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Glaciers in the Eastern Alps are approaching extinction, raising the
question of how reliably established mass-balance monitoring methods
perform on glaciers in severe disequilibrium. We present a multi-year
(2018-2025) intercomparison of three independent methods - direct
Abstract: | glaciological, semi-direct (accumulation-area-ratio based) and UAV-
geodetic — at Stubacher Sonnblickkees (SSK), Austria, complemented by
geodetic-(semi-)direct comparisons over two historical periods (1969-
1998, 2008-2023). After homogenisation onto a common area time
series, no method pair differs significantly at the 95 % level during the
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intercomparison period. The mean annual deviation of 0.1 m w.e./a
between the direct and geodetic methods is among the lowest reported in
comparable studies. Cumulative annual UAV-geodetic mass balances
agree with 2018-2025 DEM differencing to within 0.25 m w.e.,
demonstrating that annual high-resolution surveys capture multi-year
change without systematic drift. While these multi-year comparisons
indicate good overall alignment, the annual comparison reveals
substantial year-to-year deviations between methods that warrant further
investigation. Since 2022, accelerating disintegration exposes method-
specific limits, most critically the breakdown of the semi-direct method as
the accumulation area vanishes. Sustaining adaptive, multi-method
monitoring is essential to preserve long-term mass-balance records as
these glaciers vanish, and to extend them onto larger successor glaciers.
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ABSTRACT. Glaciers in the Eastern Alps are approaching extinction, rais-
ing the question of how reliably established mass-balance monitoring methods
perform on glaciers in severe disequilibrium. We present a multi-year (2018—
2025) intercomparison of three independent methods — direct glaciological,
semi-direct (accumulation-area-ratio based) and UAV-geodetic — at Stubacher
Sonnblickkees (SSK), Austria, complemented by geodetic—(semi-)direct com-
parisons over two historical periods (1969-1998, 2008—2023). After homogeni-
sation onto a common area time series, no method pair differs significantly
at the 95 % level during the intercomparison period. The mean annual de-
viation of 0.1 m w.e. a~! between the direct and geodetic methods is among
the lowest reported in comparable studies. Cumulative annual UAV-geodetic
mass balances agree with 2018-2025 DEM differencing to within 0.25 m w.e.,
demonstrating that annual high-resolution surveys capture multi-year change

without systematic drift. While these multi-year comparisons indicate good
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overall alignment, the annual comparison reveals substantial year-to-year de-
viations between methods that warrant further investigation. Since 2022, ac-
celerating disintegration exposes method-specific limits, most critically the
breakdown of the semi-direct method as the accumulation area vanishes. Sus-
taining adaptive, multi-method monitoring is essential to preserve long-term
mass-balance records as these glaciers vanish, and to extend them onto larger

successor glaciers.

1 INTRODUCTION

Glaciers in the Fastern Alps are projected to largely disappear by the end of the century (Van Tricht and
others|, 2025|), with smaller Austrian glaciers likely reaching this threshold even sooner (Hartl and others,
2025b). This trend of accelerated mass loss is already well-documented (Hugonnet and others, 2021} |Zemp
and others, [2025)), characterized by rapid thinning, increased subglacial melt, and fundamental shifts in
physical properties that ultimately lead to glacial collapse (Hugonnet and others, 2021; Hosli and others,
2025)).

This rapid transition into a state of extreme disequilibrium raises a critical methodological question:
are conventional mass-balance monitoring techniques — originally developed for balanced or accumulating
glaciers — still robust under present-day climate conditions? As glaciers fragment and thin, the assumptions
underlying conventional surface-based mass-balance methods are increasingly strained, raising the question
of whether independent methods still converge on a consistent mass-loss signal under such conditions (Huss
and others|, 2012; (Carturan and others, [2020; Huss and others, 2021]).

Historically, glacier mass balance (MB) was determined annually via the direct glaciological method,
often supplemented by hydrological observations. More recently, automated camera-based systems for near-
real-time stake readings are increasingly being deployed to augment traditional ablation stake networks
(Landmann and others, 2021). The emergence of geodetic techniques enabled the first systematic inter-
comparison with glaciological MB data (Funk and others, [1997; |Andreassen, [1999). While early reanalyses
relied on terrestrial and aerial photogrammetry (Zemp and others, 2010; Fischer, [2011)), more recent work
has also utilised elevation change information derived from multi-temporal laser scanning (Klug and others,

2018). Furthermore, the integration of Unoccupied Aerial Vehicle (UAV) photogrammetry has introduced
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high-resolution geodetic surveys to bridge the gap between point measurements and glacier-wide scales
(Geissler and others, 2021} Van Tricht and others, 2021)). Together, these advancements are shifting mon-
itoring efforts toward broader spatial coverage and higher temporal resolution. However, comparability
across methods and studies remains an open challenge: Hock and others (2026) recently identified four
systematic obstacles — inconsistent reporting, differences in the mass-balance components included, differ-
ences in time span, and differences in spatial domain — that hinder the synthesis of published estimates
and called for more rigorous reporting and open-data practices.

In addition, every monitoring method carries inherent biases, and the "true" mass balance remains
an elusive target (Hock and others, 2026)). It is scientifically reasonable to consider different methods to
agree when their long-term results converge within method-specific uncertainty bounds. Evaluating the
inter-method agreement of these monitoring approaches is therefore essential, as mass-balance data serve
as the primary input data for glacier evolution models, which in turn underpin projections of future glacier
change and its downstream impacts on water resources, hydropower generation, ecosystem dynamics, as
well as sea-level rise and related hazards (Huss and Hock, [2018; Hock and others, 2019, |2022)). There
is a critical need to ensure the continuity and "rescue" of long-term mass-balance series, particularly as
the glaciers providing these records face extinction (Geibel and others| [2022). Preserving these datasets
through the transition to new monitoring technologies constitutes a key research priority.

This context highlights the value of glaciers with long-term, multi-method monitoring records (Huss
and others|, 2025). Omne such site is Stubacher Sonnblickkees (SSK) in the Hohe Tauern range, Austria
(Slupetzky and others, [2014). Systematic glaciological observations at SSK began in 1963, with mass-
balance estimates reconstructed back to 1949 (see , making it one of the longest-running
glacier observation sites in Austria. Between 2018 and 2025, three independent methods were applied in
parallel at SSK: the direct glaciological method, a semi-direct method based on the Accumulation Area
Ratio (AAR), and UAV-borne photogrammetry to derive geodetic mass balance. SSK has already begun
to disintegrate and is expected to vanish entirely by the 2030s.

The combination of (i) a robust historical record of (semi-) direct mass-balance observations, (ii) the
availability of additional geodetic mass-balance data, (iii) the simultaneous application of three independent
methods (including novel high-resolution UAV surveys) for multiple years, and (iv) the glacier’s imminent
disappearance makes SSK an ideal case study. This paper addresses the preservation of long-term mass-

balance records in the face of glacier extinction and evaluates the specific methodological challenges arising
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from rapid disintegration in recent years.

2 DATA AND METHODS

2.1 Study site

Stubacher Sonnblickkees is a small slope-type glacier located in the Hohe Tauern Range of the Eastern Alps,
within the Province of Salzburg, Austria (47.12 ° N, 12.67 ° E). The east-facing glacier lies along the main
Alpine crest in the Upper Stubach Valley, and spanned elevations from approximately 3,050 m to 2,500 m
a.s.l. in the 1980s, nowadays ranging from 3,050 m to 2,650 m. Its area decreased from 1.7 km? in the early
1980s to around 0.6 km? by 2025. The glacier’s irregular topography (see , shaped by complex
subglacial terrain, results in highly variable accumulation and ablation conditions, with pronounced effects
from wind redistribution and spatially heterogeneous snow deposition (Slupetzky, 2015)).

SSK was selected as a long-term monitoring site due to its topographic complexity, proximity to Rudolf-
shiitte (formerly operated by the Austrian Alpine Club), and access to hydrometeorological infrastructure
(Slupetzky, [2015)). The monitoring programme at SSK continues to contribute to glacier-climate studies
in the Eastern Alps and supports broader assessments of high-mountain hydrology and climate change

impacts within the European long-term ecosystem research framework (eLTER) (Zagel and others, |2024).

2.2 Mass-balance monitoring at Stubacher Sonnblickkees

Between 1963 and 1981, annual mass balance was determined through direct measurements (hereafter re-
ferred to as calibration period), including extensive networks of ablation stakes and snow pits. From 1981
onward, a regression-based approach was developed using the Accumulation Area Ratio (AAR) (here-
after referred to as semi-direct method (Slupetzkyl [1989)). The initial aim was to extend the record
back in time, with photographic reconstructions of AAR allowing extrapolation back to 1949 (Gunther
and Widlewski, [1986; Slupetzkyl |2015). The mass-balance time series of semi-direct measurements was
then maintained under the International Hydrological Decade (1965-1974), the International Hydrological
Programme (1975-1981), and subsequently by the Hydrological Service of Land Salzburg. Research ac-
tivities were led by the University of Salzburg, particularly from the Department of Geography and the
High Alpine Research Station (1982-1999) (Slupetzky and others, 2014). A mass balance measurement
programme using the direct glaciological method was reinstated in 2017 by the Hydrological Service of

Land Salzburg and implemented by the Institute for Interdisciplinary Mountain Research of the Austrian
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Fig. 1. The rapidly disintegrating Stubacher Sonnblickkees and its surrounding area. The lake "Unterer Eisbo-

densee" emerged in the 1980s and was partly covered by ice until 2017 (photo: GEORESEARCH, 2025). The map

shows the location of the study site within Austria (AT).
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Academy of Sciences. Direct measurements are available from 2018 through 2025. In addition, starting in
2018, annual UAV-based photogrammetry campaigns to monitor geodetic mass balance were carried out
by GEORESEARCH, a non-university, non-profit research institute based in Salzburg. The purpose of
this multi-method monitoring initiative was to allow for comparative analyses and to evaluate agreement
among methods over multiple years.

The resulting long-term mass-balance series, highlighting both the 1964-1980 calibration period and

the intensified multi-method monitoring in the most recent years, is presented in

Reconstructed (Glnther, 1986)
31 Direct measurements (calibration period)

Semi-direct method
Multi-method intercomparison period
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Fig. 2. Time series of annual mass balance (b) for the period 1964-2025 as published in |W0r1d Glacier Monitoring|
(2026)). Background shading indicates periods of different methodological approaches, including (i) data

reconstruction by |Giinther and Widlewski| (1986) (grey), (ii) the initial period of direct measurements (red), (ii)

the subsequent single-method period relying on semi-direct measurements only (blue), and (iv) the current multi-
method monitoring period (yellow), which is the primary focus of this analysis. MB values plotted for period (iv)

are unhomogenised data derived from the semi-direct method.

All three methods considered for this study’s mass-balance intercomparison exercise are described in

detail in the following. Representative images illustrating the applied methodologies are shown in
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(e)

Fig. 3. Technical monitoring infrastructure at SSK: (a) stationary single-lens reflex (SLR) camera at Hochftir-
legpfeiler (since 2012); (b) weather station "Rudolfshiitte’, operated by GeoSphere Austria since 1992; (c) snow pit;
(d) ground control point (GCP) for UAV-borne geodetic mass balance (installed in 2018); (¢) UAV employed for
geodetic mass balance; (f) ablation stake (photos: (a) BZ, 2025; (b) BZ, 2023; (c) AG, 2021; (d) RD, 2018; (e) RD,
2024; (f) AG, 2021)
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2.2.1 Direct glaciological method

The surface mass balance of SSK is monitored using the direct glaciological method, a standard approach
in Alpine glacier studies that has been applied in mass balance monitoring programmes in Austria for
several decades (e.g., Hoinkes, [1970; |Cogley and others, [2011} |[Fischer and others, 2015; Hartl and others,
2024)). This method quantifies seasonal accumulation and ablation based on point-scale field observations
(i.e., snow pits, ablation stakes) and extrapolates them to the entire glacier area.

For specifics related to the first period of direct measurements (1964-1980, , we refer to
Slupetzky| (2015) and references therein. To reinstate direct glaciological measurements for the current
method intercomparison, a new network of 13 ablation stakes was installed during the 2017 summer season
and snow pit locations were selected in the upper parts of the glacier. The 2018 hydrological year was
the first complete year in the new time series. In the following years, some stake positions were adjusted
to account for rapid area losses in the lower sections of the glacier. Stakes were typically drilled to about
8 m depth using a steam drill and periodically redrilled to prevent melt-out. The total number of ablation
stakes used per season ranged from a maximum of 15 (2023, 2024) to 10 (2025).

Stake readings were recorded at intervals of about 3—4 weeks throughout the ablation seasons, with a
final survey as close as possible to the end of the hydrological year (September 30). Ice loss was computed
from the difference in exposed stake length between visits and converted to water equivalent (w. e.) using
an ice density pice of 900 kg m™3. Up to the 2022 mass balance season, mass change in the accumulation
zone was determined by density measurements at a snow pit and snow depth probing. Snow depths at the
measurement points were converted to water equivalent values using the bulk density measured in the snow
pit. After 2022, annual mass balance was determined from the stake readings only because no seasonal
snow or firn remained at the end of the ablation season.

The point-scale data from the final annual survey were extrapolated in time to the end of the hydro-
logical year (September 30) by estimating melt and/or snow water equivalent based on the most recently
observed melt rates and meteorological data. That is, the current direct glaciological measurement program
uses a fixed-date system (e.g., |Cogley and others, 2011]). shows the dates of the final surveys
compared to the end of the hydrological year. The surveys occurred within 10 days of the fixed date in all
years.

In addition to annual mass balance, winter mass balance was determined via dedicated campaigns

around the end of the accumulation season, as close as possible to April 30. Seasonal snow depth and
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bulk density were determined at one to two snow pits, and extensive snow depth probing was carried out
to assess snow distribution across the glacier. As above, snow depths and density measurements were
combined to compute water equivalent values of mass balance at the measurement points.

All field measurements were georeferenced using GPS or differential GPS. The point measurements of
winter and annual mass balance were extrapolated to the glacier area by manually drawing contour lines of
equal mass balance in water equivalent values (e.g., |[@strem and others| [1991)). Contour intervals were set
to 0.5 m w.e. in the ablation zone and 0.25 m w.e. in the accumulation zone. The area of the accumulation
zone (S.) in a given year is defined as the area of positive mass change (if any) delineated by the zero mass
balance contour. Conversely, the ablation area (S,) is the area of negative mass balance.

Mass balance values as obtained with the contour line approach were integrated over the glacier area
and over different elevation bands to determine the glacier-wide mass balance (B) and values per elevation
zone, as described in, e.g., [Hartl and others| (2024) for other mass balance monitoring sites in the region.

The specific mass balance (b) was derived as:

=l
I
Nl W

where S is the total glacier area.

During initial processing of the direct glaciological data set, the most recent available glacier outlines for
a given year (typically an outline of the previous summer mapped from satellite imagery or orthophotos),
and a digital elevation model acquired in 2008 were used to determine glacier-wide mass balance and
elevation zone values (Gschwentner and others| [2026). For the study at hand, the data were reprocessed to
homogenize glacier area for the method intercomparison using outlines and topographic information derived
from annual UAV-based photogrammetric surveying (see following sections). Annual b was determined
using the average of the glacier area S; of the previous summer and the area of the current (S;+1) summer
(Florentine and others, [2023)).

For this study, we assume an uncertainty in b of o, = +340 mm w. e. a~! based on average uncertainty
values for glacier-wide direct mass balance given in Zemp and others| (2013). Quantitative evaluations of
all components of the error equation associated with b (all possible sources of type A and B uncertainties)
are challenging to obtain and uncertainty estimates are typically derived from point-scale uncertainties or
comparisons with independent data, such as multi-year geodetic mass balance. Due to the relatively dense

stake network and very limited accumulation in recent years at SSK, we assume that the above value is a
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relatively conservative uncertainty estimate for b during the 2018-2025 intercomparison period, and that
it encompasses uncertainties related to extrapolation in space (drawing of contour lines) and time (floating

to fixed-date), as well as uncertainties in the point measurements.

2.2.2 Semi-direct method

Based on the direct mass balance measurements from 1964 to 1980 , Slupetzky| (1989) established
regression equations relating the annual mean specific mass balance (b) to the Accumulation Area Ratio
(AAR). The AAR is defined as the ratio of the accumulation area (S.) to the total glacier area (.5).
Direct measurements were discontinued after 1980 due to financial constraints, prompting the use of these
equations to calculate mass balance semi-directly. The critical prerequisite for this method is accurately
determining S, at the end of each balance year, which was achieved by mapping the minimum snow cover
extent.

The specific net accumulation (b, = B./S) and specific net ablation (b, = B,/S) are mathematically

described as follows (Slupetzkyl 2015):

S. 1.125
be = 29.19 - [—m (1 - S)] , (2)

by = 56.808 - In (i) ~0.925 . (3)

The net specific mass balance b is consequently obtained as:
b=be+by - (4)

These equations account for the non-linear relationship between AAR and b, ensuring that the mass-
balance factor (AAR) approaches 1.0 when the entire glacier constitutes the accumulation area, and 0 when
it is entirely an ablation area. For SSK, a balanced budget (b = 0) corresponds to an AAR factor of 0.62
(Slupetzky, 2015]).

To quantify the uncertainty of the semi-direct method, Slupetzky and others| (2014]) combined static and
dynamic uncertainty factors. Their static uncertainty factor stems from a reanalysis study conducted by
Fischer| (2011), which compared the cumulative semi-direct mass balances with mass changes geodetically

derived from digital elevation models for 1969 and 1998 (Kuhn and others, 2015; |Patzelt, 2015). This
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comparison yielded an average annual deviation of 0.16 m w. e. for the semi-direct mass balance. To
represent the AAR-related uncertainty, primarily governed by the ratio S./S, an additional heuristic term

cAAR (personal communication from B. Zagel, 2026) is applied:

N S o (5)
TAAR = AAR 1000

This term is not derived from a formal error budget; it is included to reflect the expectation that uncertainty

increases as the accumulation area shrinks, by assigning a larger penalty to very small AAR values.
Hence, the estimated total yearly uncertainty of the semi-direct method ogepm; is 0.16 + 0 44r m w.e.
Inherent to the formula used to calculate b,, the semi-direct method is no longer applicable once there

is no accumulation area left (S, = 0). This leads to In (%) = In(0), which is undefined in the real number

system. If the entire glacier area became an accumulation area (AAR = 1), the mathematical limits of this

method would also be reached (see [Equation 2)).

2.2.8 Geodetic mass balance

UAV-borne photogrammetry was used to derive high-resolution surface elevation data of SSK for geodetic
mass-balance analysis. The general principles of structure-from-motion (SfM) and multi-view stereo (MVS)
photogrammetry follow well-established approaches (e.g., |Westoby and others, 2012). Throughout this
study, we use the term "geodetic" in the conventional glaciological sense of surface-elevation differencing,
following |Cogley and others| (2011); we note that [Hock and others| (2026) caution against its unqualified
use, as in geodesy proper the term also encompasses gravimetric approaches.

The mass-balance calculations of the geodetic method are based on thickness changes within a certain
time period. The glacier ice thickness change Ah is calculated as the pixel-wise difference of two digital
elevation model (DEM) datasets acquired at ¢; and ¢;41, respectively. The DEM raster datasets contain

absolute altitude values (in m a. s. 1.).

Ahti_’ti+1 = DEMti+l _DEMti : (6)

The total volume change (AV) between the two dates is calculated by taking the elevation difference
(Ahy) at each pixel k& and the DEM cell size (r), and summing these values across all K pixels within the

glacier area at t; (Zemp and others, [2013):

Cambridge University Press
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K
AV = Y Ah-r? (7)
i=k

To enable the comparison with the glaciological mass balance, the volume change (AV) must be ex-
pressed as specific mass balance (bgeoq) in units of meters water equivalent (m w.e.) (Zemp and others,
2013). To account for changes in the glacier’s extent over the observation period, it is necessary to divide
the volume change by the mean glacier area (Florentine and others, [2023)). The conversion is performed as

follows:

AV 5
S’ Pwater

: (8)

bgeod =

where S = 1(S;, + Si,,,) is the mean glacier area between the initial (¢;) and final (¢;41) observation
dates. The term p/pyater is the ratio of the average bulk density of the glacier to the density of water (Zemp
and others, [2013; Klug and others, 2018|). Due to the near-complete loss of firn area at SSK (Cremona
and others, 2026)), a bulk density value of pice = 900 (2 %) kg m~—3, based on uncertainty estimates of ice
density (Cogley, 2009)), was used for volume-to-mass conversions for all annual geodetic datasets within
the multi-method MB period.

The uncertainty of the geodetic mass balance is calculated following the comprehensive error propaga-
tion framework outlined by Zemp and others| (2013]). First, the uncertainty in the mean elevation change
(0x7) is derived from the root mean square error (RMSE) of the elevation differences over stable, ice-free
terrain, ensuring spatial autocorrelation is accounted for.

The uncertainty in the glacier area (O’Sti) is estimated based on the spatial accuracy of the DEMs in the
horizontal plane (RMSE,,). Following standard buffer-based approaches for glacier outlines (e.g., Paul
and others| 2013; Hugonnet and others|, 2021), the area error is calculated by multiplying this linear error

by the approximated perimeter of the glacier:

05, =P, - RMSE;, | (9)

where P, is the perimeter of the glacier at time ¢;, approximated from the total area as P, ~ 2,/7S;,.
Assuming the uncertainties in the mean elevation change and the glacier area are independent, they

are propagated into the total volume change uncertainty (oay ) following Zemp and others| (2013):
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oav = /(057502 + (05, AR (10)

where Sy, is the total glacier surface area of the initial year, and Ah is the mean elevation change.

Finally, to convert this volumetric uncertainty into the uncertainty of the specific geodetic mass balance
(0bye0q), the error associated with the volume-to-mass density conversion must be integrated. Following
Zemp and others (2013), the geometric volume error (cay) and the density error (o,) are combined via

root sum of squares:

1 —
Obyeod = W\/(UAV P+ (AV -0, (11)

where S is the mean glacier area, p represents the average bulk density used for the conversion, and o
is the estimated uncertainty of that density assumption.

[Table T|lists the time periods for which geodetic mass balance values are available from SSK. In addition
to the MB value published by |Fischer (2011), we computed multi-year geodetic mass change for 2008 to
2023 and 2018 to 2025 using independent DEM datasets. Annual geodetic mass change for the years 2018

to 2025 is used for the main method-intercomparison.

2.3 Glacier area homogenisation and mass-balance intercomparison
2.8.1 Homogenisation and mass-balance intercomparison

To allow a meaningful comparison of mass-balance results obtained with fundamentally different methods,
a homogenisation is considered necessary (Zemp and others, 2013). This study follows the framework
for reanalysing mass-balance measurement series presented by |Zemp and others (2013). Most crucially,
the mass-balance results for all three methods were recalculated using the same glacier area, enabling a
more insightful comparison of results without potential deviations related to discrepancies in glacier area
resulting from different mapping approaches or underlying source data.

For the method intercomparison (2018-2025), all mass balance datasets (direct, semi-direct, geodetic)
were homogenised using a common set of glacier outlines. These were digitised from orthophotos generated
from annual UAV surveys.

Although data-acquisition timing varied slightly across years and methods (£ 11 days to reference

date on average), refer to |[Figure Al)), these offsets remained within the 20-day window for which seasonal
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Table 1. Geodetic mass balance datasets available for SSK. Dates are reported with the highest available temporal
precision. For certain datasets, however, only the month or, respectively, the year of acquisition is known. The bulk

density listed in this table was used for volume-to-mass conversions in the respective studies.

Acq. datet  Acq. date  Data type Bulk density ~ Data source/References
t+1 (kg/m3)
Long-term geodetic mass balance
1969 1998 Refer to (Grof3 (1988), 850 Fischer| (2011)
Lambrecht and Kuhn
(2007)
2008-11 2023-09 Airborne LiDAR 900 Data: Land Salzburg (2025),
analysis: this study
2018-09-21  2025-09-18 UAV-Photogrammetry 900 this study
Annual geodetic mass balance
2018-09-21  2019-08-27 UAV-Photogrammetry 900 this study
2019-08-27  2020-09-15 UAV-Photogrammetry 900 this study
2020-09-15  2021-09-13 UAV-Photogrammetry 900 this study
2021-09-13  2022-09-13 UAV-Photogrammetry 900 this study
2022-09-13  2023-09-05 UAV-Photogrammetry 900 this study
2023-09-05 2024-09-11 UAV-Photogrammetry 900 this study
2024-09-11  2025-09-18 UAV-Photogrammetry 900 this study

effects on annual to multi-year balances were shown to be negligibly small (Hock and others| 2026|). Hence,
no additional temporal correction was applied during the MB homogenisation, consistent with common

practice in geodetic intercomparison (Piermattei and others, 2024).

2.3.2 Assessing mapping uncertainty

During the intercomparison period, glacier outlines were manually mapped from satellite images or or-
thophotos by different analysts as part of their annual processing of the mass balance data. These outlines
provide a baseline for estimating the mapping uncertainties related to different interpretations by the an-
alysts. Depending on the year, two to three independently mapped outlines are available. It is important
to note that these deviations in glacier surface area cannot be linked to the mass-balance method (see
, as the approach is the same for all methods, namely digitising the glacier outline based on
the latest available orthophoto. We combined area deviations between outlines from the same year with
the spatial agreement of the mapped glacier areas to estimate the uncertainty in total glacier area. The

relative deviation of total mapped area between analysts, dg, is computed as the ratio of the standard
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deviation of the individual mapped areas to their yearly mean, following, e.g., |Conzelmann and others

(2026):

b =

=

1 I 2 o1
. os =y |2, (Si=8) S=+

(Ol‘%

Si (12)

1

where S; is the area mapped by analyst i and S the mean across all N outlines available for that year.
The spatial overlap of mapped glacier areas, commonly expressed as "Intersection over Union" (IoU),
is calculated as follows:

ToU = M , (13)

| Uzj\il Si|
i.e., IoU is the spatial agreement index for N analysts, calculated as the geometric intersection of all
individual outlines divided by their total union. It quantifies mapping consensus by dividing the area
where all N analysts agree by the total combined area mapped by any analyst. Consequently, the spatial
disagreement rate would be expressed as 1 — IoU.

Our combined metric for the glacier surface area uncertainty eg is:

es = \/(1— IoU)2 + (55)? (14)

illustrates the homogenised glacier surface change between 2018 and the latest observations
from 2025, along with the corresponding relative deviations derived from the comparison of glacier outlines
mapped by different analysts. Larger deviations among the methods under investigation are in the order
of up to 0.08 km? (12 %). The inter-analyst deviation dg is 3.6 %. The spatial overlap of mapped glacier
outlines, as obtained using the IoU metric, is 0.91, indicating a degree of spatial misalignment.

As evident from there is no significant correlation between dg and IoU, underlining the
importance of taking both the scalar and spatial deviation into consideration to assess overall glacier
outline mapping uncertainty. The combined mapping uncertainty eg, which integrates both scalar and
spatial deviation (see , amounts to 9.98 %. Note that the 12 % figure above is the mazimum
single-year scalar deviation, whereas eg (9.98 %) is the period-mean combined metric; the two are not
directly comparable. The mean scalar deviation dg is only 3.6 %, so most of eg derives from the spatial
(1 — IoU) term — which is exactly why a scalar metric alone understates mapping uncertainty.

shows the mapped glacier outlines obtained by three distinct analysts. Overall, the western

ice margin — which corresponds to the highest-elevation section of the glacier — shows strong agreement. In
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Fig. 4. Consensus glacier surface area for the period 2018-2025. The shaded envelope represents the inter-annual
mean relative deviation in glacier area estimates among all analysts. The spatial correspondence between indepen-

dently delineated glacier outlines is quantified using the IoU metric.
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contrast, the northwestern part of the glacier is a key area of divergence. Additional inconsistencies between
analysts appear in the lower, eastern part of the glacier and around internal rock outcrops. From 2022
onward, when the glacier begins to fragment into three main sections, these differences become especially

apparent.

2018 2019 2020 2021

0 500 m —==- analyst 1l —=—- analyst 2 ——=- analyst 3

Fig. 5. Annual glacier extents from 2018 to 2025. Coloured outlines represent the digitisations of three different

analysts. Note that for 2025, only two outlines were available.

2.8.8 Mass-balance intercomparison

The central question to be answered by the three-method intercomparison for the 2018-2025 period is
whether the results agree within the expected uncertainties of the respective methods. We approached this

by (i) directly comparing glacierwide annual results as well as spatial patterns in mass balance maps and
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(i) with an adapted version of the framework outlined in |Zemp and others (2013) for determining whether
systematic differences exist between methods. For (ii), we tested for systematic differences between the
methods following | Zemp and others (2013]), comparing the cumulative mass change of the direct, semi-direct
and geodetic methods pairwise over the intercomparison period. The 2018-2025 DEM difference serves as
the reference geodetic balance, and is additionally tested against the cumulative sum of the annual geodetic
epochs. The detailed test formulation, the propagation of period-of-record ("PoR") uncertainties, and the
full set of input values are given in the Appendix .

In addition to the annual comparisons for the 2018-2025 period, we provide an overview of longer-term
mass balance comparisons for the time periods with available geodetic mass balance . Intercom-
parison studies are essential for putting site-specific findings into a broader context. To this end, we present

the method discrepancies observed at SSK alongside results from comparable studies.

3 RESULTS

3.1 Long-term mass-balance evaluation

3.1.1 Multi-annual mass-balance intercomparison at SSK

Comparing the cumulative (semi-) direct and geodetic mass balances between 1969 and 1998, |Fischer| (2011])
reveals that the results differed by 4.7 m w.e. (Ab), or 0.16 m w.e. a~!. (Ab/n). For the 15-year period
of 2008-2015 , we found a difference of 3 m w.e. (0.2 m w.e. a~!) between the geodetic and the
semi-direct method.

For the main intercomparison period (2018-2025), the geodetic mass balance computed from the 2018
and 2025 DEMs (referred to as bge, in the following) is —10.97 m w.e. The cumulative sum of the annual
geodetic mass balances for the same period is in good agreement with by, at —10.72 m w.e., i.e., an
absolute difference of 0.25 m w.e. 0bge, differs from the cumulative direct mass balance for the same
period by 0.7 m w.e. (0.1 m w. a~!), and from the cumulative semi-direct mass balance by Ab = 1.78
(0.25 m w.e. a™1).

Hence, for 2018-2025, Ab = 1.24 averaged over all method combinations (Ab/n = 0.18 m w.e. a=1!).
Averaging over all available periods (1969-1998, 20082015, 2018-2025) and methods, the mean annual
absolute deviation is also 0.18 m w.e., which corresponds to a relative yearly deviation of 1.5 %.

provides details for all periods under investigation; a visualisation of the cumulative mass balances for all
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three periods is shown in

Cumulating net mass changes over multiple years can mask potential fluctuations, as opposing changes
may cancel each other out, leading to an underestimated deviation. Arguably, the mean absolute error
(MAFE) and the relative cumulated absolute difference per time step (mean absolute percentage error,
MAPE) better reflect interannual variability. MAE and M APE can only be computed for the multi-
method observation period with annual data (2018-2025) and result in:

MAE =049mw.e. , MAPE = 36.36 %.

Table 2. Comparison of cumulative geodetic and (semi-) direct mass balances for the periods (a) 1969-1998, (b)
20082023, and (c) 2018-2025. Ab is calculated as the difference between the geodetic (bgeo) and the (semi-) direct

MB, and divided by the number of years n covered by each period to obtain the yearly deviation.

Period n bgeo  bsemizyair Ab  Ab/ || Ab/n References
(m w.e.) (m w.e.) (m w.e.) (%) (m w.e. a=l)
(a) 19691998 29 -350 -8.18 468 57.21 0.6  |Fischer (2011)
(b) 2008-2023 15 —15.48 —1850  3.02 16.32 0.20 This study, source data: Land

Salzburg| (2025))

(c) 2018-2025 (dir) 7 —10.97 —11.67 0.70  6.00  0.10  This study
(c) 20182025 (semi) 7 —10.97 —13.61  2.64 2148  0.37  This study

3.1.2 Test for systematic differences between methods

Following |Zemp and others| (2013)), we tested whether the cumulative mass balances of any two methods
differ significantly over the common period of record (2018-2025, N = 7). Refer to the Appendix for
details on the computation of the statistical test.

At the 95% level the null hypothesis that two methods are equal is retained for every method pair:
no two methods differ significantly . The reduced discrepancy is smallest between the direct and
geodetic methods (0 = —0.76) and between the direct and semi-direct methods (6 = +1.08), and largest for
the semi-direct—geodetic comparison (§ = —1.68). This last pair is the only one whose outcome depends on
the confidence level: it is retained at 95 % but rejected at the more lenient 90 % level (]6| > 1.645), consistent
with the growing divergence of the semi-direct method as its accumulation-area basis breaks down. The two
full-period geodetic estimates — the cumulative sum of the annual epochs (—10.72 m w.e.) and the single
2018-2025 DEM difference (—10.97 m w.e.) — are statistically indistinguishable (6 = —0.60), supporting the

use of annual UAV differencing for multi-year change at this site (Klug and others| [2018). Substituting the
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(a) 1969-1998 (b) 2008-2023 (c) 2018-2025

3
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Fig. 6. Cumulative mass balances for the periods (a) 1969-1998, (b) 2008-2023, and (c¢) 20182025, comparing
the (semi-) direct MB results with those obtained from the geodetic method. Note that (a) includes the calibration
period of direct measurements. Dashed lines indicate interannual data acquisition periods; dotted lines indicate the
cumulative MB for datasets with annual MB data available. Ab refers to the annual inter-method difference for

periods (a) and (b); for period (c), Ab denotes the arithmetic mean of the two annual deviation values presented in
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annual-cumulative value for the DEM difference leaves every outcome unchanged (see|Table A3)). The high
type-1I error probabilities (8 = 61-91 % at the 95 % level) reflect the short record and the comparatively
large method uncertainties; "not significantly different" should therefore be read as "the data are consistent

with agreement" rather than as proof of equality.

Table 3. Test for systematic differences between methods over 2018-2025 (N = 7), following [Zemp and others
(2013). Apor is the cumulative difference between the two methods, ocommon the combined uncertainty, ¢ the reduced
discrepancy, Hy the hypothesis that the two series are equal, and 3 the type-II error probability at a = 5 %. The semi-
direct—geodetic pair is the only one whose outcome differs between the 5% and 10 % significance levels. An extended

version (individual mass balances and uncertainties, 5 at both levels, and tests against the annual-cumulative geodetic

value) is given in [Table A3

Method pair APoR  Ocommon d Ho (5%) Ho (10%)
(mwe) (mw.e)

Direct vs semi-direct 1.94 1.80 1.08 accepted  accepted

Direct vs geodetic (DEM) —0.70 0.93 —0.76  accepted  accepted

Semi-direct vs geodetic (DEM) —2.64 1.57 —1.68 accepted rejected

Geodetic (DEM) vs geodetic (annual cum.)  —0.25 0.42 —0.60 accepted accepted

3.1.83 Comparison with related research

summarises key metrics from various historical and contemporary studies, providing a basis for
comparison.

Since the semi-direct method was specifically developed for the SSK glacier, the comparison here is
limited to the direct and geodetic methods. shows the correlation of cumulated bg;rect and byeo
values, while illustrates the per-year correlation, emphasising the duration of the observation
periods (n). With Ab = 0.7 m w. e., Ab/|b| = —3.09 %, and the per-year deviation Ab/n = 0.1 m w. e. a~*,
the method intercomparison at SSK indicates good agreement (low method discrepancies) compared to

other studies.

3.2 Annual mass balance

The specific mass balance in 2018 shows losses of -1.53+0.17 (semi-direct) and -1.90£0.34 m w.e. (direct).

This is followed by three years of relatively moderate losses below 1 m w.e. From 2022 onwards, mass
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balance is strongly negative in all years, with losses of more than 3 m w.e. depending on the method
(Figure 8). The most negative value in the intercomparison period is the semi-direct specific mass balance
for 2022 (-4.16+£1.49 m w.e.). The direct method also indicates that 2022 (-2.64£0.34 m w.e.) is the most
negative year, followed closely by 2024 (-2.60+0.34 m w.e.). The geodetic method shows slightly greater
losses in 2024 than in 2022 (-3.304£0.13 m w.e. (2024), -3.02£0.13 m w.e. (2022)). For a complete overview
of all mass balance values, see in the Appendix.

The annual mass-balance results (see lie within method-specific uncertainties in 5 out of 8
years for all three methods. The direct and semi-direct methods yield mass-balance estimates that are
mutually consistent within their respective uncertainty ranges for all years. By contrast, the mass-balance
values derived from the direct and geodetic methods fall outside each other’s uncertainty intervals in 3 of
the 7 years considered, specifically in the three most recent years (2023-2025). The mass-balance estimates
obtained from the semi-direct and geodetic methods lie outside one another’s uncertainty ranges in 2 years
(2023 and 2024).

In 2022, the MB value obtained from the semi-direct method is over 1 m w.e. more negative than the
other two methods’ results, yielding the largest deviation in absolute terms. However, as the uncertainty
estimation for the semi-direct method scales with AAR and penalises very low AAR values (see,
the value is still considered within uncertainty for the three methods. The largest relative difference is the
2023 geodetic MB result, which is 48 % smaller than the semi-direct, and 43 % smaller than the direct

value.

3.2.1 Spatially distributed mass balance

For the direct and the geodetic method, the MB intercomparison can be further examined in a spatial
dimension. shows the annual MB results for both methods (a, b) and the associated spatial
differences (c) as maps. As of 2022, the methods’ MB results show remarkably different patterns, which is
in line with greater absolute deviations visible in

The impression that the direct method generally records higher mass loss in the lower sections of the
glacier is confirmed in which displays the cumulative mass balances of these two methods and

their difference.
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Fig. 8. Annual specific mass balance from 2018 to 2025 for the semi-direct, direct and geodetic method. The

error bars indicate method-related uncertainties as defined per method in Note that geodetic MB

observations are only available as of 2019.
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Fig. 9. Annual spatially distributed mass balance from 2019 to 2025 for (a) the direct and (b) the geodetic method.
The difference between (a) and (b) is shown in the third plot (c). Note that these MB values were calculated using

the previous year’s glacier outline as the reference area.
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Fig. 10. Cumulative spatially distributed mass balance from 2019 to 2025 for (a) the direct and (b) the geodetic
method. The difference between (a) and (b) is shown in the third plot (c).
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3.2.2 Accumulation area agreement

The semi-direct method is primarily governed by the AAR and, hence, very sensitive to changes in the
extent of the accumulation area. compares S, as identified in the semi-direct method by mapping
from imagery and S, as obtained with the direct method and the contour line approach, as well as areas
of positive elevation change as per the DEM-differencing.

The ToU (refer to , visualised in yellow, indicates the accumulation area where all three
methods agree. Despite the conceptual difference of the three methods, there is visible spatial alignment of
areas of positive surface elevation gain, particularly in the first four years of this intercomparison exercise.
Notably, the geodetic method also yields accumulation areas of positive surface elevation gain in the lower

parts of the glacier

3.2.3 Direct vs semi-direct mass balance

As described in Sec. the empirical relationships of the semi-direct method, i.e., the AAR governing

the mass balance, were derived from a series of direct mass-balance measurements conducted between 1964

and 1980. The use of the logarithmic function in the MB calculations (see [Equation 3| and [Equation 2))

makes the semi-direct method especially sensitive to the AAR, or the S, value, respectively.

During this calibration period, the median AAR was 0.73, a value that has rarely been reached since
and not at all during the multi-method observation period (20182025, . AAR estimates from
the semi-direct and direct methods also diverge markedly in several years, which may partly account for
the discrepancies in the MB comparison (see . This divergence becomes most pronounced from
2022 onward, when the direct method yields an AAR of 0, reflecting the glacier’s transition to a state
with little or no persistent accumulation area — a regime in which the semi-direct method’s reliance on the
AAR as a tuning parameter becomes problematic: once no accumulation area persists, the AAR loses its
physical meaning as a predictor, and the semi-direct framework operates outside the range of conditions

for which it was calibrated.
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2021

loU = 31.5

2023 2024 2025

loU = 43.7

——=- semi-direct —-- direct ——- geodetic agreement (loU)

Fig. 11. Accumulation area as obtained with the direct, semi-direct, and geodetic method for the entire observation
period (2018-2025). The yellow area indicates agreement across all methods, mathematically described by the IoU
value. Note that no accumulation areas were observed from the direct method as of 2022 (IoU is only calculated for

those methods with an S, > 0).
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Fig. 12. The AAR is plotted against the net specific mass balance b for both the semi-direct and the direct method

for each year of the multi-method monitoring period 2018-2025. The net mass balance for the semi-direct method is

calculated using the equations described in [subsubsection 2.2.2| and is therefore consistently plotted on the b-axis.

The AAR and b values shown for the direct method are derived from in situ measurements. The net MB curve
(black) indicates which b value the AAR of the direct method would correspond to if the semi-direct equations were

applied.
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4 DISCUSSION

4.1 From multi-annual to yearly mass-balance intercomparisons

At the multi-annual scale, the three methods behave largely as expected. The formal test for systematic

differences (subsubsection 3.1.2 [Table 3| retains the null hypothesis of equality for every method pair

over 2018-2025: no two methods differ significantly at the 95 % level, the semi-direct—geodetic comparison
being the closest to significance (and the only pair rejected at the more lenient 90 % level). This can

be considered an early indication of the semi-direct method’s growing divergence that we return to in

[subsubsection 4.2.2] The data are consistent with mutual agreement at the multi-annual scale, although

the modest statistical power (8 = 61-91%, owing to the short record) means this is better stated as

consistency-with-agreement than as proven equivalence. Contextualising these findings within the broader

literature (Table A2| [Figure 7)) reveals that the agreement at SSK between the direct and geodetic methods

— with a deviation of only 0.7 m w.e. over seven years (Ab/n = 0.1 m w.e. a~1) — is among the lowest
reported in comparable studies.

However, cumulative metrics like Ab can mask interannual variability, as opposing deviations cancel
out. The MAE (0.49 m w.e.) and MAPE (36.36 %) provide a more robust characterisation of year-to-
year consistency and reveal annual scatter that is not captured by cumulative measures. We therefore
recommend the complementary use of MAE and MAPE alongside Ab in future intercomparison exercises,
as these metrics account for interannual variability regarding the magnitude of glacier volume change.

At higher temporal resolution, the picture is more complicated: All three methods yield MB results
within their uncertainty ranges for most years of the intercomparison period 2018-2025, however, annual
discrepancies are non-negligible: For example, the two most common methods’, direct and geodetic, MB
results are outside the above-mentioned uncertainty range for the last three consecutive years (2023-2025),
which warrants further investigation.

Spatial analysis reveals patterns of disagreement that are not apparent in the scalar comparison alone.

The direct method consistently records greater mass loss in the lower, fragmented sections of the glacier

compared to the geodetic method (Figure 9| [Figure 10]). This may partially be explained by ice dynamics

and is an expected pattern of divergence for the two methods. However, considering spatial divergence
at annual scales, the discrepancies become more pronounced from 2022 onward, coinciding with the ac-

celeration of glacier fragmentation. A possible explanation is that, as the glacier breaks into separate ice
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bodies, (i) stake coverage thins over the fragments, degrading the direct method’s interpolation, while (ii)
the geodetic method may register debris redistribution rather than ice loss in the same low-elevation cells.
The two effects act in opposite directions and so widen the apparent spatial divergence.

Historically, annual geodetic balances were considered too sensitive to short-term elevation noise, with
multi-year DEM differencing regarded as more robust; [Klug and others (2018) were among the first to show
that annual differencing is reliable given sufficient data quality. Our results support this: the cumulative
sum of the annual UAV epochs (—10.72 m w.e.) and the single 2018-2025 DEM difference (—10.97 m w.e.)
agree to within 0.25 m w.e. and are statistically indistinguishable (see Sec. , indicating that high-

resolution annual UAV surveys capture multi-year change without systematic drift at SSK.

4.2 Uncertainties, strengths and limitations
4.2.1 Mapping uncertainty and the need for homogenisation

Comparing the three datasets confirmed that outline homogenisation is necessary: inter-analyst differences
in glacier surface area in the order of 10 %, driven not by mass-balance methodology but by the subjectivity
of manual digitisation — particularly over debris cover, rock outcrops, and fragmented ice bodies, and
compounded by differences in source imagery, sun angle, and shadowing (Linsbauer and others, [2021;
Conzelmann and others, [2026; Hartl and others, |2026). Critically, we show that scalar deviations (0.S;.¢;)
do not adequately characterise mapping uncertainty when outlines diverge spatially while converging in
total area. The Intersection over Union metric captures this spatial dimension and decorrelates from
0Srer (see . We therefore recommend IoU as a standard complementary metric in glacier outline
assessments, responding directly to the call by Hock and others (2026) for spatially resolved uncertainty

information and complementing the homogenisation framework of |Zemp and others| (2013)).

4.2.2 Method-inherent uncertainties, strengths and limitations

SSK has entered its terminal phase of recession, attaining a new system state in which boundary conditions
differ fundamentally from those that prevailed when conventional methods for glacier mass-balance mon-
itoring were originally developed. Consequently, the calibration parameters and underlying assumptions
of all established methods are being increasingly challenged. Direct method. As the glacier surface
continues to fragment, the representativeness of individual ablation stakes declines. Extrapolating point

measurements across a disintegrating, topographically complex surface introduces interpolation errors that
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are difficult to quantify with standard uncertainty frameworks (e.g., Thibert and Vincent, 2009; |Zemp and
others|, |2013). Point-scale uncertainty frameworks such as that of |Geibel and others (2022) — which explic-
itly account for stake placement biases and density assumptions — could be useful building blocks for future
mass-balance assessments at SSK, although they do not by themselves address the spatial extrapolation
to the glacier scale, which is a separate and increasingly important source of uncertainty at fragmenting
glaciers. Furthermore, no accumulation area has been identified at SSK by direct measurements since 2022,
indicating that the glacier has entered a phase of pure ablation.

Semi-direct method. The semi-direct approach belongs to the broader family of methods that infer
glacier-wide balance from the accumulation-area ratio (AAR) the equilibrium-line altitude (ELA), or snow
line metrics — empirical relationships calibrated against direct measurements that assume a quasi-stable
link between the AAR/ELA and the net balance (Braithwaite, 1984; Rabatel and others, 2013). This
assumption is increasingly untenable under rapid change: fixed accumulation-area ratios are now known
to carry substantial, regime-dependent errors that grow as glaciers move away from equilibrium (Yang and
others, [2026)). At SSK, the relationships were derived during 1964—-1980, when the median AAR was 0.73.
This value has not been reached during the multi-method monitoring period (2018-2025), and since 2022,

the direct method reports no accumulation area at all (AAR = 0). The logarithmic functions governing

b and b, (Equation 2| [Equation 3|) approach undefined limits as the AAR tends to zero, so the method

now operates well outside its calibration range. While it still returns numerical outputs through 2025, the
accumulation areas it infers from 2022 onward are inconsistent with direct observations , and
the resulting balances carry highly uncertain physical meaning. This failure is not specific to SSK, but is
inherent to AAR/ELA-based approaches once glaciers move into strong disequilibrium. A persistently low
AAR - below roughly 30 % — signals the loss of a stable accumulation zone and a glacier in disequilibrium
with climate (Pelto,|2010), precisely the regime in which the AAR-balance relationship loses its calibration
basis. For small Alpine glaciers in particular, continued thinning drives the ELA towards or above the
summit, so that the accumulation area shrinks to zero and even former high-elevation accumulation zones
become firn-free (Carturan and others, 2020; Huss and Fischer, 2016} Hartl and others, 2025a)). The semi-
direct record at SSK is thus a concrete instance of a broader limitation: empirical relationships calibrated
under near-equilibrium conditions cannot be assumed to extrapolate into regimes of severe disequilibrium,
regardless of their historical performance.

Geodetic (UAV) method. The geodetic approach is technically advantageous for small, rapidly shrink-
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ing glaciers because its relative uncertainty does not necessarily increase as the glacier area decreases. A
well-known limitation of the geodetic method is that it records net surface-elevation change, and there-
fore cannot separate ice-mass loss from other surface processes such as debris accumulation, snowdrift, or
supraglacial sediment redistribution (e.g., Fischer} [2011; [Zemp and others, [2013). At SSK, this effect is
particularly visible in the accumulation area comparison of where the geodetic method reports
accumulation in areas coinciding with known debris accumulation (see . This ambiguity requires
careful interpretation, particularly as debris cover typically increases during glacier retreat. Independent
tracking of debris thickness would help disentangle this signal.

Density estimates. For the conversion of ice thickness change to mass gain or loss, the geodetic method
relies on density estimates, taken either from the literature (Cogleyl 2009) or from parallel glaciological mea-
surements. The geodetic volume-to-mass conversion relies on an assumed bulk density (here 900 kg m—3).
The associated uncertainty does not stem from variability in ice density itself — which is well constrained
near 900 kg m™3 — but from not knowing what fraction of a given volume change is low-density snow or
firn rather than ice. As SSK has lost essentially all of its firn zone, this ambiguity is now largely removed:
the converted volume is almost entirely glacier ice, so the density-conversion uncertainty of the geodetic
method is smaller in this terminal phase than for glaciers that still retain a substantial firn body. In this
respect, late-stage retreat actually reduces this density-related uncertainty. We report mass balance in
m w.e. for consistency with the multi-decadal SSK record, and note the recommendation of Hock and
others| (2026) to report mass change in units (e.g. kg m~2) that permit unambiguous conversion between
conventions for new datasets.

Data acquisition timing. Temporal offsets between measurement campaigns are a further
source of uncertainty common to all three methods. As noted in acquisition occurred within +11
days of the fixed reference date on average, i.e., well inside the ~20-day window over which [Hock and others
(2026) found seasonal effects on annual to multi-year balances to be negligible. No temporal correction
was therefore applied. However, this tolerance should not be read as the timing being unimportant: As
SSK has been strongly negative since 2015, a given offset near the end of the ablation season translates
into a larger mass-balance error than it would on a glacier closer to balance, since it is multiplied by a
high ablation rate. This sensitivity motivates more frequent — ideally automated — acquisitions targeting

the end of the ablation season as disintegration continues.
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4.3 Implications for future MB monitoring and long-term MB record preservation

The long-term mass-balance series of SSK, extending back to 1949, constitutes one of the most valuable
observational records in the Eastern Alps. The continuity of this record through method transitions — from
direct measurement (1964-1980) through the semi-direct approach (1981-present) to the reinstatement of

direct monitoring in 2017 and the addition of geodetic surveys from 2018 — is both its primary strength and

its central methodological challenge. The long-term cumulative comparison (Table 2| [Figure 6)) indicates

broadly consistent agreement between the geodetic and (semi-)direct methods across three independent
comparison periods spanning more than five decades (1969-1998, 2008-2023, 2018-2025). As at the annual
scale, however, the comparison is not strictly like-for-like — the historical periods rely on the semi-direct
method alone, while the recent period also includes direct measurements — so the apparent stability of
the multi-decadal offset cannot be firmly established from three heterogeneous periods. We present it as a
pattern worth testing rather than an established systematic bias.

The direct and geodetic methods offer complementary strengths (spatial resolution for geodetic; process-
specificity and seasonal resolution for direct), and their demonstrated agreement over 2018-2025 supports
the feasibility of a joint record. However, the increasing spatial complexity of the fragmenting glacier
poses challenges for both. Ultimately, the most robust approach for preserving the legacy record through
SSK’s final years is likely a combined geodetic-glaciological monitoring strategy to further examine potential
method-related mismatches until SSK vanishes entirely. The homogenised, multi-method dataset published
alongside this study provides a foundation for continued record-keeping.

Looking ahead and beyond SSK, late-stage Alpine glacier retreat requires an adaptive, multi-method
monitoring strategy that captures both surface and subsurface processes. Importantly, monitoring pro-
grammes must be established on larger "successor" glaciers before terminal reference sites disappear to
enable cross-calibration and data continuity (Huss and others, 2025; Linsbauer and others, 2025). High-
resolution geodetic monitoring should be expanded beyond terminal glaciers to sites with long direct
mass-balance series to enable cross-calibration across a wider range of climatic and geometric conditions.
For rapidly changing glaciers such as SSK, more frequent (potentially automated) geodetic surveys would
also improve attribution of short-term ablation signals.

Conventional surface-based monitoring and geodetic differencing provide only a superficial view of mass
loss, failing to distinguish between surface melt and the increasingly significant contributions of internal

and basal ablation (Fischer} [2011; [Hosli and others, 2025). While geodetic surveys capture total volume
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change, they cannot uniquely determine residual ice volume or quantify internal voids and subsurface melt
processes (Ruols and others, 2025)). Consequently, these surveys should be integrated with near-surface
geophysical observations, such as Ground-Penetrating Radar (GPR), to accurately quantify remaining ice
storage. This multi-method integration is essential to close the mass-balance budget and provide the high-
resolution boundary conditions required to initialize and evaluate glacier evolution models through the

terminal phase of retreat.

5 CONCLUSIONS

We compared three independent mass-balance methods — direct glaciological, semi-direct (AAR-based)
and UAV-geodetic — at the disintegrating Stubacher Sonnblickkees over 2018-2025. We further embedded
this intercomparison in a long-term context through geodetic—(semi-)direct comparisons spanning three
independent periods back to 1969. No method pair differs significantly at the 95 % level during the 2018
2025 intercomparison period. The semi-direct—geodetic discrepancies are the closest to significance, an early
indication of the semi-direct method’s approaching breakdown, although the short record limits statistical
power throughout. The annual deviation between the direct and geodetic methods (0.1 m w.e. a=!) is
among the lowest reported in comparable studies. The geodetic and (semi-)direct methods differ by a
broadly similar amount across all three periods. This pattern warrants further investigation, but three
heterogeneous periods are too few to establish it as a stable systematic offset. The cumulative sum of
annual UAV-geodetic balances and the single 2018-2025 DEM differencing agree to within 0.25 m w.e. and
are statistically indistinguishable. High-resolution annual geodetic surveys therefore capture multi-year
mass change without systematic drift, and data quality is no longer the limiting factor for annual geodetic
monitoring. At the annual scale, however, the methods show substantial year-to-year deviations that the
multi-year agreement masks, a tension that becomes acute as disintegration accelerates.

At the same time, the final phase of retreat exposes each method’s limits. The direct method remains
the process-resolving backbone of the record but loses spatial representativeness as stake networks fragment
with the glacier. The semi-direct method, calibrated for 1964-1980 conditions, now operates outside its
empirical range: As the governing AAR reaches zero, the empirical relationships are no longer defined and
the physical meaning of its output becomes increasingly uncertain. The geodetic method is comparatively
robust to shrinkage, as its relative uncertainty does not necessarily grow with diminishing area and the

density-conversion ambiguity diminishes with the loss of the firn body. None of the methods alone, however,
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captures the full picture: independent methods remain mutually dependent for validation, and maintaining
at least two in parallel is what allows method limits to be detected at all. For SSK’s final years, the parallel
continuation of the direct and geodetic programmes offers the most robust basis for extending the series.
Beyond SSK, the broader lesson is that late-stage glaciers must be monitored with parallel, complemen-
tary methods, and that such programmes need to be transferred to larger successor glaciers before terminal
reference sites vanish, preserving continuity and cross-calibration. A further frontier is subsurface mass
loss: because neither glaciological nor geodetic methods resolve internal and basal ablation, integrating
near-surface geophysics such as GPR will be essential to close the mass-balance budget at disintegrating
glaciers. Sustaining multi-method observations at sites in their terminal phase is what safeguards these
records — and exposes the method limits no single approach can reveal — before the observational window

closes for good.

Data availability All mass-balance data used in this study are available at the well-established data
repository PANGAEA. The links in take you directly to the websites where you can bulk-download

the data:

Table 4. Overview of main and complementary datasets used in this study.

Dataset Reference URL

Direct (1964-1980) & semi-direct Slupetzky and others (2014) https://doi.org/10.1594/PANG |

(1981-) MB AEA . 829950

Direct MB (2018-) Gschwentner and others| (2026]) https://doi.pangaea.de/10.15
94 /PANGAEA . 993864

Geodetic MB (2019-) Siebenbrunner| (2026)) https://doi.pangaea.de/10.15
94/PANGAEA . 991024

Homogenised MB data series Siebenbrunner and others, in prep

(2018-2025)

ALS data Land Salzburg (2025) https://www.salzburg.gv.at/t
hemen/salzburg/sagis/sagis-d
ownloadinfos

WGMS data World Glacier Monitoring Service https://doi.org/10.5904/WGMS

(2026) -FOG-2026-02-10
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2 A APPENDIX

23 A.1 Timing of data acquisition

2025 ~ ‘ semi-direct A 0 @. ..................... ‘
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Fig. A1. Timing of data acquisition for the annual mass balance for all datasets from 2018 to 2025. The field

measurements obtained with the direct method were adjusted to the hydrological year (indicated by unfilled markers).
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se  A.2 Mass-balance results for all three methods (2018-2025)

Table Al. Annual homogenised glacier area S and mass-balance estimates b with associated uncertainties for
the intercomparison period 2018-2025. Geodetic balances are unavailable for 2018; the elevated 2022 semi-direct

uncertainty reflects the AAR-based error term at very low accumulation-area ratios (see [Equation 5|). Refer to
for a visualisation of the mass-balance values.

Year S (km?) b (m w.e.)

direct semi-direct  geodetic

2018 0.85 -1.90+0.34 -1.53£0.17

2019 0.85 -0.7840.34 -0.644+0.17 -0.404+0.16
2020 0.83 -0.57+£0.34 -0.65+0.17 -0.764+0.18
2021 0.82 -0.68+£0.34 -0.69+0.17 -0.50%£0.10
2022 0.74 -2.64£0.34 -4.16%1.49 -3.02£0.13
2023 0.71 -2.07£0.34 -2.2940.18 -1.1940.10
2024 0.65 -2.60£0.34 -2.90£0.23 -3.30£0.13
2025 0.61 -2.33£0.34 -2.2840.18 -1.574+0.11
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A.2.1 Accumulation area ratio over time
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Fig. A2.
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Year

1968 1976 1984

® direct ¢ semi-direct ---- median AAR (calibration)

Calibration period

Development of the accumulation area ratio (AAR) over time. The dashed line indicates the median

AAR value during the calibration period (1964-1980) (lSlupetzky and othersl, |2014|).
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A.2.2 Related MB intercomparison studies

Table A2. Comparative metrics from related mass-balance intercomparison studies (in alphabetical order). bge, and bgirect
are the geodetic and glaciological mass balance, respectively. Ab is the difference between bye, and bgirect (Ab = bgeo — bairect)-
The number of years covered by the observation period is denoted as n. The per-year-deviation is given as Ab/n. The relative

difference between bye, and bgireer is given as Ab/|b|, where [b] is the absolute value of the mean of bye, and bgjrect-

Study Glacier(s) bgeo bdirect Ab/|b] Ab n Ab/n
(mw.e) (mw.e.) % (m w. e.) (m w. e a™t)
Andreassen| (1999 Storbreen (SB) —16.80 -9.60 -27.27 -7.20 57 —0.13
Andreassen and others| (2012) Langfjordjokelen (LJ) —17.70  —14.50 —-9.94 -3.20 14 —0.23
Cox and March| (2004 Gulkana Glacier (GU) —-11.80 —-11.20 —2.61 —-0.60 25 —0.02
Fischer| (2011 Hintereisferner (HEF) -35.00 —-27.70 -11.64 —7.30 53 —0.14
Fischer] (2011 Jamtalferner (JAM) —7.00 —7.30 2.10 0.30 10 0.03
Fischer| (2011 Kesselwandferner (KWF) —7.90 -5.80 —15.33 -2.10 37 —0.06
Fischer| (2011 SSK —3.50 —8.20 40.17 4.70 29 0.16
Fischer| (2011 Vernagtferner (VF) —13.50 —14.00 1.82 0.50 28 0.02
Funk and others| (1997 Griesgletscher (GG) —8.90 —240 -5752 —6.50 30 —0.22
Hagg and others) (2004 Central Tuyusku Glacier (CTG) —12.60 —16.80 14.29 4.20 40 0.11
Klug and others| (2018 Hintereisferner (HEF) —-13.40 —12.20 —4.69 —-1.20 10 —0.12
Krimmel (1999 South Cascade (SC) —16.50 —19.00 7.04 2.50 27 0.09
Miller and Pelto| (1999 Lemon Creek (LC) —18.40 —22.00 8.91 3.60 41 0.09
Zemp and others| (2010 Storglaciaren (SG) —4.80 -390 -10.34 —0.90 40 —0.02
Soruco and others| (2009 Zongo Glacier (ZG) —5.10 —7.50 19.05 240 9 0.27
Wang and others| (2014 Urumgi Glacier (UG) —-12.20 —11.70 —2.09 —0.50 28 —0.02
This study SSK (2018-2025) —-10.97 —11.67 3.09 0.70 7 0.10

*

bdirect Was calculated from bgeo using p = 850 kg m~3, according to [Fischer| (2011)).
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A.3 Hypothesis test for systematic differences between methods

For each method pair, the cumulative discrepancy over the period of record (2018-2025, N = 7), Apor =
B — Bs, was normalised by the combined uncertainty ocommon = m to give the reduced discrepancy
d = ApoR/0common (Egs. 19-21 in|Zemp and others, |2013)). The null hypothesis that the two series are equal
is retained where |§| < 1.96 (95 %) and |0] < 1.645 (90 %); the corresponding type-II error probability g
(Eq. 24 therein) is reported at both levels. Period-of-record uncertainties were propagated from the annual
values in the direct method from the uniform o, = 0.34 m w.e. a~!; the semi-direct method
and the annual-cumulative geodetic balance as the quadratic sum of their annual uncertainties; and the
2018-2025 geodetic DEM difference through the error-propagation chain described in Sec. which for
this firn-free survey is dominated by the density-conversion term (0ge0d & 0.22 m w.e.). Internal and basal
balance corrections were assumed negligible at this small glacier. As the reference geodetic balance for the
comparisons with the direct and semi-direct methods, we use the DEM difference; the annual-cumulative

estimate is tested against it for consistency and used to confirm that the outcomes are insensitive to this

choice (lower block of [Table A3)).

Table A3. Extended results of the test for systematic differences between methods (2018-2025, N = 7),
following |[Zemp and others| (2013). Bj, B are the cumulative period-of-record balances of the two series and
o1, 09 their propagated uncertainties; Apor = B1 — B2, 0common = m, 0 = ApoRr/Ccommon. Ho (equality
of the two series) and the type-1I error probability 8 are reported at both the 5% and 10 % significance levels.
The lower block repeats the surface-method comparisons against the annual-cumulative geodetic balance instead

of the DEM difference.

Method pair B o1 By 02 Apor  0Oc ) Hp g HY  plo

(m w.e.) (%) (%)
Direct vs semi-direct —11.67 0.90 —13.61 1.56 1.94 1.80 1.08 accepted 81 accepted 71
Direct vs geodetic (DEM) —11.67 0.90 —10.97 0.22 —0.70 0.93 —0.76 accepted 88 accepted 80

Semi-direct vs geodetic (DEM)  —13.61 1.56 —10.97 0.22 —2.64 1.57 —1.68 accepted 61 rejected 49
Geodetic (DEM) vs geod. (cum.) —10.97 0.22 —10.72 0.35 —0.25 0.42 —0.60 accepted 91 accepted 84

Direct vs geodetic (cum.) —11.67 0.90 —10.72 0.35 —0.95 0.97 —0.98 accepted 83 accepted 74
Semi-direct vs geodetic (cum.)  —13.61 1.56 —10.72 0.35 —2.89 1.60 —1.81 accepted 56 rejected 43
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21 A.4 Misclassified debris accumulation

Fig. A3. Supraglacial debris accumulation in areas where the geodetic method records positive surface-elevation
change (green polygons), shown for (a) 2022 and (b) 2023. Such debris cover can raise the surface without a

corresponding gain in ice mass, so these localised elevation gains may be misinterpreted as accumulation, illustrating

why elevation-based signals require careful interpretation (see [Figure 11)).
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