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Abstract. Glaciers in the Alps are losing mass at unprecedented and accelerating rates. Monitoring of glacier mass change

as well as relevant atmospheric parameters plays an important role in improving understanding of local and downstream im-

pacts. We present subseasonal, seasonal, and annual glaciological mass balance data and meteorological observations from

Mullwitzkees and Venedigerkees, two glacier monitoring sites in the Hohe Tauern range of the Austrian Alps. Ablation stake

networks were established on Mullwitzkees in 2006/07 and on Venedigerkees in 2011/12. Monitoring is ongoing. In addition5

to stake readings at subseasonal intervals, accumulation measurements (snow pits and probing) are carried out seasonally. The

glaciological data set consists of subseasonal floating date measurements as well as fixed date seasonal and annual values.

Fixed date glacier wide mass balance was derived from annual point mass balance values. Automatic weather stations measur-

ing standard meteorological parameters were installed near Mullwitzkees and Venedigerkees in 2020 and 2019, respectively.

Meteorological data is provided in 10 minute intervals. Uncertainties for individual point mass balance measurements were10

computed following the approach of the Swiss glacier monitoring service (GLAMOS), taking into account estimated density

and reading errors. The subseasonal mass balance records highlight shorter term variability in mass loss and the linkage with

meteorological conditions. The most negative annual point mass balance recorded in the period of record was -5.8 ± 0.66

m w.e. at an elevation of 2536 on Venedigerkees. 2022 stands out as the most negative mass balance year to date in both

time series, particularly at higher elevations. The cumulative specific mass balance (glacier wide) over the period of record15

was -14.68 m w.e. at Mullwitzkees and -8.79 m w.e. at Venedigerkees. Data is available in PANGAEA publication series

and the associated datasets. The main publication series are updated annually. The Mullwitzkees mass balance datasets can

be found at: doi:10.1594/PANGAEA.965660 and doi:10.1594/PANGAEA.965719. The Venedigerkees data can be found at

doi:10.1594/PANGAEA.965648 and doi:10.1594/PANGAEA.965729.

1 Introduction20

Environmental monitoring in data sparse high mountain areas is essential to assess changing natural and human systems un-

der ongoing and accelerating climate change (Collins et al., 2011; Costa et al., 2016; Bojinski et al., 2014; Gaiser et al.,

2020; Zemp et al., 2021). The mountain cryosphere is an integral part of the overall mountain environment and strongly
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linked to atmospheric processes, which drive cryospheric changes in the short term as well as on climatological time scales

(Hock and Huss, 2021). Glacier mass change in turn is an important climate indicator and drives hydrological change across25

:::::
spatial

:
scales, from locally shifting runoff regimes in single catchments to global sea level rise (Huss and Hock, 2018; Zemp

et al., 2019). As an Essential Climate Variable (ECV, Bojinski et al. (2014)), glacier mass balance is commonly incorpo-

rated into environmental monitoring programs in mountain areas alongside related meteorological parameters (Collins, 2022).

The glacier wide and elevation zone mass balance data of Mullwitzkees (MWK) and Venedigerkees (VK) have partially

been described in overview publications related to glacier monitoring in Austria (?Fischer et al., 2014; Hansche et al., 2023)30

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Fischer et al., 2014; Stocker-Waldhuber et al., 2015; Hansche et al., 2023) and in non-peer reviewed reports submitted annu-

ally to the respective funding agencies (accessible through the PANGAEA publication series Stocker-Waldhuber et al. (2016)

and Seiser and Fischer (2016)). Intermediate and point data have not previously been published or described.

Measuring glacier surface mass balance via the glaciological method, i.e. with ablation stakes and snow pits, coring, or

probing to quantify snow accumulation, has a long tradition due to the relative simplicity of the method (Cogley et al., 2011;35

Zemp et al., 2015; Fischer et al., 2018). Standardized mass balance observations are collected and compiled by the World

Glacier Monitoring Service (Zemp et al., 2023), often in the form of seasonal or annual glacier wide mass balance, which is

spatially inter- or extrapolated from point measurements (Østrem and Brugman, 1991; Cogley et al., 2011). Various systems

for defining the respective measurement periods are in use and the duration of a mass balance season or year may adhere to

fixed dates (start and end of the hydrological year), floating dates, or stratigraphic notations (Cogley et al., 2011). Depending on40

the measurement system, temporal extrapolation is required in addition to spatial extrapolation to arrive at seasonal or annual

glacier wide mass balance from point measurements acquired at discrete moments in time and space.

Point mass balance data form the basis of glacier wide mass balance estimates (e.g., Østrem and Brugman (1991); Cogley

et al. (2011); Geibel et al. (2022)). Preserving such
::
all

::::::::
collected

:
data with appropriate metadata and at the greatest possible

:::::
spatial

::::
and

:
temporal resolution is essential for potential future reanalysis and homogenization of time series (Zemp et al.,45

2013). Additionally, point mass balance data can support calibration and validation of mass balance models (Schaefli and

Huss, 2011). Subseasonal observations improve understanding of short term mass changes, e.g. due to extreme events like heat

waves (Cremona et al., 2023), and contribute to the improved quantification of relationships between atmospheric parameters

and mass change (Vincent et al., 2017), particularly when combined with meteorological observations.

In Austria, 13 glaciers (including MWK and VK) were subject of systematic mass balance monitoring as of the 2021/2250

season (Hansche et al., 2023). Measurements at eight additional glaciers have been conducted in the past but were discontinued.

Hansche et al. (2023) provide an overview of current glacier monitoring programs in Austria, listing coordinating organizations

and funding agencies for each site. Spatially aggregated glacier wide mass balance from all current Austrian monitoring sites

can be accessed through the WGMS database (WGMS, 2023). Point mass balance has typically not been published along with

the glacier wide data.55

In this publication, we present glaciological and meteorological data from Mullwitzkees (MWK) and Venedigerkees (VK),

two glaciers in the Hohe Tauern range of the Austrian Alps. Both sites are part of the Long Term Ecological Research program

(LTER, Collins (2022)). We focus on a comprehensive compilation of the subseasonal point mass balance data available from
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MWK and VK. In the interest of comparability with other datasets, we follow the approach of the Swiss Glacier Monitoring

Program (GLAMOS) regarding data structure, metadata parameters, and uncertainty assessments (GLAMOS, 2021; Geibel60

et al., 2022). In addition to the subseasonal mass balance data, we include winter and annual �xed date mass balance at the

respective measurement points, as well as extrapolated to elevation zones and the glacier scale. For the most recent 3-4 years

of the periods of record, the glaciological data is complemented by records of temperature, humidity, atmospheric pressure,

wind, radiation and precipitation parameters from two automatic weather stations (AWS) located in approximately 500 m and

800 m distance to MWK and VK, respectively.65

2 Data and methods

2.1 Study Sites

MWK and VK are temperate, winter accumulation type glaciers in the core zone of Hohe Tauern National Park (HTNP).

HTNP is Austria's largest national park and is shared between the states of Salzburg, Tyrol, and Carinthia. Abbout a third

of all Austrian glaciers (337 glaciers, Fischer et al. (2015a)) are located within the boundaries of HTNP. MWK and VK are70

situated in the western section of HTNP in the Venediger Range, the mountain group around Großvenediger (3657m, Fig. 1).

Großvenediger and VK are also within a Natura 2000 protected area as per the European Union Habitats Directive (European

Commission and Directorate-General for Environment and Sundseth, 2012; European Commission and Directorate-General

for Environment and Sundseth, 2015).

MWK is on the Tyrolean side of Großvenediger about 3 km southeast of the summit. The upper part is also known as75

Äußeres Mullwitzkees while the lower sector is known as Zettalunitzkees. We use the name Mullwitzkees (MWK) to include

both parts. MWK can be classi�ed as a plateau glacier and as a valley glacier.
:::
The

:::
�at

::::
and

:::::
wide

:::::::::
uppermost

::::::
regions

:::
of

:::
the

:::::
glacier

::::::
above

::::::
around

::::
3150

::
m

:::
are

:::::::::
considered

:::
the

::::::
plateau

::::
part

::
of

:::
the

::::::
glacier.

::::
This

::::
part

::
is

:::::::
con�ned

:::
by

:::
the

::::
ridge

::
of

:::
the

:::::
Hohe

:::::
Zaun

::::::
summit

::::::::
(3450m)

:::
and

::
an

:::
ice

::::::
divide

::
at

::::::
around

:::::
3200

::
m

::
to

:::::::::::
neighbouring

:::::::
glaciers

:::::::::::
Schlatenkees

::
in

::::
the

::::
north

::::
and

:::::::::::
Frosnitzkees

::
in

::
the

:::::
east.

::::::
Below

::::
3150

:::
m,

:::
the

::::::
glacier

::::::::
steepens

::::
until

::
it

::::
ends

::
in

::
a

:::::
small,

:::::::
narrow

:::
and

:::
by

::::
now

::::::::
relatively

:::::
short

::::::
glacier

::::::
tongue.

:
In80

2018,it
:::::
MWK

:
covered an area of 2.56 km2 and an elevation range from 2730 m to 3400 m. MWK is predominantly south-

facing and located on the southern side of the main Alpine Divide. The watershed drains locally into the Dorferbach and

subsequently into the rivers Isel and Drava and eventually the Danube. Ice thickness surveys carried out in the context of the

second Austrian Glacier Inventory (GI) indicated that the glacier is relatively thin, with ice thickness values of about 50-70

m at the time of measurement in 2003 (Fischer and Kuhn, 2013; Fischer et al., 2015). The thickest ice is found in the central85

part of the plateau. Ice thickness decreases towards the highest elevations of the glacier. Rock outcrops have recently appeared

in this area, con�rming the limited ice thickness. MWK borders on Rainerkees in the west, Schlatenkees in the north, and

Frosnitzkees in the east. The glacier boundaries are de�ned by the respective ice divides.

Mass balance measurements at MWK began in 2006 as part of wider hydrological and glaciological monitoring efforts by

HTNP and the department for hydrology of the state of Tyrol (HD Tyrol,Hydrographischer Dienst der Abteilung Wasser-90

wirtschaft, Amt der Tiroler Landesregierung). HTNP and HD fund the monitoring program. Runoff is measured by HD Tyrol
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in the Dorferbach and available through the data platform ehyd (212233, Hinterbichl (Mühle)/Dorferbach, https://ehyd.gv.at/).

An AWS was installed near MWK in August 2020.

VK is a valley glacier extending from 2503 m to 3400 m over an area of 1.82 km2 in 2018. The main section of the

accumulation zone is directly below the summit ridge of Großvenediger, in the state of Salzburg. The upper part of the glacier95

is north facing. The tongue turns to the west and southwest below about 2900 m. VK is a former tributary of Obersulzbachkees,

which retreated strongly in recent years and has disintegrated into multiple individual glaciers (2009,
:::::
Third

:::::::
Austrian

:::::::
Glacier

::::::::
Inventory,

:
GI3; Fischer et al. (2015a, b)). After VK became disconnected from Obersulzbachkees, the name Venedigerkees

(VK) was established for the easternmost remaining glacier, while the part directly north of the summit has since been called

Sulzbacherkees (SK).
:::
VK

:::
and

::::
SK

::::::::
remained

::::::::
connected

:::
by

::
a

::::::
narrow

::::
band

:::
of

:::::
debris

:::::::
covered

::::
dead

:::
ice

:::
for

:::::
some

::::
time

:::::
after

:::
the100

:::::
main,

:::::
clean

:::
ice

::::::
tongues

:::::::
became

::::::::
separated.

::::::
Hence,

:::
the

:::::
exact

::::::
timing

::
of

::
the

::::::::
de�nitive

::::::::::::
disconnection

::
is

::::
hard

:
to

:::::::::
determine

:::
but

:::::
likely

:::::::
occurred

:::::::
between

:::::
2016

:::
and

:::::
2018.

:
Initially, three ablation stakes were maintained on the tongue of SK in addition to the stake

network on VK but this has been abandoned due to the rapid retreat of SK. VK has a long ice divide with Untersulzbachkees

to the east and drains into the Obersulzbach valley and subsequently into the rivers Salzach, Inn, and Danube.

The mass balance monitoring program at VK began in 2012 and is funded by the department for hydrology of the state105

of Salzburg (HD Salzburg,Hydrographischer Dienst des Landes Salzburg). Runoff is measured by HD Salzburg in the Ober-

sulzbach and available through the data platform ehyd (203893, Kees/Obersulzbach, https://ehyd.gv.at/). Since August 2019,

an AWS near VK is used to monitor meteorological parameters in addition to mass balance.

2.2 Glaciological parameters

2.2.1 Point mass balance110

To measure accumulation, snow depth and stratigraphic bulk density (measurements of approx. 20 cm layers averaged over the

depth of the snow pit) from the snow surface to the �rn or ice horizon were measured at three to four snow pits at each glacier

in spring. Snow depth at other locations was measured by probing. The water equivalent value at the probing locations was

computed based on the probed depth and the density measurements at the snow pits. The accumulation surveys were carried

out as close as possible to April 30, the midpoint of the hydrological year and the �xed date for winter mass balance.115

To measure ice ablation, networks of ablation stakes were installed at MWK in 2006 and VK in 2012. The number of stake

locations per glacier ranged from 10 to 17 at MWK and 13 to 16 at VK during the respective time series. For initial installation

as well as ongoing monitoring, wooden ablation stakes were drilled 6-12 m into the ice with a steam drill. Height change of the

stakes was measured at irregular intervals throughout the ablation season. Ice ablation at the stakes was obtained by multiplying

the height change with an assumed ice density of 900 kg/m3 (Cogley et al., 2011).120

In fall, the �nal stake readings of each season took place as close as possible to September 30, the end of the hydrological

year. Snow pits were dug and density was measured at the same pit locations as in spring if snow remained at these locations.

Probing was similarly carried out if snow was present.
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Figure 1. Glaciers in the Venediger range (outlines: third Austrian glacier inventory, 2009, Fischer et al. (2015a)). Outlines of
:::::::::::
Venedigerkees

:
(VK

:
)

:
and

::::::::::
Mullwitzkees

:
(MWK)

:
for 2018 in red. Stars mark the two automatic weather stations

::::
with

:::
the

::::::::
respective

::::::::
elevations. SK:

Sulzbacherkees. G: Großvenediger, summit. Background: basemap.at. The inset shows the location of the study sites in Austria.
::::::::
Coordinate

:::::::
reference

::::::
system:

::::
MGI

:
/

:::::
Austria

:::
GK

::::::
Central

::::::::::::
(EPSG:31255).
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Each stake reading and snow pit measurement provides an intermediate mass balance observation for the period between

the measurement date and the date of the last known value for the location. We derived a �xed date annual and seasonal point125

mass balance at each measurement location (Kaser et al., 2003; Cogley et al., 2011), i.e. the closest observations to the end

of the hydrological year (September 30) and the end of the accumulation season (April 30) are extrapolated to the respective

�xed dates. The temporal extrapolation is informed by meteorological data such as snow fall between the measurement and the

�xed date. In case of snow accumulation between the date of the last measurements and the �xed date, snow water equivalent

(SWE) is estimated and accounted for in the annual �xed date value. Similarly, SWE gained or lost between the spring snow130

survey and the spring season �xed date is estimated to derive the �xed date winter point mass balance. The seasonal and annual

�xed date point mass balance values are given in water equivalent units (mm w.e.). The �rst ablation measurement period of a

given hydrological year begins at the start of that hydrological year (October 1) and refers to the �xed date ablation reading of

that date.

Locations of stakes, snow pits, and snow depth probing were measured with a handheld GPS device. For the stakes, GPS135

coordinates were not recorded during every reading and the latest GPS measurement in each hydrological year is considered

that year's location for the respective stake. The elevation of measurement locations was not recorded in the �eld and was

extracted from digital elevation models (DEMs) based on the coordinates of the stake. The respective DEMs were acquired

in 2008 for MWK and 2012 for VK. Throughout the period of record, the position of individual stakes changed due to ice

movement as well as occasionally due to repositioning during maintenance activities. Repositioning of stakes was avoided as140

much as possible. Reasons for repositioning were mostly related to newly formed crevasses or area loss, i.e. stakes were moved

away from crevasses or the ice edge to maintain safe access and representative measurement locations.

In the following, observations of height change of the ice surface and corresponding ablation values between consecutive

readings as well as observations of snow height are referred to asintermediate measurements(Geibel et al., 2022).Annual

and seasonal(winter season) measurements refer to values derived from cumulative intermediate measurements and extrapo-145

lated temporally to �xed dates. The intermediate data �les contain the intermediate measurements acquired on variable dates.

The annual and seasonal data �les contain point mass balance values extrapolated to �xed dates from the closest available

measurement dates and can be considered a derivative product of the intermediate �les. Table 1 shows the total and average

number of different measurement types available for each site.

In the interest of comparability and compatibility with mass balance data from other sites, the point mass balance data and150

metadata were formatted to be consistent with the structure introduced in detail by Geibel et al. (2022) and applied in the Swiss

GLAMOS program (GLAMOS, 2021). We adhere to their quality �ags as closely as possible for our intermediate dataset and

use the respective assigned errors as given in Geibel et al. (2022) and the documentation of the associated data publication

(GLAMOS, 2021) unless otherwise stated. For the intermediate data, the following quality �ags were applied:

– Date quality: the start and end dates of each period are known for ablation measurements at the stake locations (�ag 0).155

In some cases, measurements were carried out on two consecutive days and the exact date on which speci�c stakes were

surveyed was not recorded. In these instances, the second date is stated and the date is still considered known. For snow

surveys in spring (probing and snow pits), the true start date of the measurement period (i.e. the start of seasonal snow
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accumulation) is unknown but estimated as the start of the hydrological year in adherence with the �xed date system.

Therefore, October 1 of the previous year is entered as the start date of the period and the date quality �ag is set to160

“estimated/unknown” (�ag 3). Snow surveys in fall may include snow that fell during the previous accumulation season

and/or new snow that fell recently. The start date is considered “unknown” and �agged accordingly without an estimated

start date. Following GLAMOS (2021), the error associated with estimated or unknown dates is assumed to be elevation

dependent with 36 cm between 1500 and 2500 m, 31 cm between 2500 and 3000 m, and 22 cm above 3000 m. This error

contributes to the reading uncertainty.165

– Position quality: For most stake measurements in our data set, the position was estimated from previous measurements

and �agged as such (�ag 4). When the date of the GPS data point is known, as is usually the case for snow pit and probe

data, the “position quality” �ag is adjusted accordingly. This error does not contribute to the reading uncertainty (Geibel

et al., 2022).

– Density quality: Ice density is assumed to be 900 kg/m3 (�ag 1, error: 2% of mass balance). Snow density is measured170

at snow pit locations (�ag 2, error: 5% of mass balance). This error contributes to the mass balance uncertainty.

– Measurement quality: set to “typical uncertainty for the speci�c method” (�ag 1, error: 0).

– Measurement type:The intermediate data set contains ablation stake readings (�ag 1, 5 cm type error) and snow pit

data (�ag 2, 10 cm type error). The measurement type is always known. This error contributes to the reading uncertainty.

– Special cases:The winter balance for 2011/12 at VK was reconstructed in spring 2012/13 by digging snow pits to the175

previous year's �rn horizon. The respective snow pit values are �agged with measurement quality �ag 5 for “recon-

structed value”.

For �xed date values (annual and winter balance), the quality �ags and associated uncertainties were adjusted as follows to

account for �xed vs. �oating dates:

– Date quality: Dates are considered known (start, mid point, and end of the hydrological year).180

– Position quality: The position of measurement points was estimated from previous measurements and �agged as such

(�ag 4).

– Density quality: The annual �xed date density and derived SWE values at the stakes are based on a combination of ice

density and fresh snow at the stake locations and �agged accordingly (�ag 5). The associated error is set to 10% of mass

balance in mm w.e. For winter and autumn snow pit data, the density �ag is set to “Density of snow estimated from185

nearby measurement” (�ag 3, 8% of mass balance). For snow probing measurements, the density was estimated from

the snow pit data and also set to “Density of snow estimated from nearby measurement”.

– Measurement quality: For all �xed date values, the measurement quality �ag is set to 5, with an associated quality

error of 30 cm that contributes to reading uncertainty. This is the equivalent of the quality �ag "reconstructed value
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(other reason)" in the system employed by GLAMOS (2021). The intention is to indicate that �xed date values were190

temporally inter- or extrapolated (“reconstructed”) from the intermediate values.

– Measurement type, probing:In addition to stakes and snow pits (as in the intermediate data set), the �xed date data

set includes a separate �le with snow depth probing data. The measurement type is set to 3 for these data points, with an

associated 15 cm type error. Note that this data type and �ag differs from the GLAMOS system. The probe data is only

available as water equivalent values extrapolated from the date of measurement to the �xed date. Records of the raw data195

(snow depth on the day of measurement) were not kept. Probe data has an additional �ag that indicates whether or not

the water equivalent value of a given probe data point is within� 100 mm w.e. of the spatially integrated mass balance

value at the probing location. This aims to identify probe data that is not representative for winter or annual point mass

balance. For the annual data, values �agged as not representative are typically due to new snow that fell shortly prior to

the measurement in the ablation zone. During spring surveys it is often challenging to de�nitively identify the previous200

year's �rn horizon by probing. In addition to spatial inhomogeneity of snow depth, probe data may have systematic

biases in a given year due to, e.g., ice lenses in the snow pack that cannot be penetrated with the probe.

Following Geibel et al. (2022), the uncertainty of each reading (� r ) is then assumed to be:

� r =
q

� 2
date + � 2

mtype + � 2
mqual [eq 1]

where� date is the date uncertainty,� type is the measurement type uncertainty, and� mqual is the measurement quality205

uncertainty.The mass balance (b) uncertainty is:

� mb =
q

� 2
r + � 2

density � b [eq 2]

� density is given as a percentage of the mass balance and hence multiplied with b. We refer to Geibel et al. (2022) for a more

detailed discussion of the reasoning behind the uncertainty assessment and the limitations of this approach, both of which can

also be applied to our data set. A particular point to bear in mind is that stated values for the various uncertainty components210

are estimated based on previous studies or experience in the �eld rather than quantitatively determined.

Due to the temporal extrapolation required to derive �xed date values (annual and winter mass balance) from intermediate

measurements, uncertainties for the �xed date values are higher than for the intermediate readings. This is re�ected predomi-

nantly in the measurement quality �ag and associated uncertainties, as well as in the density quality �ag and density uncertainty

for the stake data. This is a “one-size-�ts-all” approach that does not account for the size of the temporal gap between the �xed215

date and the closest �oating date, nor for the meteorological conditions affecting ablation and/or accumulation for the duration

of said gap. We consider the resulting uncertainty a �rst order estimate useful for a comparison of the �xed date values with

the intermediate data. A more detailed assessment of the uncertainties introduced by the temporal extrapolation is needed for

future work.
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Glacier Total number

of intermediate

measurements

(stakes and

snow pits,

yearly average

:::
and

:::::
range

::
in

parentheses)

Total number

of annual point

mass balance

(stakes and

pits, �xed date,

yearly average

in brackets
::
and

::::
range

:::::::
in

::::::::
parentheses)

Winter
:::
Total

:::::
number

::::::
of

:::::
winter

:::
point

mass balance

(snow pits,total

number and

yearly average

::::
yearly

:::::::
average

:::
and

:::::
range

::
in

parentheses.

Fixed date)

Spring probing

(�xed date)

Fall probing

(�xed date)

MWK (2007-

2022)

947 (59.2,

::::
33-83)

263 (16.4,

::::
12-19)

61 (3.8
:
,

::
2-6) 1496 433

VK (2012-

2022)

546 (49.6,

::::
38-69)

165 (15.0,

::::
13-17)

32 (2.9
:
,

::
2-3) 627 428

Table 1.Number of total intermediate and annual ablation stake and snow pit measurements available for MWK and VK, as well as yearly

averages
::
and

:::::
range for intermediate, annual and winter point mass balance measurements

:
, and number of probing locations.
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2.2.2 Glacier area220

Tables 2 and 3 list years for which glacier outlines from MWK and VK are available as well as the underlying data sources

and references. For MWK, previously unpublished outlines for 2012, 2015, 2018, and 2022 mapped from orthophotos are

made available as part of this publication. For VK, previously unpublished outlines for 2012 and 2018 are made available.

All outlines generated as part of the monitoring programs were mapped to be consistent with GI3 (Fischer et al., 2015a). See

Figures 2 and 3 for overview maps of the outlines as well as of the stake and snow pit monitoring networks.
::::
Due

::
to

:::
ice

::::
�ow225

:::
and

:::::::::
occasional

:::::::::::
repositioning

::
of

::::::
stakes,

:::::::::::
measurement

::::::::
locations

::::
vary

::::::
slightly

::::
over

:::
the

:::::
years.

:

Year Data type References / source

1850 (outline) Little ice age inventory (GI LIA) Fischer et al. (2015b); Groß and Patzelt (2015)

1969 (outline) First national glacier inventory (GI1) Patzelt (1980); Groß (1987); Patzelt (2013)

1998 (outline) Second national glacier inventory (GI2) Eder et al. (2000); Lambrecht and Kuhn (2007); Kuhn et al. (2012, 2013)

2008* (DEM) Airborne Lidar Land Tirol (data.gv.at)

2009* (outline) Third national glacier inventory (GI3) Fischer et al. (2015a)

2012* (outline) Orthophoto orthophoto: Land Tirol (data.gv.at), outline: see Sec. 5 - data availability

2015* (outline) Orthophoto orthophoto: Land Tirol (data.gv.at), outline: see Sec. 5 - data availability

2015 (outline) Fourth national glacier inventory (GI4) Buckel and Otto (2018)

2018* (outline) Orthophoto orthophoto: Land Tirol (data.gv.at), outline: see Sec. 5 - data availability

2022* (outline) Orthophoto orthophoto: Land Tirol (data.gv.at), outline: see Sec. 5 - data availability
Table 2. Glacier outlines and DEM for MWK with respective data sources. * marks data used for spatial extrapolation of glacier wide and

elevation zone mass balance from point data.

Year Data type References / source

1850 (outline) Little ice age inventory (GI LIA) Fischer et al. (2015b); Groß and Patzelt (2015)

1969 (outline) First national glacier inventory (GI1) Patzelt (1980); Groß (1987); Patzelt (2013)

1998 (outline) Second national glacier inventory (GI2) Eder et al. (2000); Lambrecht and Kuhn (2007); Kuhn et al. (2012, 2013)

2009* (outline) Third national glacier inventory (GI3) Fischer et al. (2015a)

2012* (outline, DEM) Airborne Lidar DEM: Land Salzburg (data.gv.at), outline: see Sec. 5 - data availability

2015 (outline) Fourth national glacier inventory (GI4) Buckel and Otto (2018)

2018* (outline) Orthophoto orthophoto: Land Salzburg (data.gv.at), outline: see Sec. 5 - data availability
Table 3. Glacier outlines and DEM for VK with respective data sources. * marks data used for spatial extrapolation of glacier wide and

elevation zone mass balance from point data.
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Figure 2. Monitoring network at MWK, overview: Glacier outlines since 1969 and locations of stakes (circle markers) and snow pits

(square markers) for which annual point mass balance data is available, color coded by years.
::::::::
Coordinate

:::::::
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/
::::::
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::::::
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grid

::
in
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