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Recent observations and glacier modeling point towards near
complete glacier loss in western Austria (Otztal and Stubai
mountain range) if 1.5°C is not met
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Abstract. Most glaciers in Austria are expected to disappear in the coming decades. The general trend to deglaciation is
apparent from observations of past glacier change as well as projections of future glacier evolution in the region. However, the
projected timing of ice loss varies considerably between models and data sources. We enhance observations of regional glacier
area and volume change with a new inventory for the Otztal and Stubai range in western Austria and use this data to initialize
and calibrate the Open Global Glacier Model (OGGM), generating projections for all glaciers in the study region until 2100
under different warming levels. Observations show that approximately 19% of glacier area and 23% of glacier volume were
lost between 2006 and 2017 (values are relative to 2006 area and volume and equivalent to annual loss rates of 1.7% and 2.1%,
respectively). Five glaciers disappeared between 2006 and 2017 and are no longer included in the 2017 inventory. The model
projections for all scenarios predict a faster glacier decline than a constant change scenario based on the observed change
rates for 2006 to 2017. This highlights the need for dynamic, climate-aware glacier models to quantify the range of possible
futures and trajectories to deglaciation. By adapting OGGM to incorporate the multitemporal, high-resolution observational
data available for the study region, the model performance improved compared to using global, lower resolution data and, for
the first time, enabled the model to simultaneously match observed area and volume changes at a regional scale. This increases
confidence in the regional projections, which show 2.7% of the 2017 glacier volume in the region remaining by 2100 in a global
warming scenario of +1.5°C above pre-industrial temperatures. Applying a +2°C scenario, this volume is reached around 30
years earlier and deglaciation is near complete by 2100 (0.4% of 2017 volume remaining). Glacier loss in the study region
under current warming trajectories (+2.7°C) is expected to be near total before 2075 (less than 1% of 2017 volume remaining).
Gepatschferner, the largest glacier in the region, is expected to retain 5.4% of its 2017 volume in a +1.5°C scenario and 0.4%

in a +2°C scenario. Over 100 glaciers, i.e. roughly one third of the glaciers in the study region, are likely to disappear by 2030

even in the +1.5°C scenario.
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1 Introduction

Mountain glaciers are receding rapidly at a global scale (Zemp et al., 2015; Hugonnet et al., 2021a), with wide-ranging impacts
on water resources (e.g. Akhtar et al., 2008; Baraer et al., 2012; Huss, 2011; Huss and Hock, 2018), societal and ecological sys-
tems (e.g. Cannone et al., 2008; Carey et al., 2017; Bosson et al., 2023), and sea level rise (Radi¢ and Hock, 2011; Hock et al.,
2019; Zemp et al., 2019; Rounce et al., 2023). Regionally, trends in glacier area and volume vary depending on temperature
and precipitation variability (Hugonnet et al., 2021a) as well as local factors (e.g. Brun et al., 2017). Remote sensing studies
show that glaciers in the European Alps have lost on average between 0.70 0.13 and 1.02 0.21 m w.e. per year in recent
decades (values refer to the periods 2000-2014 (Sommer et al., 2020) and 2000-2019, (Hugonnet et al., 2021a), respectively).
Assessments of glacier change at smaller scales find loss rates generally in the same order of magnitude though with consider-
able temporal and spatial variability. Swiss glaciers lost on average between -0.52 m and -1.07 m w.e. per year between 1980
and 2010 depending on the catchment (Fischer et al., 2015¢). Relative area change of Swiss glaciers also varies considerably
with catchment, topography, and glacier size class, with largest losses at smaller glaciers (Linsbauer et al., 2021). Glacier area
decreased by 1.2% per year between 1998 and 2006 in Austria (Fischer et al., 2015b). Similar area change rates have been
reported for France (Gardent et al., 2014) and the entirety of the European Alps (Paul et al., 2019).

Observations of glacier change are used to drive models that project the future evolution of glaciers. The compilation of the
Randolph Glacier Inventory (Pfeffer et al., 2014; Randolph Glacier Inventory Consortium, 2017, RGI,) enabled modeling at
large scales by reducing the uncertainties associated with extrapolation or upscaling of model data to un-inventoried glaciers
(Hock et al., 2019). Despite considerable advances in large-scale modeling (Marzeion et al., 2012; Huss and Hock, 2015;
Zekollari et al., 2019; Maussion et al., 2019; Cook et al., 2023), the Glacier Model Intercomparison exercises (GlacierMIP
1 and 2) found significant differences between glacier model projections particularly at the regional scale, which stem from
differences in models physics, calibration and setup, and from differences in input data (Hock et al., 2019; Marzeion et al.,
2020b). Uncertainty originating from modeling choices constitutes the largest relative contribution to overall uncertainty for
projections until about mid-century and remains considerable afterwards (Marzeion et al., 2020b).

While the GlacierMIP studies could not disentangle the various sources of uncertainty, the large uncertainties in projections
for the next decades hint at the importance of accurate boundary conditions to calibrate and initialize glacier models (Marzeion
et al., 2020a). The current approach for large-scale models usually relies on a single glacier inventory (e.g., the RGI), an ice
thickness estimate to initialize the model, and one mass change product to calibrate model parameters. When these are used
consistently across models, differences in the first decades are considerably reduced (Zekollari et al., 2024), underscoring the
importance of observations to constrain glacier projections.

For regional modeling, it is therefore crucial to first quantify recent regional glacier change. High resolution regional in-
ventories can delineate spatial variability of change rates within the same mountain range and improve understanding of local

topographic and climatic factors that drive such variability (Fischer et al., 2015c; Linsbauer et al., 2021). In regions with many
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small glaciers and rapid glacier loss, such as Austria and Switzerland, a substantial fraction of the total ice mass is contained
in small, increasingly debris-covered features, that are dif cult to accurately map based solely on medium-resolution optical
satellite imagery (Fischer et al., 2014, 2021). Incorporating high resolution topographic data in updates to glacier area and
volume change data sets improves the spatio-temporal coverage and granularity of the time series. Additionally, such data con
tributes to uncertainty reduction in larger scale, global or Alps-wide inventories, e.g. by providing better constrained baseline
data on the location of ice divides and debris cover change (Paul et al., 2019).

We aim to contribute to an improved understanding of local and regional glacier change in western Austria. Speci cally, we
quantify past glacier area and volume change for the time period 2006—-2017/18 in the Otztal and Stubai Alps based on digital
elevation models (DEM) generated from airborne laser scanning survey data, extending the existing time series of regional
glacier inventories. We then use these high resolution regional datasets to dynamically calibrate and validate a glacier evolution
model over several decades, a novel approach in large-scale modeling. We project glacier changes until 2100 for different global
temperature scenarios using the Open Global Glacier Model (OGGM, Maussion et al. (2019)). By using regional data (Section
2.1.1) to initialize and calibrate model projections, we aim to better constrain possible timelines to deglaciation in the study
region. We contrast our ndings with projections driven by global data sets (Section 2.1.2) to assess the impact of different

calibration data and starting conditions on model outcome.

2 Methods and Data
2.1 Study region and previous studies

The Stubai and Otztal mountain ranges are located in western Austria and border on Italy along the main Alpine divide (Fig.
1). Glacier coverage extends from around 2400 m.a.s.l. to the regions' highest peak (Wildspitze) at 3768 m.a.s.l. Climatolog-
ically, the Stubai and Otztal Alps are characterized by dry inner-alpine valleys with strong elevation gradients of temperature
and precipitation. Annual precipitation increases from around 800 mrhigrthe relatively dry valleys to more than 1500

mm around 3000 m a.s.l. (Strasser et al., 2018). Glaciological research in the area has a long tradition (e.g. Finsterwalder,
1897; Hoinkes and Rudolph, 1962; Ambach and Eisner, 1966; Hoinkes, 1969; Strasser et al., 2018) and three World Glacier
Monitoring Service (WGMS) reference glaciers are located within the study region - Hintereisferner (HEF), Kesselwandferner
(KWF), and Vernagtferner (VF).

All available observational data from the study region indicate volume loss and a rapid decrease of glacier area (e.g. Aber-
mann et al., 2009; WGMS, 2023). In large-scale projections of future glacier evolution, a complete or near-complete loss of
present day ice in the study region - and the European Alps in general - is anticipated under current climate trajectories (Hanzer
etal., 2018; Zekollari et al., 2019; Compagno et al., 2021; Rounce et al., 2023). However, the timing of deglaciation and initial
ice volume estimates vary considerably between studies (see discussion).
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Figure 1. a) Location of the study area in Austria (grey rectangle, with RGI6 glacier outlines in blue). b) The 2017/18 glacier outlines plotted
over the 2017/18 DEM mosaic used in this study. For black outlines, the underlying DEM was acquired in summer of 2017. For blue outlines,
the DEM was acquired in summer of 2018. The orange lines indicate the RGI6 glacier outlines. Coordinate reference system: MGI / Austria
GK West, epsg: 31254. c) Close-up of the boundary between the 2017 and 2018 DEM where it crosses Sulzenauferner (grey shading show:
2017/18 outline of Sulzenauferner).

2.1.1 Regional data sets: Area, volume, volume change

Multiple regional glacier inventories (Gl) quantify the evolution of glacier extent since the Little Ice Age (LIA) (Fischer et al.
(2015b) and references in Table 1). Regional volume change has been assessed in irregular intervals based on DEMs, whic
were generated during the compilation of the rstand second Austrian Glacier Inventories (GI1 (Patzelt, 1980), GI2 (Lambrecht
and Kuhn, 2007)) or made available by the regional government of Tyrol in more recent years (GI3 (Fischer et al., 2015a) and
this study). GI1, GI2, GI3, as well as the LIA Gl (Grol3 and Patzelt, 2015) were compiled with the aim of consistency between
inventories in terms of the mapping approach and glacier identi cation. Outlines were mapped based on the DEMs, taking
elevation change information into account. An additional inventory representing glacier extent in 2015 (Gl4, Buckel and Otto
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(2018)) derived from Google Earth imagery shows minor inconsistencies with previous Gl due to differences in the underlying
data. Table 1 and Table 2 give an overview of relevant datasets with citations of previous work as well as data publications
where applicable.

GI3 counts 322 glaciers covering 187 kim 2006 in the region of interest (ROI, Fig. 1). A high resolution estimate of ice
volume in the region is available for the same year from Helfricht et al. (2019a) (see Section 2.3) and indicates a total ice
volume of 8.5 km. The glaciers in the ROI represent about 45% of the total glacierized area (Fischer2015, GI3) and 53% of
the total ice volume (Helfricht et al., 2019a) in Austria (values refer to 2006).

2.1.2 Global data sets

We additionally extracted area, volume, and volume change data for the ROI from global data sets, namely glacier area from
the RGI6 (Randolph Glacier Inventory Consortium, 2017; Pfeffer et al., 2014; Randolph Glacier Inventory Consortium, 2023),
glacier mass change from Hugonnet et al. (2021a), and glacier volume from Farinotti et al. (2019), Millan et al. (2022), and
Cook et al. (2023). Different methods and underlying data result in differences between the regional and global data sets. The
number of glaciers and the glacierized area as per the various inventories are summarized in Table 1. Compared to the regione
estimate of ice volume in the ROI by Helfricht et al. (2019a), the estimates in the global and regional studies of Farinotti et al.
(2019), Millan et al. (2022), and Cook et al. (2023) are higher with 9.3, ki@.3 kn? and 8.9 ki, respectively (Table 3).

A common challenge for all currently available large-scale ice thickness products is to associate a timestamp to the computed
volumes because of the mismatch between the various datasets used as boundary conditions and for calibration. Farinotti et a
(2019) used a DEM from 2003 in the Alps (SRTM) as well as the RGI6 outlines from 2003, but the thickness observations
used to calibrate the models and compute uncertainties have a wide range of timestamps. The Farinotti et al. (2019) produc
is often associated with the timestamp of the RGI6 outlines. Helfricht et al. (2019a) use better coinciding data products and
associate a volume to the year 2006. Millan et al. (2022) and Cook et al. (2023) use RGI6 outlines, ice velocity products dated
to 2017, and different DEMs. The direct comparison to Farinotti et al. (2019) in Millan et al. (2022) indicates that the chosen
timestamp of the product is 2003. However, according to the supporting information of Cook et al. (2023), Millan et al. (2022)
should be dated to 2017 (the year of the ice velocity observations). Cook et al. (2023), in turn, use the velocity observation of
Millan et al. (2022) for their volume estimate, but use it to initialize simulations at the year 2020 (see supp. Fig. S11).

2.2 Updated regional glacier outlines and DEM time series

The most recent DEM covering the study area was generated from airborne laser scanning (ALS) survey data acquired in 2017
and 2018 and processed by the department for geoinformation of the Austrian state of Tyrol. The mean ALS point density in
mountainous areas is between 5.7 and 6.9 points eRieger, 2019). Comprehensive information on general processing
steps, DEM generation, mosaicing, and deviations from control areas can be found in Rieger (2019). To assess glacier change
we used a mosaiced version of the 2017/18 DEM with a spatial resolution of 1m x 1m in the Austrian national grid, as available
through the geodata portal of the state of Tyrol. The mosaiced DEM covers >99% of the glacier area in the study region. 97%
of the glacier area was surveyed during several ights between July and October, 2017. The remaining area at the eastern edg



Table 1. Overview of glacier outlines previously available for the study region. Abbreviations: ALS: Airborne Laser Scanning, Gl: Glacier
Inventory. RGI: Randolph Glacier Inventory, DEM: Digital elevation model.

Inventory (data Year boundaries Data basis Number ofslacier area in References

set release date) glaciers in ROl ROI (kn?)

GI LIA (2015) 1850 Moraines, his- 249 376.6 Fischer et al. (2015b); data set:
toric maps Grol3 and Patzelt (2015)

Gl1 (2013) 1969 Digitized 318 241.4 Patzelt (1980); GroB (1987);
from maps, data set: Patzelt (2013)
orthophotos

Gl2 (2015) 1997 Orthophotos 326 205.1 Eder et al. (2000); Lambrecht

and Kuhn (2007); Kuhn et al.
(2012); data set: Kuhn et al.

(2015)
RGI6 (2018) 2003 Landsat optical 292 173.1 Pfeffer et al. (2014); data
imagery in set: Randolph Glacier Inventory
the ROI, other Consortium (2017)
data  sources
elsewhere
GI3 (2015) 2006 ALS DEM, or- 322 186.6 Abermann et al. (2009, 2010);
thophotos Fischer et al. (2015b); Land
Tirol Abteilung Geoinforma-
tion (2011); data set: Fischer
etal. (2015a)
Gl4 (2018) 2015 Google Earth 369 149.6 data set: Buckel and Otto
imagery (2018)

125 of the study region was surveyed during three days in late July 2018 (Fig. 1). We note that the DEM does not extend into Italy,
limiting our analysis to the Austrian part of the Otztal range. The DEM for 2006, the previous time step in the DEM time series,
was also generated from ALS data and provided by the state of Tyrol in the same format, reference system, and resolution as
the 2017/18 data. We refer to previous work for citations detailing the 2006 DEM, as well as the older DEMs (Table 2).

We updated the glacier outlines for the study region for 2017/18 based on the above DEMs and the 2006 glacier outlines

130 (Table 1) using ArcMap GIS software. The mapping work ow followed the method presented by Abermann et al. (2009). Hill-
shades and slope and aspect rasters extracted from the 2017/18 DEM were used as the basis for glacier delineation (Fig. 2). .
surface elevation change raster showing the difference between the 2017/18 and 2006 DEMs was displayed semi-transparentl

on top of the hillshade during the mapping process. Debris covered ice can be hard to identify in optical imagery without
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Table 2. Overview of regional DEMs available in the ROI. Abbreviations: ALS: Airborne Laser Scanning, Gl: Glacier Inventory.

Source Year DEM Data basis References

Gl1 1969 Digitized from maps, orthophotos  Patzelt (1980); GroR3 (1987)

Gl2 1997-2002 Orthophotos Eder et al. (2000); Lambrecht
and Kuhn (2007); Kuhn et al.
(2012)

GI3, State of 2006 ALS Abermann et al. (2009, 2010);

Tyrol Fischer et al. (2015b); Land

Tirol Abteilung Geoinforma-
tion (2011); DEM available

from tirol.gv.at

2017/18 state- 2017/18 ALS Rieger (2019); DEM available
wide  survey, from tirol.gv.at

Tyrol (this

study)

Table 3. Overview of gridded ice volume and volume change estimates available for the ROI. Ice volume is computed as the sum over all

pixels in the ROI bounding area (Fig. 1 multiplied by the pixel size.)

Source Coverage Resolution Year Ice volume in ROIYkm
Helfricht et al. (2019a) Regional 10m x 10m 2006 8.45
Farinotti et al. (2019) Global 25m x 25m 2003 10.30
Millan et al. (2022) Global 50m x 50m 2017 (see text) 9.28
Cook et al. (2023) Alps 100m x 100m 2020 (see text) 8.94

additional information (Fischer et al., 2014, 2021) and including surface elevation change in the mapping of glacier area aids
the detection of ice bodies below debris cover and, hence, accurate mapping of the respective glacier outlines. Incorporating
small scale geomorphological features such as distinct local discontinuities in aspect and slope as well as the gradient of sur-:
face elevation change enables improved delineation of ice bodies and periglacial surfaces at the glacier margins (e.g. Aberman
etal., 2009; Fischer et al., 2021). Orthophotos were used in small subregions where no ALS data exist (e.g. for Hochjochferner,
which extends partially into Italy) and for a visual comparison of mapping results where appropriate.

The 2017/18 glacier outlines were generated by reshaping the GI3 (2006) glacier outlines (Tab. 1). The 2017/18 outlines
were edited so that they are completely inside the GI3 boundaries. This ensures that any area changes potentially originating
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from the correction of mismatches in the former inventories (GI2, GI3) are excluded from the most recent change analysis
(GI3-2017/18, Fig. 2). We note that this is not appropriate in times of glacier advance.

Glaciers and detached parts of glaciers were excluded from the 2017/18 inventory if no surface elevation changes could be
detected inside the former (GI3) boundaries. This can lead to the inclusion of dead ice or glacio-morphological features that
showed surface change and, hence, signs of ice ablation, during part of the 2006—2017/18 time period even if said features ma:
have melted by the end of the period. The contribution of such “former glacial features” to the total glacier area is minimal and
they will be detected and removed during the compilation of the next inventory.

Former glaciers or glacier parts which showed no clear surface elevation change related to ice melt were deleted from the
inventory (Fig. 2). No discrete exclusion based on a minimum size threshold was implemented. The uncertainty in glacier
area due to mapping errors is estimated to He5% for glaciers larger than 1 Knand 5% for smaller glaciers following
Abermann et al. (2009) and Abermann et al. (2010). These values represent the upper bound of uncertainty estimates based c
mapping of the same glaciers by multiple parties and accounting for terrain-related ambiguities as determined by Abermann
et al. (2010). Small deviations due to errors in GI2 and GI3 are covered by the uncertainty estimation in glacier area. The
2017/18 outlines produced as part of this study are available as data publications (Helfricht et al., 2024a, b). Area change
uncertainty was computed as the root-sum of the squares of area uncertainties in the two time steps being compared.

Volume change for all glaciers in the study region was computed based on DEM differencing. The 2017/18 and 2006 DEMs
were resampled to a 5mx5m resolution to match the resolution of older DEMs and generate a consistent time series of difference
rasters. All DEMs in the time series were coregistered to the 2017/18 DEM following the approach of Nuth and K&éab (2011)
as implemented in the python package xDEM (xdem contributors, 2021). Difference rasters were clipped with the glacier
outlines pertaining to the respective older DEM, i.e., we used the glacier outlines of 2006 to compute elevation change for the
2006-2017/18 time period. Thickness change was computed on a pixel-wise basis and integrated over the glacier area to obtai
volume change for individual glaciers, elevation bins, glacier size classes, and the entire study area. Mean annual change rate
for each DEM pair were computed by dividing total change by the number of years between DEM acquisitions. One glacier
- Sulzenauferner in the Stubai region - was surveyed partially in 2017 and partially in 2018 (Fig 1). In this case we use the
2006—2017 mean change rate for further analysis. Hochjochferner on the southern edge of the ROI extends partially into Italy
and elevation data is not available for 2017 for the Italian part of the glacier. The outline was mapped using orthophotos but the
volume change information is incomplete. Based on the geometry of the glacier, we exclude the westernmost, partially Italian
sector of Hochjochferner from further analysis to avoid inconsistencies due to the lacking DEM.

As a measure of relative precision of the DEM time series, we assessed stable terrain outside of glacier areas following the
methods described in Hugonnet et al. (2022) to account for elevation heteroscedasticity. For each time period and respective
DEM pair, slope and curvature were derived from the more recent DEM and heteroscedasticity was subsequently inferred
(xdem contributors, 2021; Hugonnet et al., 2022). The estimated standard error of the mean elevation for a range of slope
angles and curvatures is given in Table 4. For the high resolution, quality controlled 2006—2017/18 ALS DEM pair, terrain
dependent error variability is low and errors do not typically exceed 0.2 m even for steeper slopes. This estimate is in line with

previous work assessing uncertainties between ALS DEMs in the study area and adjacent mountain ranges (Abermann et al.






