25 m resolution and acquired during
the period 2013-2018 (centre year 2016).

Different types of glacier mass balance data covering
large parts of the study period are available from long-term
monitoring efforts (GLAMOS, 2021). In particular, we use
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(1) time series of annual glacier-wide mass balance based on
in situ observations, available for about two dozen glaciers
and partly extending back to the first half of the 20th cen-
tury (Huss et al., 2015, 2021); (2) geodetic mass balances
computed by differencing up to 12 DEMs, in turn derived
from either topographical maps or aerial photogrammetry
(before and after the 1960s, respectively), available for about
50 glaciers at intervals between 3 and 60 years (Bauder et al.,
2007; GLAMOS, 2021); (3) modelled time series of annual
mass balances covering the period 1900-2021, obtained by
updating the results from Huss et al. (2008, 2010a, c), who
constrained a distributed daily mass balance model to match
the observed glacier mass changes given by (1) and (2); and
(4) country-wide, region-specific annual mass balances vari-
ations covering the last century, obtained by spatial extrapo-
lation of the observations from (1) and (2) and supported by
the modelling of (3) for the period before 1955 (GLAMOS,
2018).

The above data are used for both temporal standardisation
of the heterogeneous imaging period and independent vali-
dation of the results (see Methods).

3 Methods

In this study, we process 21 703 images semi-autonomously
to generate DEMs and measure glacier elevation change be-
tween 1931 and 2016. The main steps of the methodology are
synthesised in Fig. 3, with detailed descriptions provided in
the following subsections. In summary, images are prepro-
cessed first to remove the geometric distortions introduced
during digitisation (scanning) and to correct for biased po-
sition data (Sect. 3.1). Then, DEMs are generated for each
stereo-panorama and co-registered to the modern stable ter-
rain (Sect. 3.2). In a third step, the thus-derived DEMs are
subtracted from the swissALTI3D DEM to obtain elevation
change maps for the period 1931-2016. Temporal standardi-
sation is performed to adjust the elevation change rates to the
said period (Sect. 3.2-3.3.2). Finally, the glacier outlines de-
rived from the digitisation of the LK50 map are used to mask
the results and to obtain average elevation change rates and
geodetic mass balances (Sect. 3.4).

3.1 Image and data preprocessing
3.1.1 Fiducial mark detection

We use fiducial marks (small markers on the image frame
as fixed references; red squares in Fig. 2c and d) to con-
strain the centre point and internal orientation of the imagery.
The positions of the fiducial marks are used to calculate a
transformation between the pixel coordinates and physical
image coordinates. Undesired translations, rotations, or scal-
ing effects introduced during scanning are removed though
a similarity transformation estimated using the Python pack-
age “scikit-image” (van der Walt et al., 2014). Each image

https://doi.org/10.5194/tc-16-3249-2022
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Figure 3. Flowchart synthesising the data processing. Inputs refer to the external data that were used; processes are different steps in the
processing chain; outputs are files of particular interest for this study and future studies. All intermediate and output files are available for

further use.

has four or more fiducial marks along its edges, with a size
of about 350 px (~7mm). A theoretical minimum of two
fiducial marks need to be identified, but more fiducial marks
introduce redundancy and allow for exclusion of uncertain
fiducial marks. We use a semi-automatic model to identify
fiducial marks in the 21703 images processed in the study.
To calibrate the model, we manually identify fiducial marks
in 3395 images (~ 162 images per camera). Such a large
calibration set was required because the 21 unique cameras
in the dataset had slightly or completely different fiducial
marks. We then use the manually identified fiducial marks
to calibrate the model to do the same on the remaining 81 %
of the image archive. Using template matching to identify
the fiducial marks, the model estimates a similarity trans-
formation and validates it using the residual differences be-
tween the identified fiducial marks and the modelled ones.
We use random sample consensus (RANSAC) to exclude
fiducial marks with residuals of more than 10 px (0.21 mm).
The model found four and three fiducials filtered as inliers
in 56 % and 32 % of the images, respectively, with a median
manual-to-automatic transform root-mean-square difference
of 8.61 px (0.18 mm). Model mismatches are largely due to
film scratches, damage, or poor contrast in the images and are
easier to identify manually than to account for in a more com-
plex model. Hence, we manually identify the remaining 12 %
of the images (with fewer than three automatic fiducials) to
complement the automatic matches. In seven images, only
two fiducials could be identified manually, but they are still
used in spite of their higher potential error.

https://doi.org/10.5194/tc-16-3249-2022

The border of each image needs exclusion to not interfere
with the automatic image alignment. We create image frame
masks by calculating the median intensity of all images of
a given instrument (after applying the geometric transforma-
tion) and then segment the median image frame using thresh-
olding.

3.1.2 Image position correction

A preliminary analysis of the digitised image metadata re-
vealed spatially correlated biases in the image positions
provided by swisstopo. We observe this by calculating the
elevation difference between the image position and the
SwissALTI3D elevation on stable ground. While this differ-
ence is expected to be the height of the tripod (~ 1.2 m; swis-
stopo, personal communication, 2021), the calculated differ-
ences has an absolute bias of 2.66 & 5.91 (mean = SD) after
taking the tripod height into account and an average horizon-
tal offset of 0.66 +=4.49 m. A possible explanation for these
biases is that camera positions were estimated by triangula-
tion from reference points, which in turn were all positioned
relatively to other reference points. Therefore a small posi-
tional error could accumulate as the point is further away
from the main reference. By sampling slope, aspect, and ele-
vation values from the reference DEM at every recorded im-
age position, we estimate the approximate 3D offsets from
the image position data to the ground. We then partially cor-
rect the systematic component of the biases by averaging
them in 1km x 1 km grids and subtract the gridded offsets

The Cryosphere, 16, 3249-3268, 2022
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from the 3D positions of the images. This correction reduces
the average difference between the DEM and the imaging lo-
cations to 0.70 &= 5.18 m (0.39 &= 4.15 m horizontally).

3.1.3 LKS50 map series glacier outline digitisation

We obtain glacier outlines that are concurrent with the TerrA
dataset by digitising outlines on the scanned and georefer-
enced LK50 map series (in the Swiss CH1903+/LV95 coor-
dinate system; EPSG:2056) provided by swisstopo. Digitis-
ing glacier outlines from orthoimages generated in this study
was also a theoretical possibility, but sporadic image cov-
erage and time constraints led to the search for more effi-
cient approaches. These orthoimages are thus only used to
draw outlines for 61 sites, which are in turn used to vali-
date the glacier outlines obtained from the LK50 series (see
Sect. 3.5.2). The LK50 maps, made in the 1950s, cover all of
Switzerland and are based on the TerrA photographs among
other data. We manually digitise the glacier outlines of the
LK50 maps by modifying the 2491 outlines (with a mean
area of 0.60 km?) of the Swiss Glacier Inventory 1973 to fit
the LK50 map data. This allows for the SGI1973 metadata to
be easily retained and ensures consistency when including or
excluding perennial snowfields as well as when drawing ice
divides. We acknowledge that in this way, there is a potential
underestimation of the change in the accumulation areas. In-
deed, the outlines are only modified where they deviate from
the SGI1973 outlines, meaning that minor deviations may be
missed. We assume these potential discrepancies to be ac-
counted for in our uncertainty analysis (Sect. 3.5.2). To re-
duce subjective error, outlines are drawn by one person and
validation is performed by another.

3.2 Photogrammetry and DEM generation

We process the 21703 images photogrammetrically in
Agisoft Metashape version 1.6.5 in separate subsets (Ta-
ble 1). Each subset consists of every image acquired with a
specific camera over a single year, totalling 113 subsets, with
192 images each on average. We compute a separate camera
model for each subset because of varying distortion param-
eters for each camera, depending on their construction and
in which year they were used; differences may relate to the
photographer, potential damage, and subsequent repairs the
camera might have endured during its lifetime.

Within each subset, we align the stereo-panoramas indi-
vidually using separate camera models. The ones that suc-
cessfully align are then merged with a recomputed camera
model. The discrepancy between camera models of differ-
ent years is low for the estimated focal length (0.39 % stan-
dard deviation on average), while all other distortion pa-
rameters (radial, decentring, principal point offset, affinity,
and skew) have a spread of 37 % on average. The large
spread of the distortion parameters could indicate overfit-
ting, but with acceptable tie point residual errors (Table 1),
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we choose to neglect this issue. The stereo-panoramas gen-
erally overlap with other panoramas in terms of detailed ter-
rain, but the angle difference between extracted features is
too large for the built-in feature matcher in Metashape to
produce reliable tie points between stereo-panoramas. We
therefore perform an alignment between all separate overlap-
ping stereo-panoramas within a subset using iterative clos-
est point (ICP) co-registration of dense point clouds that are
constructed from each stereo-panorama. We use the ICP al-
gorithm implemented in the Python package xDEM (ver-
sion 0.0.5; xdem contributors, 2021), using core function-
ality from the OpenCV suite (OpenCV contributors, 2021).
We run the co-registration in all areas where the dense clouds
overlap, plus a buffer of £15 m (chosen qualitatively through
trial and error), to limit the co-registration to reasonable off-
sets.

Once the stereo-panoramas are aligned to each other, a
new camera model is calculated with a bundle adjustment
and new dense clouds are generated for each subset individ-
ually. We filter the dense clouds by excluding points with a
“confidence” of less than or equal to 2. This threshold is cho-
sen qualitatively by visually assessing the effect on noise for
a few arbitrarily selected dense clouds. The confidence is a
statistic provided by the Metashape software, but informa-
tion on how it is calculated is unavailable. After the DEMs
are generated from the resultant dense clouds and after or-
thoimages are generated using the DEMs, we co-register the
DEMs to the SwissALTI3D DEM (Fig. 4a and b). This is
done using the same ICP co-registration method as in the pre-
vious step but with the modern DEM as a reference outside of
the unstable-terrain mask. We use the ICP transformation to
correct the positional and rotational errors of both the histor-
ical DEMs and orthoimages. Finally, elevation change maps
are generated by subtracting the DEMs from the reference
SwissALTI3D DEM.

3.3 Post-photogrammetric processing
3.3.1 Temporal standardisation

Because both the historical and modern elevation datasets
were acquired over several years (1916-1947 and 2007-
2018, respectively), it is necessary to standardise the periods
of observation for the evaluation and interpretation of the re-
sults.

We adjust each elevation change map to the median years
1931 and 2016 based on an annual dataset of observed mass
balance variations that is specified for the major hydrologi-
cal basins of the Swiss Alps (point 4 in Sect. 2.3). Regional
anomalies in mass balance from the reference period 1961—
1990 have been derived by spatially extrapolating all avail-
able series acquired using the direct glaciological method
(between 8 and 20 glaciers; Huss et al., 2015; GLAMOS,
1881-2020). Before 1955, modelled mass balance variations
for four glaciers were used (Huss et al., 2008). For each pixel,

https://doi.org/10.5194/tc-16-3249-2022
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Table 1. Photogrammetric processing parameters. The “high” alignment quality and “ultra-high” dense cloud quality mean using the full
image resolution for each respective step. “Mild” (one-third strength) dense cloud filtering is a proprietary Metashape filtering setting.

“NMAD?” is the normalised median absolute deviation.

Fiducial matching

Manually identified fiducials
Automatically identified fiducials
Automatic vs. manual RMSE

3395
19123 (81 %)
8.61 px (0.18 mm)

Position correction

Initial position offset
Corrected position offset

2.66£591m
0.70+5.18m

Agisoft Metashape

Mean subset (chunk) size
Zeiss camera focal lengths
Wild camera focal lengths
Alignment parameters

Mean tie point count™

Mean tie point reprojection RMSE
Reference accuracies

Dense cloud parameters

Mean dense cloud point count™
Gridding resolution

Mean points per DEM pixel

192 images (12 stereo-panoramas)
194/195 mm

150-240 mm

High quality, 4000 tie points, 40 000 key points
6937

0.94 px

42 m in position, & 1° in rotation
Ultra-high quality, mild filtering
23196538

Smx5m

299

Post-processing

Mean stable-terrain NMAD before/after co-registration®

Generated DEMs

0.32ma~1/0.13ma"!
1907 out of 2364 stereo-panoramas (81 %).

* Calculated values are averages for each individual stereo-panorama.

we calculate the ratio between the cumulative mass balance
of the reference period 1931-2016 and the cumulative mass
balance over the actual period of observation (Eq. 1). The ele-
vation change rates over glacierised areas are then multiplied
by this ratio to obtain the temporally standardised elevation

dH
change rate [—] :
& dr 119312016

|:dH:| [dH]
_ = | —— X
dt {1931-2016 dr

where #p and 7 are the years of acquisition of the TerrA pho-
tograph and the SwissALTI3D DEM, respectively, and B(z)
is the representative cumulative mass balance at year ¢ for the
given region.

B(2016) — B(1931)
B(t1) — B(to)

. (D

3.3.2 Mosaicking and interpolation

We successfully generate 1907 elevation change maps, which
we mosaic by averaging the temporally standardised eleva-
tion changes estimated at each pixel in a Sm x 5m grid.
We exclude 3 out of the 1907 elevation change maps from
the mosaic due to extreme median values (< —350m or >
100 m). Regionally, 55 % of the total glacier area is missing
from the elevation change mosaic due to incomplete image

https://doi.org/10.5194/tc-16-3249-2022

coverage and processing shortcomings, so an interpolation
approach is required (Fig. 6). Gaps are spread over glacier
extents throughout their elevation ranges, and we therefore
chose to harness hypsometric interpolation approaches.

We use a modified version of the regional hypsometric ap-
proach (referred to as “global” in McNabb et al., 2019) where
each glacier elevation change is normalised to its elevation
range, i.e. scaling both elevation and elevation change from
0 to 1 for each glacier in 5th percentiles (Huss et al., 2010b).
More specifically, we use the approach as implemented in
the Python package xDEM. This approach relies on elevation
changes estimated at different elevation bins and aims at cap-
turing the glacier-wide hypsometric signal. Consequently,
the quality of the interpolation deteriorates with decreasing
spatial coverage. For our application, we choose this ap-
proach where > 20 % of the glacier area is covered (91.1 %
of all glaciers by area meet this criterion). For glaciers that
do not meet this condition, we apply a simple regional hyp-
sometric approach, in which gaps are replaced by the mean
regional value within the same elevation band.
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Figure 4. Error figure ensemble. (a, b) Individual DEM difference before (a) and after (b) co-registration. The arrows indicate the locations
and directions of the images used for generating the ca. 1931 DEM. The dashed lines indicate the theoretical viewshed of the stereo pair (pre-
calculated by swisstopo). (¢) Cumulative histograms showing the magnitude of the different components for the elevation change uncertainty
of each individual glacier. (d, e) Variograms of interpolated (d) and stable-terrain (e) elevation difference uncertainties, showing the variance
of all pairs of pixels at a given distance (or lag) as a function of that lag. The individual markers show the empirically derived variance; their
error bars show their 95 % confidence intervals; the dashed line shows the variogram model (sum of two spherical models). The histograms
above the variograms show the pairwise sample count for each empirically derived variance marker.

3.4 Glacier-specific and regional elevation change where A is the glacier area as given by the SGI2016.
Similarly, we estimate the total glacier mass change rate M
We estimate glacier-specific elevation changes and geodetic from the volume change and the volume-to-mass conversion
mass balances for each SGI2016 outline individually. Then, factor:
we aggregate glacier-specific estimates to obtain regional-
scale estimates. M = pay x d_V 5)
For each individual glacier, we estimate the mean eleva- d

tion change dd—lf by averaging both the observed and the in-

. Y : ) 3.5 Uncertainty analysis
terpolated elevation changes that fall within the historical

glacier outline: We identify multiple sources of error that propagate to
dH our estimates of glacier volume and mass change. These

dH > [T] » 5 sources include stochastic elevation change measurement er-
P N—p @ rors, correlated short- and long-range DEM distortions, error
in glacier outlines, the temporal standardisation, hypsometric

Here, [dd_[zi] is the elevation change rate of a given pixel p interpolation, and the volume-to-mass conversion. We con-

sider these sources separately and combine them into esti-
mates of uncertainty for elevation, volume, and mass change.
Throughout the text, uncertainties are within a 95 % confi-
dv. dH dence interval.

- dr x Ao, 3) To propagate uncertainties from the pixel scale to the

where Aj is the glacier area as given by the historical glacier glacier scale and from the glacier scale to the regional scale,
outline (referring to ca. 1931) we estimate the spatial ranges at which errors are corre-

By applying a volume-to-mass conversion factor of pay = lated. Where relevant, we perform this propagation by es-

850kgm—3 (Huss, 2013), we estimate the glacier-wide spe- timating the standard error with a number o'f effective sam-
. Sy ples (Negr) that account for spatial correlations. We derive
cific mass balance rate B using

the number of effective samples by numerically integrating a

and N, is the number of pixels within the glacier outline.
We then estimate the mean volume change rate %—‘t/ by

. %—‘t/ sum of variogram models fitted to our empirical variograms
B =pav x (Ag+A1)/2’ ) within a circular area of the same size as the glacier (Fig. 4;
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Hugonnet et al., 2021). This is a generalisation of the ap-
proach by Rolstad et al. (2009). We use the implementation
in the Python package xDEM based on spatial statistics of
the Python package SciKit-GStat (Milicke, 2022).

3.5.1 Mean elevation change uncertainty

Multiple intermediate steps in the photogrammetric pipeline
can distort DEMs and orthoimages. These include image
scanning artefacts, camera model uncertainties, image noise,
image location, and orientation error, as well as subse-
quent methodological shortcomings (Dehecq et al., 2020).
We quantify the uncertainty comprising these errors by com-
paring terrain assumed to be stable in our elevation change
estimates. Stable terrain excludes ice, perennial snow patches
(Freudiger et al., 2018), and lakes. Dams created between
the 1920s and 1980s are especially important to exclude as
they otherwise introduce unwanted positive changes of up to
> 50m. While other factors such as landslides, vegetation
change, and buildings may also affect stable terrain, visual
inspection showed no obvious signs of their presence.

For DEMs generated by satellite or airborne photogram-
metry, elevation change errors often vary with terrain aspect,
slope, or curvature (Toutin, 2002; Hugonnet et al., 2021).
Here, we find no dependency of the uncertainty in elevation
change on these terrain attributes. We suspect that this is the
result of the large number of DEMs that is used in our mo-
saic. Indeed, DEMs derived from terrestrial images might be
affected by such attribute-dependent errors, but since the in-
dividual DEM tiles are derived independently from an inde-
pendent set of images, these should cancel out when aggre-
gated over several glaciers. We thus assume that our elevation
uncertainty is stationary in space and estimate it by using the
normalised median absolute deviation (NMAD) of the eleva-
tion change estimates on stable terrain.

We account for spatial correlation of elevation change
uncertainty by fitting a double spherical variogram model
to the empirical variogram of elevation changes (Fig. 4d
and e), thereby modelling short- and long-range correlations
(in stable-terrain residuals, panel e, and interpolation errors,
panel d). We then estimate the uncertainty in the mean eleva-
tion change rate o by circular integration of the sum of var-
iogram models over the glacier area A (Rolstad et al., 2009;
Hugonnet et al., 2021):

5 VAT

T o

o=" o, —y()]dl = 2=, 6
I ! [op =y D] N (6)

where o), is the NMAD of elevation differences on stable
terrain, y (/) is the sum of variogram models with spatial lag
[, and Negr is the number of effective samples.
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3.5.2 Glacier outline uncertainty

We identify three major sources of uncertainties from the
glacier outlines drawn from the LK50 maps: the georefer-
encing error of the map, the timing uncertainty of the topo-
graphic data used (which is unknown but was assumed to
largely be the TerrA dataset), and the errors in manual delin-
eation (including the subsequent digitisation from the map)
of a glacier front. The temporal concurrency of the LK50
map with the TerrA imagery particularly needs validation as
the extent to which data from other times were used is un-
known. In the case where the outlines are spatially consistent
with the TerrA dataset, the concurrency assumption is veri-
fied.

We evaluate these three uncertainty sources combined by
digitising sparse outlines at 61 sites from orthorectified ver-
sions of the photographs generated in the photogrammet-
ric pipeline. We then compare their general agreement with
the LK50 glacier outlines. Outlines drawn from orthoimages
will have a perfect relative georeferencing to the DEMs and
should thus only differ from the LK50 outlines due to the
subjective nature of glacier delineation. For this comparison,
we draw lines from the centroid of each glacier toward arbi-
trary points on the digitised outline and measure the distance
to each LK50 and orthoimage-derived outline intersection.
We use the difference between the two as a metric of the
variability in spatial extent (Fig. 5b).

We find a resultant median length difference of 7.9 m;
the LK50 outlines are generally less extensive, possibly due
to manual delineation differences in including or excluding
glacier-marginal snow cover, with an NMAD of 28.06 m. Fi-
nally, in order to propagate these delineation differences into
a source of elevation change uncertainties, we first dilate (i.e.
enlarge) and erode (i.e. shrink) the mask by the systematic
difference (7.9 m). We then estimate the glacier outline un-
certainty by computing the average difference between the
initial mask and the dilated or eroded masks:

Oarea = ) s @)

where [%]D is the mean elevation change rate within the

dilated mask and [%]E is the mean elevation change rate
within the eroded mask.

3.5.3 Interpolation uncertainty

We estimate the uncertainty in the interpolation approach
by artificially introducing gaps into the gap-free elevation
changes of Hugonnet et al. (2021). These elevation changes
are based on stereo-correlation of optical satellite imagery
from the Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER), which covers the entire study
area and refers to the period 2000-2020. We interpolate the
introduced gaps using our approach and study the difference
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Figure 5. (a) Glacier outlines drawn from orthoimages generated in this study (dashed red), superimposed on a sheet of the LK50 map series.
(b) Comparison between glacier outlines derived by digitising the LK50 map series and orthoimages. Red shading indicates that the outline
drawn from the orthoimage is farther away from the centroid than the outlines derived from the LK50 map series. Blue shading indicates that

they are closer.

1170000

Northing (m)

1150000

2640000 2660000

Easting (m)

Figure 6. Maps of average ice thickness change rates (dH dr=1) over the period 1931-2016 before (a) and after (b) interpolation. The area
shows Grosser Aletschgletscher (GA; alternatively Great Aletsch Glacier), Unteraargletscher (UG), and other neighbouring glaciers. Glacier

outlines from ca. 1931 are drawn in black.

between the interpolated ASTER elevation changes and the
original ASTER elevation change estimates. We use this dif-
ference solely to compute the spatial correlation of uncer-
tainties. For this, we fit a double spherical variogram model
to the empirical variogram of the above difference in eleva-
tion change. We thereby measure the spatial correlation range
of the error in interpolated elevation changes (Fig. 4d). In
order to scale the variance of our interpolation uncertainty
oint correctly, we did not use the NMAD of ASTER differ-

The Cryosphere, 16, 3249-3268, 2022

ences, which have a different absolute magnitude and could
be biased by a lesser vertical precision. Instead, we interpo-
late the TerrA elevation changes for all pixels and then use
the NMAD of the difference between the original and inter-
polated elevation change estimates.

We find strong correlations of interpolated elevation
change errors at pixel scales, which fully decorrelate at a spa-
tial lag of approximately 2100 m. This indicates that errors
are strongly correlated at the glacier scale but are largely in-
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dependent between glaciers of a given region. We thus prop-
agate our interpolation uncertainties from pixel to glacier or
region using Eq. (6). We then add a 0.0l ma~! 1o symmetri-
cal uncertainty to conservatively account for the median bias
found in the difference between the interpolated and original
elevation changes from ASTER.

3.5.4 Temporal standardisation uncertainty

We perform our temporal standardisation using modelled
mass balance estimates, whose uncertainties accumulate over
time. The reported uncertainty for annual specific mass bal-
ance (op) based on in situ glaciological observations is ap-
proximately 0.2mw.e.a~! (Zemp et al., 2013). We derive
the uncertainty in the temporal standardisation by standard
propagation of independent uncertainties:

5 dH 7?
Otime — E

203 203
“ | B(2016) — B(1931) " B(1;) — B(to)

<B(2016) - 3(1931)>2
B(t1) — B(t)

®)

where B(t) is the cumulative mass balance for year ¢ and
where the standardisation is carried out for the time period
to—11.

3.5.5 Total elevation change uncertainty

We calculate the total glacier-specific and regional uncer-
tainty in mass balance by the squared sums of all error
components, accounting for the number of effective samples
(Nefr) derived from the variograms where appropriate:

Ot 2 [ 2
2 opo 2 2 int
O, = + g, _|_ o5 _|_
total /7Ntopo time area < /_Nint >

. 2
B
+ (—' 'XU’)AV) . ©)
PAV

Here, oyopo is the NMAD of the stable-terrain difference,
Niopo is the number of effective samples calculated from the
stable-terrain variogram model (Fig. 4e) and using Eq. (6),
oint 1S the NMAD of the difference between the artificially re-
moved and interpolated pixels, Njp is the number of effective
samples calculated from the interpolation error variogram
model (Fig. 4d, Eq. 6), |B| is the absolute average mass bal-
ance rate for the glacier or region, and o,,, = 60kg m~3 is
the uncertainty in the factor used for volume-to-mass conver-
sions (Huss, 2013).
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Table 2. Swiss-wide change rates and total changes in specific mass
balance (B), thickness, area, volume, and mass from 1931-2016.
See Eqgs. (2)—(5) for how these are calculated. The uncertainties are
the 95 % confidence intervals.

Parameter Magnitude + uncertainty
Total ca. 1931 area (kmz) 1492 + 68
Total ca. 1931 volume (km?) 121.1+£6.7
Mass balance rate (m w.e. a_l) —0.52+0.09
Area change rate (km2 a_l) —6.2+0.8
Volume change rate (km3 afl) —0.73£0.08
Mass change rate (Gt a_l) —0.62+0.14
Total mass balance (m w.e.) —43.8+8.0
Total area change (km?) —531+69
Total volume change (km3 ) —62.4+6.9
Total mass change (Gt) —53+12
Total relative area change —35.6£65%
Total relative volume change —51.5+£8.0%

4 Results

For the period 1931-2016, our results indicate an average
glacier volume loss of 0.73 0.08 km®a~! and a mean an-
nual specific mass balance of —0.52+0.09 mw.e.a~! (Ta-
ble 2). With a total Swiss glacier volume of 58.7 4 2.5 km?
in 2016 (Grab et al., 2021), this corresponds to a loss of
0.86 £0.08 % per year compared to the 1931-2016 aver-
age volume. Integration of these changes over the considered
period provides a total glacier volume loss of 51.5 8.0 %
since 1931 (0.1540.03 mm sea level equivalent assuming
361.8 Gt mm™!; Hugonnet et al., 2021). The total glacier
area concomitantly reduced by 6.240.8km?a~!, corre-
sponding to an area loss of 35.6 £ 6.5 % (the total glacier area
was 1492 £ 68 km? in ca. 1931 and 961 =22 km? in 2016).

We analyse the spatial variability in mass balance over a
regular grid of 30 km x 30 km (Fig. 7). The results show rela-
tively high spatial variability, as shown by the ca. 1.5x larger
mass loss rates in the Aletsch region compared to the south-
ern Valais Alps. On the same grid, we observe a minimum
regional loss of 0.32 mw.e. a~! in the south-west and a maxi-
mum loss of 1.02m w.e.a~! in the north-east (only cells with
more than five glaciers are considered).

Analysing the regional mass balance as a function of the
easting and river basin (Fig. 8) reveals a clustered eleva-
tion dependency for individual basins. In general, glaciers
in the central part of the Rhone basin have a higher me-
dian elevation and lower mass loss compared to other basins.
We also observe a Pearson correlation coefficient of r =
0.42 between the glacier mass balance and median elevation
(Fig. 9a), indicating that lower glaciers appear to experience
higher mass loss rates. From these two results, we can con-
clude that the regional variability in mass balance across the
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Figure 7. Area-weighted geodetic mass balance rates (colours and numbers) for 30 km x 30km tiles (grey squares). The location of each
circle is the average glacier centroid weighted by area in the tile, and their sizes indicate the glacier area in ca. 1931.

Swiss Alps is largely influenced by glaciers’ median eleva-
tion.

Weaker correlations with other morpho-topographic char-
acteristics are detected as well. For example, we observe a
correlation between glacier mass balance and the mean slope
of the lowest 10th percentile of elevation (r = 0.28; “termi-
nus slope”; Fig. 9c) and a similar negative relationship with
modern fractional debris cover (r = —0.28; Fig. 9d). This in-
dicates that glaciers with flatter termini or a higher debris-
cover fraction tend to experience higher mass loss rates than
their steeper and ice-free counterparts. These findings sup-
port the results from studies performed with smaller subsets
of Swiss glaciers (Huss, 2012), over shorter time spans (Fis-
cher et al., 2015), in different geographical regions (Brun
et al., 2019; Geyman et al., 2022), or based on area change
data (Linsbauer et al., 2021).

5 Discussion
5.1 Comparison with previous glacier-wide estimates

The current consensus on the magnitude of Swiss glacier
changes over the 20th century stems from (i) the work by
Bauder et al. (2007), who derived glacier volume changes
from the digitisation of topographic maps and the evalu-
ation of repeated aerial photogrammetrical surveys for 19
large glaciers, and (ii) the combination of the analysis by
Bauder et al. (2007) with direct glaciological measurements
and modelling, extended to 39 glaciers (Huss et al., 2010a, c;
GLAMOS, 1881-2020). Since the topographic maps relied

The Cryosphere, 16, 3249-3268, 2022

on the TerrA surveys, comparing our results with these previ-
ous estimates is particularly relevant. We thus extract the cu-
mulative mass balance for each of the 39 glaciers considered
in previous studies and compare these results to our estimates
(Fig. 10a). We find generally good agreement at the scale of
the individual glaciers (r = 0.71), although the results from
the previous studies (Bauder et al., 2007; Huss et al., 2010a)
indicate a mass loss rate that is, on average, 0.08 m w.e. a!
smaller than ours.

For Grosser Aletschgletscher (location shown in Fig. 6),
we additionally compare the map data digitised by Bauder
et al. (2007) to the DEM mosaic we generated for 1926
and 1927 (Fig. 10b—e). The mean thickness change derived
from the map is —56 m (with an unknown uncertainty), while
the results of our study suggest a change of —72+10m
(Fig. 10b and c, respectively). Comparing the two DEMs re-
veals an elevation-dependent difference (Fig. 10d—e): the re-
sults generally agree in the accumulation area but differ con-
siderably at the low glacier elevations. We attribute this dif-
ference to (i) poor georeferencing of either dataset; (ii) tem-
poral inconsistencies in the map data, which might not uni-
formly represent the year 1927; or (iii) a combination of
these factors. Also note that for being consistent with Bauder
et al. (2007), the above values are obtained by excluding the
tributary Mittelaletschgletscher. Before 1969, the latter was
confluent with Grosser Aletschgletscher (GLAMOS, 1881-
2020; this is also reflected in the LK50 outlines). Similar out-
line inconsistencies at other glaciers might contribute in ex-
plaining differences between the two studies as highlighted
in Fig. 10a.
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median glacier elevation, indicating that lower elevations show larger mass loss rates. (b) Correlation with glacier area, showing no clear
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with flatter termini. (d) Correlation with fractional debris cover in 2016 (taken from Linsbauer et al., 2021), indicating that higher mass
change rates may be found for glaciers with high debris-coverage percentage.

The above comparison also reveals a potential shortcom-
ing of our interpolation approach near the glacier margins.
Indeed, the proximity to glacier margins was not considered,
meaning that changes can be overestimated at these specific
locations. The problem arises from the fact that our gap-
filling procedure is based on the multiplication of the av-
erage ice thickness change rate observed at a given eleva-
tion with the length of the considered time period (i.e. 1931—
2016, on average). This results in a total, elevation-dependent
ice thickness change that is added back to the SwissALTI3D

https://doi.org/10.5194/tc-16-3249-2022

DEM. For a given location, however, the actual surface el-
evation in 1931 might have been smaller, especially if the
location became ice-free before 2016. The latter case is most
often encountered near the glacier margins, which explains
the pattern of differences observed in Fig. 10d and e.

While the above shortcoming is inherently accounted for
in our uncertainty analysis, we suggest that future studies
could improve the interpolation technique used here. Auxil-
iary information on the timing at which a given location has
become ice-free might help with that. Assuming that the un-
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Figure 10. (a) Comparisons in the same time-intervals of 39 glacier-wide mass balances inferred in this study with mass balance derived
from modelling, constrained by geodetic surveys at decadal intervals (blue squares; Huss et al., 2010a, c). The Pearson correlation coefficient
between the points is 0.71. The horizontal uncertainty bars are the 95 % confidence intervals of this study; the vertical uncertainties are fixed
uncertainties of 0.2mw.e.a~! (see Sect. 5.1); the dashed line is a 1: 1 line. (b) Elevation difference between the 1927 topographic map
digitised and used by Bauder et al. (2007) and the SwissALTI3D DEM in 2017. (¢) Elevation difference between the DEM mosaic generated
in this study and the SwissALTI3D DEM in 2017. (d) Difference between the 1927 topographic map and the DEM mosaic from this study
(map — this study). (e) Differences between the two 1927 DEMs (see d) binned for every 10th percentile of elevation. A general agreement
is seen on the upper part of the glacier (above ~ 2700 ma.s.l.), but the tongue is portrayed as smaller in the topographic map.

certainty in the maps used by Bauder et al. (2007) is similar
to or larger than in our study, however, the 95 % confidence
intervals of the mean thickness change overlap.

5.2 Comparison with the regional estimate of Huss
(2012)

To date, the only Swiss-wide estimate of glacier volume
changes over a century is provided by Huss (2012), who ex-
trapolated mass balance time series available for 50 glaciers
by using a multi-parameter regression. The study refers to
the period 1900-2011 and estimated a total volume loss of
—42.1km?, corresponding to a mean surface mass balance
of —0.28 mw.e. a~!. To make these results comparable to our
study, we updated the estimate to the period 1931-2016 by
using the same methodology as in the study by Huss (2012).
This results in a Swiss-wide volume loss of —44.8 km3,
which is 28 % smaller than our estimate. The reasons behind
this discrepancy might be twofold: for one, our interpolation
scheme may overestimate thinning over retreating glacier ar-
eas (see Sect. 5.1) and, for another, the two studies are based
on two different glacier inventories (we rely on the SGI2016,
while Huss, 2012, relied on an inventory from 2003). Here
below we discuss these two possible explanations in more
detail.

To evaluate the influence of our interpolation scheme,
we estimate the range of the associated bias in two ways.
(1) In the first way, we simply assume a constant bias of
—0.08 mw.e.a~! for our estimate, i.e. 15 % of the total vol-
ume change (see Sect. 5.1). This results in a correction of
+9.4km?. Note, however, that such a correction implies the
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strong assumption that map-based observations are error-
free, which seems difficult to defend. (2) In the second way,
we consider that the interpolated thinning rates over now-
deglacierised pixels could be overestimated by a factor of
2. This factor of 2 results from the assumption of a con-
stant thinning rate and a constant glacier retreat. In such a
case, indeed, the average thinning experienced by the area
that deglacierised between 1931 and 2016 would be the av-
erage between zero (i.e. the thinning experienced by pixels
at the glacier boundary in 1931) and the maximum thinning
(i.e. the thinning experienced by pixels at the glacier bound-
ary in 2016), while in our method all interpolated values
are set to the maximum thinning (this is because the year
at which a given pixel deglacierised is unknown). From the
(i) deglacierised area (Table 2), (ii) average elevation change
over deglacierised pixels with interpolation (—50.8 m), and
(iii) fraction of deglacierised interpolated pixels (0.44), we
estimate a correction of +5.8km?>. The two ways thus indi-
cate that our interpolation scheme could introduce a negative
bias of 5.8-9.4km3. Since the exact bias is unknown, how-
ever, we prefer to provide the uncorrected estimates and to
account for the bias in our uncertainty assessment.

In relation to the different glacier inventories used by Huss
(2012) and by us, we note that many small glaciers have dis-
appeared between 1931 and 2003 (i.e. the year of the in-
ventory used by Huss, 2012). These glaciers could not be
accounted for in the Huss (2012) estimate. To quantify this
effect, we identify all disappeared glaciers, i.e. all glaciers
polygons in the 1931 inventory that do not overlap with any
polygons of the 2016 inventory. We find that such glaciers
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account for 68 km? of the area loss and for 2.3 km? of the
volume loss since 1931. The latter corresponds to 3.6 % of
the loss estimated for the whole sample. The mean thinning
rate for these glaciers is roughly 25 % lower than the regional
average, which can be explained by the fact that the thinning
is bounded by the initial ice thickness. The contribution of
3.6 % from disappeared glaciers is slightly smaller but com-
parable to the 5 %—6 % contribution estimated by Parkes and
Marzeion (2018) for glaciers at the worldwide scale.

When combining the above considerations, i.e. when ap-
plying a possible correction of between 9.4 and 5.8 km?® be-
cause of the interpolation method and when accounting for a
2.3km? difference because of disappeared glaciers, our esti-
mated volume loss would come to lie in the range of 50.7-
54.3km?>. This is still ca. 15 % larger than the estimate by
Huss (2012) but reconciles the two estimates within their re-
spective uncertainties.

5.3 Main drivers of variability in glacier mass loss

To better understand the drivers of glacier mass balance, we
perform a multivariable regression analysis identical to that
in Huss (2012). When doing so, we estimate the fraction of
variance explained by each explanatory variable by calcu-
lating the difference in the coefficient of determination (R?)
between the case in which the given variable is included and
the case in which it is not. Table 3 shows that the highest
portion of variance is explained by the median glacier eleva-
tion, followed by the glacier area. The glaciers’ easting and
northing, as well as the mean glacier aspect (tested for con-
sistency with Huss, 2012), only explain a negligible fraction
of the variance and are therefore excluded from further anal-
ysis.

These findings are similar to the ones by Huss (2012), ex-
cept for the fact that median elevation has a higher impor-
tance than glacier area in our study (Huss, 2012, found the
opposite). The difference may be due to the different sam-
ple sizes (50 and 2491 glaciers, respectively), the different
glacier outlines (which directly affect the glacier area), or the
different time intervals. While the importance of the median
elevation is clearly reflected in a direct correlation with the
determined mass change rates (Fig. 9a), the importance of
glacier area is more nuanced and only a weak correlation is
observed (Fig. 9b). This could imply a co-variance between
glacier area and another parameter (such as the median ele-
vation), which, in combination, would help explain the ob-
served variance in mass balance.

We attribute the correlation between median elevation and
glacier mass loss to differences in regional snow accumula-
tion: as the forcing resulting from air temperature is simi-
lar throughout the Swiss Alps (Isotta et al., 2019), we hy-
pothesise that variations in median glacier elevation (Fig. 8)
are driven by differences in precipitation totals that are re-
duced in the inner alpine regions of the Valais and Eastern
Switzerland (GLAMOS, 1881-2020). A glacier located in
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a region with a drier — or more continental — climate will
thus experience a higher median elevation. In turn, precip-
itation totals are known to determine altitudinal mass bal-
ance gradients, and hence the sensitivity of glacier mass bal-
ance to changes in air temperature (Oerlemans and Reichert,
2000; Rasmussen and Andreassen, 2005). In summary, re-
gions with smaller precipitation are characterised by higher
glacier median elevation and, hence, reduced climate change
sensitivity, resulting in less negative mass balance compared
to regions with high precipitation totals.

The single observation time period in our study (1931-
2016) prevents us from analysing the climatic factors
(e.g. temperature, precipitation) that control the temporal
variability in glacier mass balance. Such an analysis was
already performed by Huss et al. (2010a), who used an-
nual mass balance series and found that the multi-decadal
mass balance variability is significantly anticorrelated to the
Atlantic Multi-decadal Oscillation. By leveraging different
datasets, e.g. from repeated aerial surveys or satellite obser-
vations, it would be possible to obtain more frequent obser-
vations (Bauder et al., 2007; Rastner et al., 2016; Molg et al.,
2019). This could help constrain the multi-decadal variabil-
ity in glacier mass changes but is understandably beyond the
scope of our study.

5.4 Advantages and challenges of digital reanalysis

Reanalysis of the source material is a clear step forward com-
pared to the map-based analyses that have been available so
far (see Sect. 5.1). This is because the generation of topo-
graphic maps requires considerable interpretation and some-
times qualified guesswork to connect points of known eleva-
tion with continuous contour lines. The two factors make for
a fuzzy border between actual data and subjective inter- or
extrapolation. Comparisons between glacier extents obtained
from digitised maps and modern digital photogrammetric re-
constructions show significantly reduced biases for the latter
(e.g. Koblet et al., 2010; Midgley and Tonkin, 2017; Geyman
etal., 2022). In addition, many maps are temporally inconsis-
tent. This is because maps are asynchronously updated with
newer data, which are added to older maps during succes-
sive revisions. Problematic in this respect is the fact that, at
least for Switzerland, the exact year of the data used during
such revisions is mostly unknown (Fischer et al., 2015). This
issue has been solved for maps referring to the second half
of the 20th century, where precisely dated and complete sur-
veys based on aerial photogrammetry have become available.
This is an important step forward, especially for glaciers with
long-term monitoring programmes (Bauder et al., 2007).
While the temporal consistency of our results is war-
ranted in general, some uncertainty is introduced through
the temporal standardisation required for individual glaciers.
For individual glaciers, this uncertainty is generally below
0.09mw.e.a! (see Sect. 3.3.1 and Fig. 4c). Such tempo-
ral inhomogeneity of country-wide results is inherent to any
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Table 3. The relative importance of each glacier variable in a multivariable regression to explain the variance of glacier mass balance
(see Huss, 2012). The total R? of the multivariable regression using all parameters is 0.46; the “New R?” column for each parameter is the
explained variance when excluding the parameter in question, and the “R2 diff” column is the difference in percent to the total R2. The
coefficient sign shows if the parameter is positively or negatively correlated with glacier mass balance.

Parameter New R2  RZ diff. Coefficient sign
Median elevation (ma.s.l.) 024 483% +
Area (km?) 029 37.5% —
Lower-10 % slope (°) 042 82% +
Debris cover (%) 045 14% —

analysis that is based on terrestrial surveys. Indeed, the time
required to acquire such data will always lead to a tempo-
ral spread in the time of acquisition. Although this problem
is decreasing in importance for modern surveys thanks to a
wider image swath, the analysis of historical photographs
requires careful consideration of the issue. We suggest that
temporal standardisation, in line with (or better than) our
study, is a fundamental step in post-processing and interpret-
ing the results derived from historical surveys — especially
terrestrial ones.

Future improvements in our workflow may help further
increase the spatial coverage of the dataset and reduce co-
registration errors. While our Swiss-wide total specific mass
balance uncertainty is low (0.09 mw.e.a~!), uncertainties
at the scale of individual glaciers are on the same order
of magnitude as (and sometimes higher than) the magni-
tude of the change (0.01-0.62 m w.e. a~!, with a median of
0.17mw.e.a~!). The interpolation necessary over 55 % of
the analysed area was the largest contributor of uncertainty
in our analysis (0.00-0.39 mw.e.a~! for individual glaciers;
Fig. 4c). Higher coverage or a more accurate interpolation
method may reduce this. The TerrA dataset has a theoretical
maximum glacier coverage of ca. 86 %, meaning that only
about half of the theoretical maximum was realised in our
reconstruction. Newer photogrammetric methods, especially
those rooted in the machine learning domain (e.g. Milden-
hall et al., 2020; Zheng et al., 2020; Sarlin et al., 2020),
can help improve feature description or depth reconstruc-
tion. This may increase the coverage of the resulting datasets
compared to the methods currently implemented in Agisoft
Metashape. In this respect, we attempted to replace the fea-
ture matcher with ASIFT (Morel and Yu, 2009), but long pro-
cessing times and a general lack of robustness to image noise
led us to abandon the idea.

Concerning the TerrA dataset, it is remarkable that re-
analyses such as that presented here are possible at all for
a dataset that is almost 100 years old and in some cases
even older. This possibility is only provided by the sys-
tematic, thorough, and meticulous archiving that was per-
formed at that time and by the preservation efforts that have
been invested since then. The Swiss Federal Office of To-
pography deserves credit for this. In this context, it is in-
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teresting to note that what have now become known as
the “FAIR Guiding Principles for scientific data” (Wilkin-
son et al., 2016) were respected over the course of al-
most a century. Indeed, the FAIR principles require the data
to be findable (F), accessible (A), interoperable (I), and
reusable (R), and all of these criteria are met for the TerrA
archive: the images are easily found and accessed via swis-
stopo’s geodata portal (https://www.swisstopo.admin.ch/en/
geodata/images/terrestrial.html, last access: 1 July 2022),
are made interoperable by being distributed in a commonly
accepted digital data format, and are reusable thanks to
the rich and self-explaining metadata that complement the
individual images. Similar databases exist in many other
countries including, although not limited to, the United
States of America (https://earthexplorer.usgs.gov, last ac-
cess: 1 July 2022), France (https://remonterletemps.ign.
fr, last access: 1 July 2022), and Sweden (https://www.
alvin-portal.org, last access: 1 July 2022). We encourage data
holders and archivists alike to follow such examples and
hope that our study can be an example demonstrating the
added value of such long-term archiving efforts.

6 Conclusions

In this study, we utilise 21 703 terrestrial photographs from
the TerrA archive recently made accessible by the Swiss
Federal Office of Topography to quantify glacier change
over the entire Swiss Alps since 1931. We take advan-
tage of modern photogrammetric techniques and the soft-
ware Agisoft Metashape to re-process the scanned images
in a semi-automated fashion. We use the procedure to re-
construct the ca. 1931 topography for 45 % of the glaciers
in the region. We estimate a Swiss-wide glacier mass bal-
ance of —0.52+0.09mw.e.a~! and an area reduction of
6.240.8km? a~! between 1931 and 2016. This translates to
a halving of glacier volume and a reduction in areal cover
by a third. Our results indicate a strong spatial variability in
glacier thinning, with glaciers in the north-east losing mass
twice as rapidly as in the south-west of Switzerland. This
variability is partially explained by the fact that mass losses
are found to be pronounced for glaciers at a lower median
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elevation, with more gently sloping termini and with a high
present-day debris-cover fraction.

While our approach is successful in obtaining regional es-
timates, observations at the local scale are still uncertain for
the analysis of individual glaciers. Uncertainties in our es-
timates are particularly dominated by a fragmented spatial
coverage and the temporal heterogeneity of the TerrA acqui-
sitions, which account for 33 % and 32 % of the uncertainties,
respectively. In particular, we identify that the gap filling,
based on the regional hypsometric approach, could overes-
timate mass loss over deglacierised areas. The exact bias is
unknown, but it could reach up to 0.08 m w.e. al or15%
of the estimated volume loss. Among the main challenges of
dealing with such terrestrial archives are (i) the limited extent
of the observed area, hence reducing the amount of stable
terrain available for DEM co-registration; (ii) the low inci-
dence angle of the images that causes geometric distortions;
and (iii) the long time span between acquisitions. While all
these issues are inherent to terrestrial images, the first two
challenges call for improved image-processing methods to
find correspondences between images acquired with strongly
differing view angles if improved small-scale accuracy is
sought. The combination of remote sensing, in situ obser-
vations, and modelling was the key in solving the third chal-
lenge and providing a temporally consistent estimate.

Ultimately, our results validate numbers that were only
previously inferred by extrapolation from sparse data. In a
period of rapid increase in air temperature, regional mass bal-
ance data over a time span of almost 100 years are essential to
accurately understand how glaciers respond to changes in cli-
mate. The reconstructions of this study, among other recently
published datasets of regional scope, may mark a milestone
for further understanding of past, current, and future glacier
change. The approaches developed here are expected to offer
equal potential for evaluating other historical datasets with
modern technology.

Code and data availability. The source code of the photogram-
metric analysis is available at https://doi.org/10.5905/ethz-1007-
552 (Mannerfelt, 2022a). The code for post-processing, uncer-
tainty, and mass balance is available at https://doi.org/10.5905/ethz-
1007-553 (Mannerfelt, 2022b). The Python package xDEM
was partly developed for this project and is available at
https://doi.org/10.5281/zenodo.4809697 (xdem contributors, 2021).
All intermediate and output data for this analysis are available at
https://doi.org/10.5281/zenodo.6675911 (Mannerfelt et al., 2022).
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