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Abstract

Glacier mass-balance observations at seasonal resolution have been performed since 1914 at two
sites on Claridenfirn, Switzerland. The measurements are the longest uninterrupted records of
glacier mass balance worldwide. Here, we provide a complete re-analysis of the 106-year series
(1914–2020), focusing on both point and glacier-wide mass balance. The approaches to evaluate
and homogenize the direct observations are described in detail. Based on conservative assump-
tions, average uncertainties of +0.25 m w.e. are estimated for glacier-wide mass balances at the
annual scale. It is demonstrated that long-term variations in mass balance are clearly driven by
melting, whereas decadal changes in accumulation are uncorrelated with mass balance and can
only be relevant in short periods. Mass change of Claridenfirn is impacted by dry calving at a
frontal ice cliff. Considerations of ice volume flux at a cross-profile reveal long-term variations
in frontal ice loss accounting for �9% of total annual ablation on average. The effect of changes
in frontal ablation mostly explains ,10% of the mass-balance difference relative to the period
1960–1990, but accounts for �20% in 2010–2020. Glacier mass changes are discussed in the con-
text of observations throughout the European Alps indicating that Claridenfirn is regionally
representative.

1. Introduction

Glacier mass balance is a clear and direct signal of variations in climate forcing acting on the
ice surface and, hence, determining long-term glacier response (Oerlemans, 2001; Zemp and
others, 2015; Beniston and others, 2018). Understanding the glacier–climate linkage is crucial
for accurately modelling future glacier evolution and corresponding impacts on local to con-
tinental hydrology, as well as sea-level rise (Hock and others, 2017, 2019; Zemp and others,
2019). Long-term mass-balance measurements have a great value for investigating changes
in climate forcing and their effect on glacier melt rates, and have been used in numerous recent
studies (e.g. Carturan and others, 2016; Rabatel and others, 2016; Vincent and others, 2017;
Thibert and others, 2018; Charalampidis and others, 2018; Réveillet and others, 2018;
O’Neel and others, 2019; Andreassen and others, 2020; Vargo and others, 2020). However,
observational series are often rather short and in many cases, their documentation is incom-
plete. This paper focuses on the seasonal mass-balance measurements on Claridenfirn, north-
eastern Switzerland, that stand out both regarding their temporal coverage (106 years), as well
as the quality of the observations, and their documentation and archiving.

Claridenfirn is a mountain glacier with an area of 4.3 km2 at present (2019). Point mass-
balance observations were started in the year 1914 at two individual sites marked by annually
relocated stakes and are continued until today (Firnberichte, 1914–1978; GLAMOS, 1881–
2020). Both the length of the time series, and probably also the detail of documentation of
the direct measurements, are unequalled at the global scale, thus making these series highly
valuable for investigating and understanding the effects that long-term changes in climate
have on the accumulation and melt of Alpine glaciers (e.g. Machguth and others, 2006b;
Ohmura and others, 2007; Huss and others, 2009b; Gabbi and others, 2015). To our knowl-
edge, the Claridenfirn series also represents the only direct observation of annual/seasonal gla-
cier mass balance for the period 1914 to 1946 worldwide, except for a few similar but often
incomplete and/or discontinued point measurements on some other Swiss glaciers (e.g.
Aletsch, Silvretta; Huss and Bauder, 2009).

The Claridenfirn measurements consist of two individual mass-balance time series at point
locations at an elevation of �2900 and 2700 m a.s.l., respectively. The upper site experienced
accumulation in most years since 1914. Also the lower site was often in the accumulation area
until the 1980s but has experienced ablation since then, with significant mass loss in every year
of the 21st century. The point mass-balance measurements were repeatedly quality-checked
and homogenized, and detailed results were published in reports (Müller and
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Kappenberger, 1991; GLAMOS, 2017). Numerous studies made
extensive use of the Claridenfirn data to investigate the glacier–cli-
mate linkage, or to calibrate and validate mass-balance models
(Vincent and others, 2004; Ohmura and others, 2007;
Machguth and others, 2006a, 2009; Huss and Bauder, 2009;
Huss and others, 2009b, 2010, 2015; Gabbi and others, 2015;
Drolon and others, 2016; Roe and Baker, 2016; Marty and others,
2017).

Previous studies on Claridenfirn have relied on point measure-
ments. These are specific to their location and only contain infor-
mation on temporal mass-balance variability (e.g. Vincent and
others, 2004, 2017, 2018) as opposed to the total loss of ice vol-
ume, or the glacier-wide mass balance, which is relevant for
hydrological applications (Elsberg and others, 2001; Cogley and
others, 2011). Extrapolating point measurements to the entire
glacier area is, however, subject to considerable uncertainties
(Fountain and Vecchia, 1999; Cox and March, 2004; Holmlund
and others, 2005; Thibert and others, 2008). Re-analysis at
regular intervals combining direct point observations with
independent geodetic mass changes is therefore recommended
(Haeberli and others, 2007; Zemp and others, 2013), and is per-
formed based on a wide range of approaches (Huss and others,
2009a; Van Beusekom and others, 2010; Barandun and others,
2015; Andreassen and others, 2016; Klug and others, 2018;
O’Neel and others, 2019; Wagnon and others, 2021). In the
case of Claridenfirn, computation of glacier-wide mass balance
is further complicated due to ice losses by break-off at a frontal
ice cliff.

The century-scale seasonal point measurements at Claridenfirn
can offer new insights into the factors driving glacier mass loss.
Long-term observations on Claridenfirn allow directly analysing
the effect of variations in observed accumulation and melt on
mass loss over a centennial time span. This is important as the
early 20th century has seen periods of substantially positive mass
balance (e.g. 1910s) and major mass losses (e.g. 1940s) (e.g.
Vincent, 2002; Huss and others, 2010), and as these periods are
not covered by other measurements of glacier mass change
(Zemp and others, 2009).

Here, we present a complete re-analysis of the Claridenfirn
series. First, we focus on the 106-year point mass-balance series,
thus substantially updating and replacing datasets from previous
investigations (Müller and Kappenberger, 1991; Huss and
Bauder, 2009; Huss and others, 2015). Second, we provide a
detailed description and uncertainty assessment of the approaches
used to infer long-term glacier-wide mass balance. Particular
attention is devoted to ice losses due to avalanches from an ice
cliff at the glacier terminus, i.e. an ablation process different
than surface melting, which complicates the determination of
mass change. Long-term variations and trends in mass-balance
components are analysed using the century-scale time series
allowing a better understanding of the climate change effects on
long-term Alpine glacier retreat.

2. Study site and data

2.1 Claridenfirn

Claridenfirn is a mountain glacier in north-eastern Switzerland
with an area of 4.3 km2 (2019) and an elevation range from
2550 to 3250 m a.s.l. In the mid-1980s the glacier covered an
area of 6.1 km2 and its terminus was located at 2290 m a.s.l. The
glacier is mostly exposed towards southeast (Fig. 1). The topo-
graphical situation of Claridenfirn is particular as the glacier is
spread over different accumulation basins that do not lead into
one single, clearly established glacier snout. Proglacial runoff is
distributed over more than a dozen outlets. Four principal parts

of the glacier are distinguishable (Fig. 1) and are separated by
ice divides: (I) Spitzalpelifirn with an ablation area facing east
accounting for �35% (32%) of today’s glacier surface (numbers
in parentheses indicate fractions in 1956). (II) Central and main
part of Claridenfirn, including the upper measurement site, ter-
minating in a steep and cascading ice cliff (�43% (39%) of the
glacier surface). (III) Eastern part of Claridenfirn, including the
lower site, flowing southwards and including �20% (20%) of
the surface area. (IV) Previously relevant, today only remnant gla-
cier ice, with a northerly exposure comprising 2% (9%) of the gla-
cier area.

2.2 Direct point mass-balance observations

Seasonal mass balance at two sites in the upper and lower parts of
Claridenfirn has been determined continuously since 1914
(Fig. 1). Winter snow water equivalent (w.e.) is typically measured
in May, annual balance in September. Centre dates of the surveys
are 26 May+ 23 d, and 18 September+ 11 d, respectively. Both
observation sites are fixed in position, localized by reference
points outside the glacier or – more recently – by GPS, and are
marked by stakes that are annually replaced at the original loca-
tion to exclude effects of ice flow on measured mass balance.
Between 1936 and 2019 surface elevation has decreased by 15 m
at the upper and 32 m at the lower site. Measurements are per-
formed at or close to stakes drilled into the firn or ice. Stakes per-
mit a direct measurement of the firn/ice layer thickness lost. In
addition, they also allow locating the last summer’s horizon
marked with ochre or sawdust in snow pits that are dug near
the stakes when measuring the density of winter snow, or firn
accumulation in late summer. Both point measurement series
have been digitized using original field books and were published
both for the 75-year (Müller and Kappenberger, 1991) and the
100-year anniversary (Chapter 4.16 in GLAMOS, 2017) of the
series, hence contributing to a complete compilation of the meta-
data documenting the raw measurements. Supplementary Tables
1 and 2 provide all observations of seasonal point mass balance.

The seasonal point mass-balance records on Claridenfirn are
nearly complete. Besides the seasonal measurements at the end
of both winter and summer, additional intermediate readings
are reported at up to monthly resolution for many years
(Firnberichte, 1914–1978; GLAMOS, 1881–2020). However, dur-
ing the early years of the series some data gaps occurred due to
losses of the stakes with extreme snow depths (Fig. 2). For the
lower site, only one annual value (1916) is missing from the
106-year long series; for the upper site, annual data are missing
for 9 years. There is no year in which annual mass-balance mea-
surements are missing for both sites. For winter balance, there are
more data gaps (14 and 16 missing years for the upper and lower
sites, respectively). In 9 years, no winter balance observation is
available for both stakes at the same time with the last data gap
in 1948 (Fig. 2). Winter snow density measured in situ is reported
for 66% (48%) of the surveys at the upper (lower) site. Measured
density of the accumulated firn layer over the annual period is
reported for 67% (58%) of the years at the upper (lower) site.
When no density observation was available, the average of all
measurements was used to convert snow/firn depth to w.e. (see
Supplementary Tables 1 and 2). Missing direct density observa-
tions for annual mass balance are restricted to the period before
1960 and only occur at one instance afterwards. In the case of
firn ablation (i.e. negative point mass balance in the accumulation
area), estimated densities of between 600 and 800 kg m−3 were
assigned based on the previous years’ conditions (7 and 30
instances for the upper and lower sites, respectively) but values
are difficult to be verified. A detailed assessment of uncertainties
in point mass-balance series is provided in Section 5.1.1.
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2.3 Geodetic surveys

Geodetic surveys ensure unbiased mass-balance series in the long
term (Thibert and others, 2008; Zemp and others, 2013).
Comparison of DEMs provides changes in ice volume over peri-
ods of a few years to several decades (Bamber and Rivera, 2007;
Bolch and others, 2008; Nuth and Kääb, 2011; Dussaillant and
others, 2019). For Switzerland, a wealth of high-quality maps
and aerial photographs extends back until the first half of the
20th century (Bauder and others, 2007). For Claridenfirn, seven
DEMs are available from such maps or aerial imagery (Table 1,
Fig. 2). The earliest DEM refers to 1936 and was established by
digitizing contours of the first accurate map sheet (LK50, based
on terrestrial photography, see e.g. Bauder and others, 2007;
Rastner and others, 2016). DEMs for 1956 to 2003 were evaluated
based on aerial photography with a ground resolution of 0.2–0.5
m using standard photogrammetrical techniques (e.g. Baltsavias
and others, 2001). The two last DEMs (2013, 2019) were

processed by the Swiss Federal Office of Topography (swisstopo)
and are derived from the swissALTI3D product (swisstopo, 2018;
Weidmann and others, 2018). In addition, the historical Siegfried
map, referring to about the year 1900 (Freudiger and others,
2018), is available. Mapped surfaces are not accurate enough to
establish a DEM but the glacier outline provides information on
ice extent at the beginning of the study period.

Following swisstopo’s processing flow applied to the gener-
ation of all official maps and DEMs in Switzerland,
geo-referencing and co-registration of aerial photographs is
based on clearly recognizable ground-control points with
known positions (Rickenbacher, 2013). As the photogrammetrical
DEMs of Claridenfirn between 1956 and 2003 have been estab-
lished over a time period of several decades (Bauder and others,
2007), the exact number and position of the respective tie points
used for each DEM can unfortunately not be reconstructed.
About 10 ground-control points by swisstopo, located on sur-
rounding summits and other landmarks are available, were used
to geo-reference the two latest DEMs (2013, 2019), and are very
likely to also have been used for co-registering the previous

Fig. 1. (a) Overview map of Claridenfirn. The position of the two point mass-balance measurements (upper, lower) is indicated. Surface contours and the black
outline refer to 2013. The blue outline shows glacier extent in 1985. Roman numbers I–IV indicate individual ice flow catchments, separated by dashed lines (see
text for details). (b) Measurements at the upper site. The ochre layer marks the late-summer horizon for determination of accumulation in the subsequent year. (c)
Overview of Claridenfirn in 2007, mainly showing ice flow catchments I–II with the position of the two sites (red bars) and the ice cliff (photos: M. Huss and
G. Kappenberger).

Fig. 2. Data availability for Claridenfirn. Direct point observations of the annual and
the winter mass balance between 1914 and 2020 are shown for the upper and the
lower site. The availability of DEMs for computing geodetic mass change is shown
by black lines; the grey bar indicates the period covered by observations.

Table 1. Availability of DEMs for computing geodetic ice volume change,
including the exact date

Year Date Area Type Res. sDEM

km2 m m
1936 1936-09-01 6.12 Topographical map 25 +10
1956 1956-09-24 5.81 Aerial photography 25 +5
1979 1979-09-17 6.01 Aerial photography 25 +2
1985 1985-09-11 6.09 Aerial photography 25 +2
2003 2003-08-08 5.12 Aerial photography 25 +2
2013 2013-08-22 4.66 swissALTI3D 2 +2
2019 2019-09-04 4.32 swissALTI3D 2 +2

The glacier area as assessed from the corresponding outlines and the spatial resolution of
the DEMs is given. The estimated uncertainty sDEM of the local elevation information has
been assigned based on previous studies (e.g. swisstopo, 2018).
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DEMs. We have investigated potential elevation biases between
the DEMs by comparing the raw point clouds over non-
glacierized terrain. To do so, we computed differences of photo-
grammetric elevations acquired within a distance of 1 m.
Average absolute differences from intercomparison of all terrain
models at 1000–3000 individual points were mostly ,0.3 m,
and thus within the accuracy of the method (Bauder and others,
2007). Slightly larger systematic offsets, of up to 1 m, were found
for the DEM of 1956. They can likely be attributed to an effect of
elevation changes over perennial snow or to geomorphological
processes and, hence, we decided to not correct for the bias. A
more significant elevation bias of 2.1 m over stable terrain was
found for the DEM of 1936 which is based on a topographical
map, and the terrain model was adjusted accordingly.
Evaluating systematic differences specified for aspect classes did
not reveal significant lateral shifts or errors in the co-registration.
Furthermore, adjustment of the DEMs following the approaches
proposed by Nuth and Kääb (2011) would be arguable as the
local topography around Claridenfirn causes the ice-free aspect
classes covered by the DEMs to be strongly skewed towards south-
east (Fig. 1a).

All DEMs were interpolated to a 25 m×25 m grid. This reso-
lution is sufficient for the generally low roughness of glacier sur-
faces. We estimate the uncertainty of the local elevation
information as between +2 and +10 m by relying on published
numbers for comparable data sources (Table 1, Bauder and
others, 2007; Fischer and others, 2015; swisstopo, 2018). Glacier
outlines were mapped based on the same imagery to obtain
changes in ice extent consistent with changes in surface elevation.

Annual geodetic mass balance Bgeod (in m w.e. a−1) is obtained
from

Bgeod = DV · rDV/rw
S · Dt , (1)

where DV is the overall glacier volume change derived by differ-
encing two subsequent DEMs, rDV is the density of volume
change set to 850 kg m−3 (Huss, 2013), rw the density of water,
S is the average glacier area over the considered period and Dt
is the time interval. Differences between the dates of the geodetic
surveys and the field measurements need to be corrected. For
details on this procedure, as well as an uncertainty assessment
of geodetic mass balances we refer the reader to Section 5.1.2.

2.4 Ice thickness and surface velocity

In March 1993, ice thickness along five profiles in the upper part
of ice flow basin II (Fig. 1a), around the location of the upper
measurement site, was measured using a low-frequency ground-
penetrating radar (Funk and others, 1997). Thicknesses of up to
250 m were found (Fig. 3a) and uncertainties are estimated as
+2–5% (Funk and others, 1997).

We further employ singular unpublished observations of sur-
face ice flow velocity performed between 20 Sept 1993 and 29
Sept 1994. At a 700 m-long profile �1.5 km from the ice cliff,
including the upper measurement site and 10 additional stakes,
surface displacement and mass balance was measured over 1
year. Displacements of up to 14 m were determined based on
positioning of the stakes with triangulation (Fig. 3b). Ice thickness
along the same profile was measured and bedrock reflections were
mostly clear (Funk and others, 1997).

2.5 Meteorological information

The technique to evaluate glacier-wide mass balance employed in
the current study requires continuous meteorological time series

at daily resolution. For air temperature, the long-term series
from Säntis (2502 m a.s.l., at a distance of 56 km from
Claridenfirn) was used. This series has been homogenized to
account for effects of systematic measurement errors or station
re-locations (Begert and Frei, 2018). The observations on Säntis
represent the closest continuous temperature data covering the
entire study period at an elevation similar to the study site. For
precipitation, a local series from Elm (965 m a.s.l., 23 km) was
used. Elm is the long-term precipitation series closest to the
study site. As Elm is a valley station, overall winter precipitation
is ,50% of snow accumulation observed on Claridenfirn. We
assessed the correlation of precipitation sums (1 Oct to spring
measurement date) for 13 long-term precipitation series across
the entire Swiss Alps with observed point winter balance on
Claridenfirn 1914–2020, indicating that the correlation with the
station at Elm was most favourable. Nevertheless, the relatively
low correlation (r2 = 0.40) indicates that seasonally adjusting
meteorological observations to the conditions on the glacier is
important (see Section 3.1).

3. Methods

Direct mass-balance measurements are inherently inhomogen-
eous and need approaches to make them comparable and usable
for investigating the glacier–climate linkage. Observations of
point balance, for example, are affected by the varying survey
dates. Inferring the drivers of changes in mass balance also
requires separate consideration of its components – accumulation
and ablation. Although seasonal field observations tend to resolve
these components in a climate with a clear seasonality such as in
the Alps, significant accumulation can occur after the winter sur-
vey. Similarly, ablation can occur after the late-summer survey.
Furthermore, glacier monitoring puts a strong focus on glacier-
wide mass balance, allowing comparison of individual glaciers
(e.g. Zemp and others, 2009, 2015).

In order to (i) homogenize the observation dates, (ii) separate
the mass-balance components and (iii) extrapolate the point mass
balances to the entire glacier, we apply methodologies that have

Fig. 3. (a) Measured bedrock topography at a transversal profile at the upper meas-
urement site (Funk and others, 1997). Ice surface in 1936, 1985 and 2013 is shown
based on DEMs. (b) Observed surface displacement between 1993 and 1994. The
grey shaded region indicates the area between the profile and the ice cliff contribut-
ing to frontal ice break-off (Bbelow−profile) together with volume flux through the
profile.
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been proposed in earlier studies (Huss and Bauder, 2009; Huss
and others, 2015). By optimising a daily accumulation and
temperature-index melt model to match the seasonal observations
in each individual year, we derive the variations in mass balance
directly from the measurements, and use the model for downscal-
ing the observations to a daily resolution. This permits the ana-
lysis of arbitrary periods (e.g. hydrological year), as well as the
separation of individual mass-balance components. This
approach is utilized at the point-scale for the observational series
of each site, as well as at the glacier-scale by using a spatially dis-
tributed model that is additionally constrained with observations
of ice volume change at decadal intervals. In the following, the
employed methodology is described, highlighting developments
of the approach specific to this study. The complete procedure
is schematized in Figure 4.

3.1 Point mass-balance series

For computing surface ablation rates asfc at day t at the location of
each measurement site we rely on the formulation proposed by
Hock (1999):

asfc(t) = fM + rsnow/ice · I pot
( )

T(t) : T(t) . 0◦ C
0 : T(t) ≤ 0◦ C

{
(2)

where fM (m w.e. K −1 d−1) is a melt factor, rsnow/ice (m w.e. K−1

W−1 m2 d−1) are radiation factors for snow and ice surfaces and
Ipot is the potential, clear-sky solar radiation at the investigated
location. Air temperature T(t) is extrapolated to the elevation of
the site using monthly lapse rates derived from nearby weather
stations. Snow accumulation is calculated based on measured
precipitation P(t) occurring at T(t) smaller than a threshold

temperature of 1.5◦C with a linear transition range of +1◦C
(Hock, 1999). A precipitation correction factor cprec allows a scal-
ing to the observed winter snow accumulation.

For each individual year and individually for each measure-
ment site, the model was calibrated in an automated procedure
minimizing the misfit with the seasonal observations. cprec was
optimized based on the direct winter accumulation measure-
ments. For the melt parameters fM, rsnow and rice (Eqn (2)),
constant ratios a1 = 40Wm−2 and a2 = 0.5 were assumed
based on literature values (Hock, 2003), and used to relate all
parameters to each other by fM = a1 · rice and rsnow = a2 · rice.
The parameters were tuned so that the observed annual point
balance was matched. Typically, three to five iterations were
necessary to constrain the accumulation and melt parameters
for achieving an exact match of both winter and summer mea-
surements. In the few years with missing data (Fig. 2), average
parameters determined for all years with observations were
used, thus allowing for these data gaps to be filled based on a
consistent methodology.

3.2 Glacier-wide mass balance

Our approach to compute glacier-wide mass balance from the two
seasonal point measurements is very similar to the methodology
described above but extends the model from the point to the
spatial scale. Various approaches to compute glacier-wide mass
balance from point information have been presented in the glacio-
logical literature. Among the simplest and most popular ones are
the profile and the contour method (Østrem and Stanley, 1969;
Kaser and others, 2003) or kriging (Hock and Jensen, 1999).
Here, we employ a mass-balance model, annually constrained
with the available seasonal field data, thus achieving an inter-

Fig. 4. Schematic illustration of the procedure to opti-
mize the model-based mass-balance evaluation to all
available measurements. Optimization loops for infer-
ring homogeneous point balance series are in red (1).
Additional optimization loops and input variables for
computing glacier-wide mass balance are in blue (2).
Only parameters that are varied during the optimiza-
tion process are shown. See text for further details.
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and extrapolation which is based on process-description rather
than simplified empirical relations (e.g. just based on elevation,
as in the profile method).

The basic concept of our approach is to constrain a distributed
mass-balance model at the annual scale to match both direct
observations of winter accumulation and annual point balance.
This is achieved by varying model parameters in each year indi-
vidually. In addition, for periods bounded by two DEMs, we
ensure agreement between the computed cumulative glacier-wide
mass change and the observed geodetic mass change (Fig. 4). The
approach shares some similarities with statistical variance analysis
for mass-balance interpretation (see e.g. Lliboutry, 1974; Thibert
and Vincent, 2009) but is able to resolve both mass-balance vari-
ability on a spatial grid and daily temporal variations. The latter is
achieved via the modelling that uses meteorological information.
It was demonstrated that statistical variance analysis is applicable
also in the case of relatively few measurement points (Thibert and
Vincent, 2009), which makes it particularly suitable to our study
site. Specific to Claridenfirn, an additional ablation component
due to frontal ice break-off needs to be estimated, which is con-
ducted based on a mass-flux approach (see Section 3.3). This
component of the mass balance is captured by periodical DEM
comparison, but not by the in situ mass-balance measurements.

The distributed mass-balance model operates at a spatial reso-
lution of 25 m×25 m and is driven by daily air temperature and
precipitation data. Local temperature at each gridcell is computed
using a linear gradient with elevation, and melt is derived with
Eqn (2). Accumulation for all gridcells (x, y) of the glacier surface
and day t is computed by

C(x, y, t) = P(t) · c prec · (1+ Dsnow(x, y) · fDsnow ). (3)

The spatial variation in snow accumulation over the glacier is
taken into account by using a dimensionless multiplier
Dsnow(x, y) and a related scaling factor fDsnow with a default value
of 1. Dsnow is considered as constant over the entire study period
and was derived by combining different factors that are known
to influence the spatial distribution of snow accumulation (e.g.
Winstral and others, 2002; McGrath and others, 2015): (i) The
large-scale long-term average precipitation field was interpolated
from a gridded precipitation product (MeteoSwiss, 2014), featur-
ing a precipitation gradient from northwest to southeast over the
study area. This is consistent with previous studies on regional pre-
cipitation variability (Braun and others, 1994; Müller-Lemans and
others, 1997). (ii) Small- to medium-scale accumulation variability
was estimated from terrain characteristics. For local slopes between
40 and 60◦, the value of Dsnow is linearly reduced in the range
[0, − 1]. Terrain curvature was evaluated within a radius of 150
m around every gridcell, and Dsnow is assumed to scale linearly
with curvature. We prescribe a spread (2 standard deviations,
SD) of the values of between −0.4 (convex) and 0.4 (concave).
Thresholds are motivated by a study on the variability of the
dimensionless multiplier by Farinotti and others (2010). (iii)
Wind-driven reduction in accumulation at the highest elevation
was mimicked by linearly reducing local snow accumulation
above the plateau with the upper measurement site (2900m
a.s.l.) by 20% per 100m. This gradient is poorly constrained but
is important to avoid substantial overestimates of accumulation
in the steep and exposed uppermost sections of the glacier that
only account for a limited share of the total area. Finally, Dsnow

was normalized to an average of 0 over the glacier surface. The
spatial parameter Dsnow varies between –1 (no snow accumulation)
and �1 (twice as much snow as on average) and is visualized in
Supplementary Figure 2. fDsnow is considered as a calibration factor,
adjusted for every period bounded by two DEMs allowing a fine-

tuning of the magnitude of spatial snow accumulation variations to
observations while preserving the general pattern.

We compute conventional balances (Elsberg and others, 2001),
i.e. mass balance is extrapolated to the actual glacier surface in
each year, also including the glacier area beneath the ice cliff
(Fig. 1). Ice surface elevation and extent were interpolated
between the available states given by DEMs and corresponding
outlines (Table I) assuming linear changes, thus providing an
annually updated glacier geometry.

By running the spatially distributed model over each year,
accumulation and melt parameters were automatically calibrated
to match the seasonal field observations – as in the case of the
point-scale application. An exact fit at both measurement loca-
tions is not feasible but we constrain the average misfit between
modelled and observed point balance in each year (both for the
winter and the annual period) to be zero. Although melt and
accumulation parameters vary annually in order to match the
field data, the temperature gradient dT/dz, the ratios between
the melt model parameters (fM, rsnow, rice, Eqn (2)), as well as
the scaling factor for spatial snow distribution fDsnow (Eqn (3))
are constant over the time interval bounded by subsequent
DEMs (Fig. 4). In an automated procedure, we varied these para-
meters within physically reasonable bounds, and maximized the
agreement with the geodetic mass changes measured for the
respective period. Optimized values for dT/dz typically are
between –0.004 and –0.006◦Cm−1, while optimal values for
fDsnow are between 0.9 and 1.1. The consideration of frontal ice
break-off requires an additional iteration loop which we described
in the following (Fig. 4). An in-depth assessment of the uncertain-
ties affecting both observational data and inferred glacier-wide
mass balance is given in Section 5.

3.3 Estimating mass loss by frontal ice break-off

Standard approaches to evaluate glacier-wide mass balance are
unable to account for the process of frontal ice break-off and ava-
lanching (e.g. Østrem and Stanley, 1969; Hock and Jensen, 1999;
Kaser and others, 2003). However, geodetic surveys capture the
overall volume change of a glacier over time. The latter can be
converted into a mass change based on a density assumption.
Although ice flow basins I, III and IV are only subject to surface
accumulation and ablation processes, additional ablation occurs
in basin II due to ice break-off at an �500 m wide ice cliff
(Fig. 1). This process has the potential of affecting the mass bal-
ance of �40% of Claridenfirn’s total surface area although not
impacting on the measurements of point balance.

For assessing the volume and temporal changes in net losses
by frontal ice break-off, we employ a simple mass-flux approach
based on measured ice thickness and surface flow velocity at a
profile (Fig. 3b). We note that our methodology requires several
assumptions and simplifications but allows for a first-order esti-
mate of this mass-balance component based on observations.

We assume a basal sliding fraction of 50%, typical for Alpine
glaciers (Gudmundsson, 1999), and thus use a depth-averaged
velocity of 90% of the surface flow speed. We computed the
annual ice volume flux for the year 1994, when thickness and sur-
face displacement were measured, by integrating over the entire
transversal profile intersecting the upper measurement site.
Surface displacement in between the 11 observation points was
linearly interpolated (Fig. 3b). This results in a volume flux of
1.1+ 0.3× 106 m3 a−1 when accounting for uncertainties in (i)
ice thickness, (ii) surface velocity and (iii) the fraction of basal
sliding. Unfortunately, no repeated observations of flow velocity
at the profile are reported. We thus estimated variations in
mass flux through the profile over the 106-year period by analys-
ing changes in ice thickness and surface slope relative to 1994
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based on the seven available DEMs. For each position i along the
profile, we computed surface flow velocity u based on

ui = 2Af ,i

n+ 1
· (fshapericeg sinai)

nhn+1
i , (4)

where fshape = 0.9 is a shape factor appropriate for the site,
rice = 900 kg m−3 is the ice density, g is the acceleration of gravity
and the exponent of the flow law is set to n = 3 (Glen, 1955). h is
the local ice thickness, and a is local the surface slope computed
in flow direction over two times h. Both h and a refer to the
respective DEM. Af , i is the temporally constant flow rate factor
which we determine for all measurement points individually
based on observed thickness and measured flow velocity in
1994. It thus accounts for imprecisions in the local measurements.
We find an average value of Af = 1.1× 10−16 Pa−3 a−1. By keep-
ing Af , i fixed over time, ui becomes a function of ai and hi thus
permitting to compute volume fluxes for all available geometries.
In fact, temporal changes in slope at the profile were negligible,
and the surface only started lowering by a limited amount after
1985 (Fig. 3a). This resulted in almost constant ice volume flux
through the profile until the 1980s and an �10% reduction per
decade afterwards.

For computing the flux across the ice cliff and thus the annual
volume of frontal ice break-off, surface mass change Bbelow−profile

in between the profile and the front needs to be accounted for.
This region corresponds to 1.1 km2 (with almost no changes
over time), and thus to 18–24% of Claridenfirn’s overall area
(Fig. 3b). Net mass gains below the profile, as mostly occurring
before the year 2000, will add to flux at the ice cliff, whereas nega-
tive mass balance, as during the last two decades, will reduce
frontal ice break-off. Bbelow−profile is evaluated for each year from
the computed mass-balance distribution. As annual variations
in surface mass balance will not have an immediate impact on
ice flow in the vicinity of the ice cliff and, hence, on frontal abla-
tion rates, we smooth the time series with a moving window arbi-
trarily set to a width of 10 years and compute the corresponding
average Bbelow−profile, y10. The volume of flux over the ice cliff in
year y, Qcliff , y, is computed by

Qcliff ,y = (Q prof ,y + Bbelow−profile,y10/rice), (5)

where Qprof , y is the flux through the transversal profile in m3 a−1.
In case Qcliff , y is negative, it is set to zero; between 1914 and 2020,
this situation never occurred however. Over large parts of the 20th
century, a steep regenerated glacier (e.g. Benn and Evans, 2010)
was located below the ice cliff (laterally connected to the main
glacier, Fig. 1). Only ice avalanches that are deposited outside of
the glacial perimeter represent a significant net mass loss to the
glacier system. This mass loss Qfrontal, y is computed as

Q frontal,y = Qcliff ,y · (1− fret,y), (6)

where fret, y is a factor accounting for the share of the annual flux
over the ice cliff Qcliff , y (Eqn (5)) retained by the regenerated gla-
cier. If ice avalanches are entirely deposited on the regenerated
glacier below, there is limited net contribution of frontal ablation
to glacier mass loss as the avalanche mass is re-integrated into the
glacier and is subject to climate-driven ablation processes (Fig. 5).
Quantifying the exact dates, volumes and runout zones of individ-
ual ice avalanches, as well as the thickness of the deposits is
beyond the scope of our study. It is however likely that melt
rates are somewhat larger in the avalanche deposits due to fractur-
ing and, hence, higher specific surface area. Maps indicate that the
regenerated glacier decreased in area over the last century and
that, from the late 20th century onwards, it was almost inexistent
due to decreased avalanche activity (Supplementary Figs 3, 4;
Table 3). In this case, ice avalanches completely leave the glacier
system, and the deposits melt outside of the glacial perimeter.

Based on these observations, we parameterize fret, y as a linear
function of glacier area below the ice cliff. The latter was evaluated
based on the available glacier outlines. If the regenerated glacier is
inexistent, fret equals zero. For the year 1914 and the maximal
extent of ice below the cliff (0.3 km2) given by the historical
Siegfried map (Freudiger and others, 2018), we arbitrarily set
fret = 0.8. This accounts for the fact that also in the case of a
large, regenerated glacier almost reaching the valley floor, melt
rates in the avalanche deposits are enhanced. We linearly interpo-
lated fret in between the available glacier outlines. We find
fret = 0.27+ 0.22 on average over the entire study period but
note that the assumptions are strong and that the uncertainty
in fret is high. We therefore perform conservative tests to investi-
gate the corresponding effects on the results (Section 5.2).

4. Results

The presentation of results is separated into two parts: we first dis-
cuss point mass-balance series for analysing impacts of long-term
changes in climate forcing on accumulation and melt. These
observations are unaffected by ice dynamics and the glacier
response time, and do not carry uncertainties due to extrapolation
to the entire glacier or estimates of frontal ablation. Second, we
analyse changes in observed glacier-wide mass balance, discuss
the importance of the frontal ablation component and put the
centennial Claridenfirn series into context with other glaciers in
the European Alps. This allows us to assess its representativeness.

4.1 Point mass-balance series

We analyse mass-balance components over the hydrological year
(1 Oct to 30 Sept) to permit intercomparison of individual years;
correcting point balance from the measurement dates to this
fixed-date system follows the methodology described in Section
3.1. We also extract the components of mass balance, i.e. accumu-
lation and melt. Henceforth, we define melt as the entire ablation
occurring during the hydrological year and express it with a

Fig. 5. Schematic cross-profile through the ice cliff (see
Fig. 1) at the terminus of basin II illustrating the temporal
evolution of frontal geometry.
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negative sign, and accumulation as the sum of solid precipitation
between 1 Oct and 31 May. Although our approach would allow
inferring accumulation during the summer months, we focus on
winter accumulation as the former is inherently difficult to con-
strain with seasonal observations, thus resulting in larger
uncertainties.

The two point observations show largely consistent temporal
variations in accumulation and melt (Fig. 6). In the following,
we thus average deviations from their respective mean over the
entire study period (1914–2020). Differences in mass-balance
anomalies between the sites at the annual or decadal scale can
be attributed to local conditions affecting the sites differently
(e.g. wind drift), or the existence of occasional data gaps before
�1950 (Fig. 2) and the corresponding reconstruction of mass bal-
ance (see Section 3.1). The series indicate slightly larger melt
anomalies at the lower measurement site than at the upper
(Fig. 6b). This can likely be attributed to a snow-ice albedo
feedback as the equilibrium line rises over the site in years with
above-average forcing (see also Gabbi and others, 2015). The
data indicate melt rates more negative than the 106-year average
in the 1920s, the 1940s and continuously since the mid-1980s.
In the 1910s, the 1930s and between �1950 and 1985, melt
rates were smaller than average. Snow accumulation shows large
year-to-year variations but weak multi-decadal changes. Positive
anomalies can be noted between �1960 and 2000, and an inter-
mittent drop is visible around 2010 (Fig. 6b). Compared to the
period 1960–1990, the last decade (2010–2020) is characterized
by an increase in melt by 1.07 m w.e. a−1, corresponding to a
50% increase relative to average melt observed at the two meas-
urement sites. Accumulation remained almost unchanged
(−0.02m w.e. in the last decade, when compared to 1960–1990).

Melt season length, here defined as the number of days with
.0.01 m w.e. of ablation, shows positive trends over the entire
period with +1.9 d per decade at the upper and +1.5 d per decade
at the lower measurement site. Changes in melt season length
have recently accelerated. Relative to 1960–1990, the melt season
was 23 d longer over the last decade and on average of both sites,
corresponding to an increase of one third. Melt parameters that
are annually adjusted to match the seasonal point observations

(Fig. 4) do not show any long-term temporal trends but are sub-
ject to year-to-year variations of +16% (1 SD).

For more closely analysing the temporal variations in observed
point balance, data were aggregated to decadal means (Fig. 7).
Deviations in decadal accumulation from the long-term mean
(1914–2020) remain below 0.22 m w.e. a−1, whereas decadal
departures in melt from the average vary between +0.71
(1910s) and −0.88mw.e. a−1 (2010s). This confirms the import-
ance of variations in melting to drive annual mass-balance vari-
ability, as found in earlier studies (Oerlemans, 1992; Larsen and
others, 2015; Vincent and others, 2017; O’Neel and others,
2019; Bolibar and others, 2020). However, in three decadal peri-
ods (positive: 1960s, negative: 1940s, 2000s) variations in accu-
mulation explain almost 40% of the anomaly. The impact of
above- or below-average accumulation is also subject to amplifica-
tion by the albedo effect (Klok and Oerlemans, 2004; Box and
others, 2012; Naegeli and Huss, 2017). This indicates that accu-
mulation anomalies can help explaining both positive and nega-
tive changes in mass balance at the decadal scale. However,
correlation of anomalies in decadal mass balance and accumula-
tion is inexistent (r2 = 0.01), whereas it is high for anomalies
in melt (r2 = 0.87).

To better understand the temporal evolution of mass-balance
components, an analysis using stepped 20-year linear trends
was performed. The significance of the trends evaluated for per-
iods at a progressive interval of 3 years (e.g. 1914–1934, 1917–
1937, etc.) was tested using the non-parametric Mann–Kendall
test (Mann, 1945; Pellicciotti and others, 2010; Baraer and others,
2012). Trends were classified into insignificant, significant at the
80% level (low significance), and significant at the 95% level
(high significance).

For melting, highly significant positive 20-year trends are
found around the 1940s and over the last 40 years, being strongest
between 1975 and 1995 (Fig. 8a). For the 21st century, the trend
in melting is +0.52 m w.e. a−1 per decade. Very few significant
20-year trends are evident in the snow accumulation series; they
were slightly positive in the 1950s and clearly negative around
2000 (Fig. 8b). Trends in annual mass balance are broadly consist-
ent with trends in melting but with inverted sign (Fig. 8c).

Fig. 6. Long-term annual anomalies of (a) winter
accumulation (1 Oct to 31 May), and (b) melt (1
Oct to 30 Sept) of both point observations from
their respective 1914–2020 average. Note that melt
is expressed with a negative sign. The 11-year run-
ning means of the annual anomalies are shown
both for the individual sites and their average.
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4.2 Glacier-wide mass balance

4.2.1 Mass-balance series
The glacier-wide mass-balance series 1914–2020 are constrained
to agree with all seasonal in situ point data, as well as with the
observed decadal geodetic mass changes within their uncertainties
(Fig. 4). Before 1936 and after 2019 inferred annual mass balances
cannot be constrained with geodetic surveys as no DEMs are
available. Given the consistency of the model-based mass-balance
extrapolation scheme over the remaining 83 years, we are
confident that the same procedure is also suitable for deriving
glacier-wide balance for these time intervals. Our results show a
cumulative mass change 1914–2020 of −0.12+ 0.03 Gt, corre-
sponding to a cumulative mass balance of −24+ 6 mw.e.

(Fig. 9). Between the beginning of the 20th century and the
1980s, Claridenfirn was almost in balance with climate, with
mass losses in the 1940s compensated by gains in the 1910s
and the 1960s/70s. The last three decades were, however,
characterized by strong and continuous mass loss.

4.2.2 Relevance of frontal ice break-off
Our flux-based estimates of net volume losses due to ice break-off
at a frontal ice cliff range between 0.0 and 1.7× 106 m3 a−1

(Fig. 3). Related to the instantaneous glacier area this corresponds
to a specific loss of between 0.00 and 0.25 m w.e. a−1. Our results
– based on measured thickness and surface velocity in 1994, long-
term geometry changes and computed mass balance in the region
contributing to the flux – indicate that frontal ablation underwent
significant temporal variations over the last century (Fig. 10). Ice
flux at the considered transversal profile Qprof only showed rela-
tively limited changes over time. However, shorter-term variations
might be masked by the resolution of our data that is given by the
availability of DEMs. Ice flux at the considered transversal profile
Qprof only showed relatively limited changes over time. However,
shorter-term variations might be masked by the resolution of our
data that is given by the availability of DEMs. We validated fluxes
at the profile inferred from velocity observations in 1994 and
surface topography changes using the sum of two components:
(i) the integrated surface mass balance given by our
extrapolation to the contributing region, and (ii) the dynamic
thickening/thinning in the area upstream of the profile that was
determined based on the comparison of DEMs. We find good
agreement with periodical deviations remaining below 10%
throughout the entire study period. The dynamics of total flux
over the ice cliff Qcliff (Eqn (5)) closely resemble cumulative
glacier-wide mass balance of the entire glacier system (Fig. 9):
highest values are found in the 1960s/70s while a strong decrease
is observed over the last few decades, rapidly tending towards zero
(Fig. 10). Net losses to the glacier system due to frontal ablation
Qfrontal are also determined by the deposition zones of avalanches
on a partly connected, regenerated glacier underlying the ice cliff
(Fig. 5), parameterized by the poorly constrained parameter fret
(Eqn (6)). Especially during the first half of the 20th century,
net losses due to ice break-off were mitigated by deposition on
the regenerated glacier. With a moderate decrease in ice flux at

Fig. 7. Decadal mean anomalies of (a) annual mass
balance, (b) accumulation and (c) melt as an aver-
age over the two measurement sites. Anomalies
are deviations from the 1914–2020 mean. Note
that melt is expressed with a negative sign and
that the first and the last periods contain ,10
years. Numbers in (a) indicate the percentage of
the annual mass-balance anomaly explained by dec-
adal variations in accumulation. Only significant
values are shown. Periods with substantial depar-
tures from the mean are highlighted (1910s, 1940s,
1960s/70s and 2000/10s).

Fig. 8. Twenty-year trends fitted in progressive 3-year steps through the time series
(average of both measurement sites) of annual (a) melt, (b) accumulation and (c)
mass balance. The significance of all trends has been evaluated according to the
Mann–Kendall test and classified into three categories: not significant, low signifi-
cance and high significance. A running mean of the stepped trends is shown.
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the transversal profile and a shift to negative values of Bbelow−profile

around the year 2000, frontal ablation processes are now losing
their importance for overall glacier mass change (Fig. 10). This
is also confirmed by recent qualitative observations of the ice
cliff (Supplementary Fig. 8).

In comparison with overall surface melting, ablation due to
frontal ice break-off accounts for �9% on average over the 106
years (Supplementary Fig. 10). This indicates that this ablation
process has a second-order importance for Claridenfirn’s overall
mass balance. Between 1960 and 1980, however, the contribution
of frontal ice break-off rose to above 20% for 5 years with
below-average surface melting and maximum ice flux over the
ice cliff (Fig. 10). During the last decade, estimated contributions
of ice avalanches to overall ablation tended towards zero.

Variations in frontal ablation, i.e. a process that is only indir-
ectly linked to climate via ice flow dynamics (e.g. van der Veen,
2002), might hamper the merit of a mass-balance record for ana-
lysing glacier response to climate change. We therefore confronted
inferred decadal changes in glacier-wide mass balance with
respect to a reference period (1960–1990) to changes in the rate

of frontal ice break-off (Fig. 11). For almost all decades, we
found opposite signs for the changes in mass balance and frontal
ablation relative to the reference period: negative mass balances
and a corresponding reduction in glacier volume, coincide with
smaller ice flux and, thus, a reduction of frontal break-off. This
process exerts a positive, i.e. stabilizing effect on overall mass bal-
ance. For the last decade (2010–2020), the effect of frontal abla-
tion change accounts for 20% of the mass-balance change. The
reduced frontal ablation rate has thus mitigated the change in cli-
matic mass balance, i.e. the mass balance only related to surface
accumulation and ablation, to some extent. In most other decades,
the relative effect of frontal ablation change is smaller than 10%
relative to the mass-balance change, but the magnitude of varia-
tions in climatic balance is consistently reduced (Fig. 11). This
generally limited effect indicates that long-term mass-balance var-
iations of Claridenfirn have a high relevance for climatic inter-
pretation, despite the frontal ablation component that is
typically avoided when selecting glaciers for monitoring pro-
grammes (Kaser and others, 2003). Furthermore, we note that
geometric changes (retreat of the terminus, reduction of surface

Fig. 9. Cumulative series of annual mass change of Claridenfirn, including an estimated uncertainty band (see Section 5). Geodetic mass changes based on
repeated DEMs are shown with blue triangles including their uncertainty. Glacier area (top) is stated for the available DEMs including cumulative mass balance
(red) for these dates, and period averages of inferred annual glacier-wide mass balance (bottom) are given in between.

Fig. 10. Inferred annual ice volume fluxes at a trans-
versal profile (blue dots correspond to known sur-
face topography), across the ice cliff (black
dotted), and as net loss to the glacier system
(black). Surface mass change below the transversal
profile is shown in red. Please refer to the text
(Section 3.3) and Eqns (5) and (6) for details and
to Figure 3b for the spatial context.
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elevation, disintegration) also have a substantial impact on mass-
balance series that are not subject to frontal ablation processes
(e.g. Huss and others, 2012; Carturan and others, 2020).

4.2.3 Large-scale representativeness
Long-term mass balances inferred for Claridenfirn were com-
pared to other series throughout the European Alps over (i) a
long-term period (40 years), and (ii) the last decade. For the per-
iod 1968–2008, glacier-wide mass-balance series from 14 glaciers
in Austria, France, Italy and Switzerland are available
(Supplementary Table 4; WGMS, 2020). For 2008–18, 36 glaciers
are available for comparison, resulting in a spatially representative
coverage of the European Alps, including different glacier types
and sizes (WGMS, 2012; Zemp and others, 2015). For the 14 gla-
ciers with complete data series, we also investigate the change in
average glacier-wide mass balance between the two periods.

The spread in average balance for the glaciers with long-term
observations is considerable (e.g. between −2.5 and −0.4m w.e.
a−1 for the last decade). In both periods, Claridenfirn exhibits
mass balances slightly above the median of the other observed
Alpine glaciers (Fig. 12). However, the Claridenfirn series closely
agree with the median for Switzerland, which is less negative than
for other European countries. We hypothesize that, compared to
glaciers in Austria, France and Italy, the monitored Swiss glaciers
show somewhat less negative balances as they are located at higher
average elevations and are larger. Mass-balance differences between
the periods 1968–2008 and 2008–2018 provide insights into the gla-
ciers’ sensitivity to changes in forcing. In contrast to average values,
changes in glacier-wide balance are relatively consistent across the
Alps (Fig. 12). This is in line with conclusions by Vincent and
others (2017). The two French glaciers in the dataset however
show mass-balance changes substantially more negative than
other glaciers for glacier-wide balance that is analysed here, but a
regionally homogeneous response also for these glaciers was
found when analysing point mass-balance series (Vincent and
others, 2017). Data for Claridenfirn closely match the median mass-
balance change of the European Alps. The mass-balance sensitivity
of Claridenfirn is thus regionally representative which is an import-
ant prerequisite when utilizing this series for climate impact studies.

5. Uncertainty assessment

5.1 Uncertainty in observations

5.1.1 Point mass-balance measurements
Various components contribute to the uncertainty in point mass-
balance measurements, depending on the type of observation, as

well as on absolute mass gain or loss in the specific year.
Estimating the uncertainty of the individual components is inher-
ently difficult as, in many cases, they cannot be constrained.
Nevertheless, we attempt to isolate the components and to assign
conservative uncertainty estimates based on literature (e.g.
Fountain and Vecchia, 1999; Zemp and others, 2013; Beedle
and others, 2014) or experience. The documentation of the
Claridenfirn series provides detailed information on the field
techniques employed during each survey (Supplementary Tables
1 and 2). Cumulated over the upper and the lower sites, 60% of
the annual measurements were performed by locating a marked
horizon beneath the accumulated firn layer (type I observation).
In a few cases (4%) the marked horizon was not found, and accu-
mulation was detected by probing without a firm reference (type

Fig. 11. Decadal glacier-wide mass-balance difference
with respect to the reference period 1960–1990 (grey).
The change in net losses due to frontal ice break-off
related to the instantaneous glacier area is shown in
blue, and the percentage relative to the glacier-wide
mass-balance change is stated if the latter is .+0.1
mw.e. a−1. The change in the climatic mass balance is
indicated by the dashed grey lines.

Fig. 12. Comparison of glacier-wide mass balance of Claridenfirn averaged over a
40-year period (1968–2008) and the last 10 years to other long-term series in the
Alps (WGMS, 2020). In addition, mass-balance difference between the 40- and the
10-year period is given. The number of available series (n) and the SD of their 40-
and 10-year averages (stdev, in m w.e.) is stated for all periods. The median of all ser-
ies (large grey symbol) and for the individual European countries (coloured symbols)
is indicated with triangles. Note that Glacier des Sarennes (France) shows substan-
tially more negative mass balances than all other series due to non-climatic positive
feedbacks following its disintegration (Thibert and others, 2018).
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II). A third of the observations was based on readings of the mass-
balance stake, mostly in the case of ablation (type III). In a few
years, no observation is available for the respective site (type IV).

We identify and quantify the following uncertainty compo-
nents in point balance measurements: (a) reading uncertainty
(sa = +0.05 m w.e.), (b) potential vertical movement of the
stake, e.g. by melt-in or compaction of lower firn layers
(sb = +0.02–0.10 m w.e., depending on surface type; Müller
and Kappenberger, 1991), (c) direct measurement or estimation
of density of the gained or lost firn/ice layer (sc = +0.5–10%
relative to that year’s mass balance), (d) refreezing of melt water
in lower firn layers, or depletion due to water percolation
(sd = +0.05 m w.e.) and (e) erroneous detection of last year’s
horizon (se = +0.20 m w.e.). For type I, components (a), (c)
and (d) are relevant; for type II, in addition also component
(e). For type III, components (a) to (c) determine the uncertainty,
in the case of mass gain in addition also (d). The most important
individual uncertainty component is the determination of density,
contributing �40–50% to the total uncertainty. We conservatively
assign an uncertainty of +10% to firn density measurements (see
e.g. Gugerli and others, 2019), also corresponding to the SD of all
direct density observations on Claridenfirn. An uncertainty of+3
and +0.5% was assigned when density was estimated for ablation
of strongly densified firn or bare ice, respectively. Based on the
root of the sum of squares of the relevant components for each
type, point balance uncertainty was computed annually
(Supplementary Fig. 11). For missing data (type IV) twice the
average uncertainty of the respective site was conservatively
assigned. Point balance uncertainties range between +0.05–
0.32 m w.e with an average of +0.17 m w.e. (+0.12 m w.e.) for
the upper (lower) site. The two measurement locations can be
considered as independent from each other. The combined uncer-
tainty in point balance measurements is thus reduced by the root
of the number of sites,

��
n

√
=1.41, and is +0.10 m w.e.

5.1.2 Geodetic mass change
The uncertainty in geodetic mass change is computed according
to standard procedures (e.g. Thibert and Vincent, 2009; Rolstad
and others, 2009; Zemp and others, 2013). The local uncertainty
sx,y in annual elevation change for each gridcell (x, y) is given by

sx,y = 1
Dt

�����������������
s2
DEM1 + s2

DEM2

√
, (7)

with sDEM1 and sDEM2 the uncertainties of the two compared
DEMs (Table I). As the uncertainties in the individual gridcells
are typically neither fully uncorrelated nor fully correlated over
the glacier surface, we adopt the approach proposed by Rolstad
and others (2009). Fischer and others (2015) determined a typical
correlation length L = 0.4 km for Swiss glaciers. Here, we conser-
vatively set L = 1.0 km. Following Rolstad and others (2009) the
uncertainty in geodetic elevation change at the glacier-wide scale
sDz is then obtained as

sDz = +

�������������
s2
x,y ·

p · L2
5 · S

√
. (8)

For direct comparison to glaciological mass balance, differ-
ences between the exact date of DEM acquisition and the field
surveys were corrected by taking into account mass gain or loss
provided by the calibrated mass-balance model. Time differences
are typically small (around a week, Table I). We conservatively
assign an uncertainty of +50% in terms of mass to this date cor-
rection at both the beginning and the end of each period between
two DEMs. We then compute an additional error term sdate,

which is negligible (,0.02 m w.e. a−1) for most periods, except
for 2003–2013 when it accounts for 0.06 m w.e. a−1 due to the
acquisition of the first DEM 6 weeks prior to the field survey.

Finally, the uncertainty in the annual geodetic mass balance
sgeod (m w.e. a−1) for the entire glacier can be computed with

sgeod = +
1
Dt

���������������������������������������������
(Dz · srDV /rw)

2 + (rDV/rw · sDz)
2 + s2

date

√
, (9)

where Dt is the time period covered by the two DEMs, Dz is the
average surface elevation change and sDz is the corresponding
uncertainty (Eqn (8)). We assume a density of ice volume change
rDV of 850 kg m−3 (Huss, 2013) and allow for a large uncertainty
srDV of +100 kg m−3 in the conversion factor. This approach
provides error bars for geodetic mass change depending on all
factors affecting the uncertainty. Total uncertainties range
between +0.07 and +0.18 m w.e. a−1 which is typical for
co-registered photogrammetrically derived DEMs (Thibert and
others, 2008; Thibert and Vincent, 2009; Fischer, 2010; Zemp
and others, 2013; Beedle and others, 2014). Uncertainties are
highest for the first period (1936–1956, uncertain elevation
data) and the last period (2013–2019, short time interval).

5.2 Uncertainty in glacier-wide mass balance

For estimating the uncertainty in inferred glacier-wide mass bal-
ance, various experiments were performed to disentangle the
impact of individual components (e.g. extrapolation into unmeas-
ured regions, measurement point density, frontal ablation).
Typically, glacier monitoring programmes operate with more
comprehensive networks of mass-balance stakes (Fountain and
Vecchia, 1999; Pelto, 2000; Zemp and others, 2013; Andreassen
and others, 2020), and computation of glacier-wide balances
based on only two point measurements is challenging. Two differ-
ent types of uncertainty can be distinguished: (1) local uncertainty
in computed mass-balance distribution, and (2) uncertainty in
glacier-wide mass balance. Most mass-balance programmes
worldwide do not consistently evaluate and report uncertainties
in extrapolated local mass balance (WGMS, 2020), which is likely
related to sparse data for benchmarking. In contrast, uncertainties
in glacier-wide mass balance are often investigated in detail and
are reported (e.g. Zemp and others, 2013; Sold and others,
2016; Andreassen and others, 2016; O’Neel and others, 2019).
This quantity also has a higher relevance for assessments of
mass change or hydrology, and is the focus of this chapter.

5.2.1 Uncertainty in mass-balance extrapolation
Our approach used to compute glacier-wide mass balance based
on seasonal point measurements and geodetic volume changes
depends on choices of mass-balance model parameters. Due to
equifinality, several combinations of parameters are possible
that honour the observations similarly well. This will lead to a
somewhat different mass-balance distribution and, thus, devia-
tions from the reference time series (Fig. 9). We varied the air
temperature gradient, the scaling factor for spatial snow distribu-
tion fDsnow (Eqn (3)), as well as the ratio between rice and rsnow
(Eqn (2)) to obtain three alternative series of glacier-wide mass
balance based on repeating the same calibration procedure
(Fig. 4) that ensures agreement with all observations (seasonal
point balance and geodetic mass change). Differences compared
to the reference spread around 0, with an SD of
smodel = +0.05 m w.e. a−1 on average (Fig. 13a).

Our model-based extrapolation to the glacier-scale requires
daily meteorological data as input. Since long-term direct weather
observations close to glaciers rarely exist, the model’s sensitivity to
this data was tested by repeating the computations with weather
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stations that would be considered as non-representative for
meteorological conditions at the site. Using temperature and pre-
cipitation series from the distant low-elevation stations in Zurich
(556 m a.s.l., 65 km from the study site) and Sion (542 m a.s.l.,
134 km) has a small impact. Differences in annual mass balances
in comparison with the reference show SDs of smeteo = +0.06
and 0.08 m w.e. a−1 over the entire time series, respectively, and
no bias (Supplementary Figs 12 and 8; Fig. 13a). The agreement
of inferred mass-balance distribution with the two point measure-
ments, expressed by the root-mean-square error (RMSE), is some-
what less favourable than for the reference (Fig. 13b).

It might appear counter-intuitive that the meteorological for-
cing only has a small effect on computed glacier-wide mass bal-
ance in our approach. The methodology of constraining the
distributed model with seasonal point observations and geodetic
mass change (Fig. 4), however, ensures that year-to-year variabil-
ity, as well as long-term changes in mass balance are given by field
data while the model only acts as a tool to extrapolate mass-
balance components into unmeasured regions.

We investigate whether the two point observations available on
Claridenfirn are able to accurately resolve the actual year-to-year
variability in glacier-wide balance. To achieve this, we generated
two different sets of point measurements where one of the two
observations in each season (i.e. winter and late-summer survey)
was randomly omitted. Based on this dataset reduced by 50% of
all observations, the complete calibration procedure (Fig. 4) was
repeated. We then compared the resulting glacier-wide mass-
balance series to the reference, shedding light on effects of
point observation density on inferred mass-balance variability.
We find an average SD of sdata = +0.20 m w.e. a−1 (Fig. 13).
Although this significant reduction in the observational dataset
leads to a larger uncertainty in glacier-wide balance, the results

indicate that Claridenfirn’s temporal mass-balance variability is
still resolved, consistent with findings by Thibert and Vincent
(2009) for Glacier des Sarennes. We include this experiment in
our uncertainty assessment as we acknowledge that the two avail-
able measurements may miss additional variability which might
have been revealed by a higher number of measurement sites.

We combine the uncertainties derived in the above experi-
ments as

sspatial =
�������������������������
s2
model + s2

meteo + s2
data

√
(10)

to yield an estimate of the uncertainty due to mass-balance
extrapolation from the point- to the spatial scale. We find
sspatial = +0.22 m w.e. a−1.

The spatial snow distribution multiplier Dsnow (Supplementary
Fig. 2) is a poorly constrained element of our approach although
exerting an important control on spatial mass-balance distribu-
tion. It only depends on topographic characteristics but cannot
be validated directly by the in situ data. To investigate its import-
ance for inferring glacier-wide mass balance we perform two add-
itional experiments by setting fDsnow (Eqn (3)) to 0.7 and 1.3,
respectively, throughout the entire study period. This corresponds
to a major change in the amplitude of spatial snow variability, i.e.
suppressed or enhanced local minima/maxima of snow accumu-
lation. When repeating the calibration procedure (Fig. 4) we
find that highly unrealistic parameter combinations are needed
with these prescribed values of fDsnow to match both point and geo-
detic observations (e.g. values of dT/dz of up to –0.02◦Cm−1, or
ratios between rice and rsnow of up to 7). Also, the RMSE at point
measurements increases by a factor of two or more. This indicates
that – although observations can be matched with this important

Fig. 13. Assessment of the uncertainties in glacier-wide mass balance
for various experiments targeting different factors (see text for
details). Experiments (Ex.) are grouped according to individual
aspects of the overall uncertainty. (a) Distribution of differences in
annual mass balance relative to the reference for the respective
experiment. Boxes contain 1s (69%) of the data and bars refer to
2s (95%). (b) Average RMSE of the model at the two annual point bal-
ance measurements. The red line shows the value found for the ref-
erence as a benchmark. Note that for experiments 6 and 7, only a
single point observation per year has been used and the RMSE is
thus zero.
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change in prescribed snow distribution – the major departures
from the assumptions taken in our reference model are unreason-
able as they are unable to honour measurements and physical
model parameters at the same time.

5.2.2 Uncertainty due to periodic updates of hypsometry
A further potential source of uncertainty when inferring
glacier-wide mass balance is the surface area-elevation distribu-
tion (glacier hypsometry). In the case of Claridenfirn, new
DEMs and glacier outlines are available in time intervals of 6 to
23 years, but surface elevation and glacier extent were
linearly interpolated in between. To assess the impact of this
approximation, mass balance was recomputed using the closest
DEM in time. The effect is small, and differences compared to
the reference spread around 0, with an average SD of
sarea = +0.07 m w.e. a−1.

5.2.3 Impact of uncertainties on frontal ablation
We define two additional experiments for assessing the impact of
the assumptions related to the computation of ice volume flux
and frontal ice break-off. In these experiments, all effects reducing
or increasing frontal ablation estimates are systematically super-
imposed: (i) ice thickness is decreased/increased by 5% (Funk
and others, 1997), (ii) surface flow velocity is decreased/increased
by 10%, (iii) basal sliding fraction is set to 0 or 100% and (iv) the
poorly constrained, annually interpolated value of fret is increased/
decreased by 50% in each year (Eqn (6)). Most error bounds were
arbitrarily set but are conservative. The four factors are unlikely to
be met at the same time; the experiments thus define a highly
conservative uncertainty range. For both experiments, the model-
based mass-balance extrapolation was re-optimized using the
same in situ point measurements and geodetic mass changes
(Fig. 4).

The experiments indicate that the assumptions made when
estimating frontal ice break-off only impact on inferred glacier-
wide mass balance to a limited extent, although the maximum
value of inferred frontal ice break-off differs by −25 and +85%
from the reference for the two experiments, respectively.
Year-to-year variability in mass balance remains almost
unchanged and the cumulative mass loss over the entire study
period agrees with the reference since the results have been con-
strained to match observed geodetic balances (Supplementary
Figs 9 and 10). Differences in glacier-wide mass balance relative
to the reference show an average SD of sfrontal = +0.06 m w.e.
a−1 (Fig. 13a). Although a match with observational data can be
found also with substantially different frontal ablation, the quality
of the computed mass-balance distribution, i.e. the agreement
with the point observations, decreases (Fig. 13b); errors almost
double for the upper-bound estimate of frontal ice break-off.

5.2.4 Availability of high-frequency geodetic mass change
In total, seven DEMs are available over the study period, with
intervals of between 6 and 23 years. The temporal frequency of
observed geodetic mass change is thus relatively high. In an add-
itional experiment we assessed the potential effect of less frequent
DEMs to constrain our inferred annual time series of glacier-wide
mass balance. We left out every second DEM, resulting in only
three (1936–1979, 1979–2003, 2003–2019) instead of six time per-
iods with information on geodetic mass change. As above, we
repeated the complete calibration procedure (Fig. 4) and com-
pared resulting annual mass balances to the reference. We find
a rather small SD of sDEMfreq = +0.07 m w.e. a−1. This indicates
that a high frequency of DEMs, allowing us to constrain cumula-
tive mass change more tightly, is not an essential prerequisite for
application of our approach, thus emphasizing its robustness.

5.2.5 Local mass-balance uncertainty
Furthermore, we investigated the uncertainty in computed mass-
balance distribution based on the experiment with a 50% random
reduction in seasonal point observations (see above). By confront-
ing local mass balance extrapolated to the point observations that
were not used in the calibration procedure, we find an average SD
of slocal,w = +0.30 m w.e. for the winter surveys, and of
slocal,a = +0.37 m w.e. for the annual surveys. In addition, we
also validated computed mass-balance distribution in the year
1993/1994 against 10 independent point observations at stakes
that, at the time, were installed for the determination of the
flow velocity (Fig. 3), and find slocal,a,1994 = +0.77 m w.e.
Uncertainties in extrapolated local mass balance are thus signifi-
cantly higher than for glacier-wide mass balance, as they cannot
be constrained with geodetic mass changes and rely solely on
the used extrapolation procedure. Nevertheless, the results are sat-
isfying given the small number of point observations, confirming
the robustness of the applied methodology.

5.3 Integrative uncertainty estimate

We combine all potential sources of uncertainty to an integrative
uncertainty estimate for both the annual glacier-wide mass bal-
ance and its long-term average. Individual uncertainty compo-
nents are combined via the root sum of squares assuming them
to be independent. Using the specific estimates for Claridenfirn
derived above and similar to Zemp and others (2013), we account
for the following uncertainty sources: spoint = +0.10 m w.e. a−1

is the overall uncertainty in the raw point measurements at the
scale of the entire glacier. sspatial = +0.22 m w.e. a−1 is the uncer-
tainty due to spatial extrapolation of mass balance.
sarea = +0.07 m w.e. a−1 is the uncertainty due to uncertain area-
elevation distribution in an individual year and sfrontal = +0.06
m w.e. a−1 is the uncertainty due to assumptions on frontal ice
break-off. Combining these components with

sglac =
�����������������������������������
s2

point + s2
spatial + s2

area + s2
frontal

√
(11)

yields an overall uncertainty in annual glacier-wide mass balance
of sglac = +0.25 m w.e. a−1, which is similar to other long-term
glaciological mass-balance series on alpine glaciers (e.g. Zemp
and others, 2013; Beedle and others, 2014; Andreassen and others,
2016; Klug and others, 2018). Note that assumptions are highly
conservative, i.e. most experiments for investigating uncertainties
are based on constellations that are widely incompatible with
available evidence (e.g. in the case of spatial extrapolation or
frontal ice break-off). The actual error in annual glacier-wide bal-
ance is thus likely to be smaller.

Uncertainties in long-term average mass balance are signifi-
cantly smaller as the glaciological series have been constrained
using geodetic mass changes with uncertainties of between
sgeod = +0.07–0.18 m w.e. a−1, depending on the precision of
the DEMs and the length of the time interval covered.
Assuming uncertainties in annual glacier-wide mass balance
sglac (Eqn (11)) to be uncorrelated in time, they are reduced by
the root of the number of years when considering longer periods.
This leads to an estimate of mass-balance uncertainty below
+0.10 m w.e. a−1 for periods longer than seven years, and
below +0.05 m w.e. a−1 when considering a time span of more
than three decades.

6. Conclusion

Direct measurements of seasonal glacier surface mass balance on
Claridenfirn, Switzerland, have been performed continuously for
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106 years at two sites, resulting in a globally unequalled temporal
record of high-elevation snow accumulation and snow/ice melt.
This study presents a comprehensive description of the
approaches taken when evaluating the long-term field data for
inferring consistent time series, both at the level of the measure-
ment points and for glacier-wide mass balance.

The centennial data series of accumulation, melt and mass bal-
ance at two point locations show significant variations over time.
Positive mass-balance anomalies occurred in the 1910s and in the
1960s/70s, whereas the 1940s and the last two decades were char-
acterized by strongly negative deviations from the average over the
106 years of observation. The decade 2010–2020 showed an
increase in melt rate by 1.07 m w.e. a−1, or +50%, relative to the
period 1960–1990. Long-term variability in accumulation is rela-
tively small, not correlated with mass-balance changes at the dec-
adal scale, and can only be relevant in individual periods. Reduced
accumulation, for example, supported the negative mass-balance
anomalies in the 1940s and 2000s. In general, mass-balance
changes are clearly driven by melting.

The model-based approach to infer glacier-wide mass balance
from the point measurements was shown to be reliable. It allows
unifying both in situ seasonal point observations and geodetic
mass changes obtained from remote sensing. Overall uncertainties
in annual glacier-wide mass balance of +0.25 m w.e. a−1, and
uncertainties in decadal average balance of ,+0.10 m w.e. a−1

are estimated, comparable with series on other alpine glaciers
(e.g. Thibert and others, 2008; Zemp and others, 2013; O’Neel
and others, 2019).

The overall mass balance of Claridenfirn is impacted by the
process of frontal ice break-off, an ablation component difficult
to be quantified precisely at a centennial timescale.
Considerations of ice volume flux at a cross-profile indicate sig-
nificant long-term variations in frontal ice loss, equivalent to
0.00–0.25 m w.e. a−1 relative to overall glacier area. On average,
frontal ice break-off contributes to up to �9% of total annual
ablation. The effect of changes in frontal mass loss mostly
explains ,10% of glacier-wide mass-balance change relative to
the period 1960–1990, but accounts for �20% in 2010–2020.
Experiments have shown that assumptions made when estimating
this component have a minor impact on glacier-wide mass-
balance series. By comparison to numerous long-term monitoring
programmes, it was demonstrated that the observations at
Claridenfirn are representative for mass-balance changes at the
scale of the European Alps.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2021.22.

Acknowledgements. This study was conducted in the frame of Glacier
Monitoring Switzerland (GLAMOS). The programme is supported by the
Federal Office for the Environment, MeteoSwiss in the frame of the Global
Climate Observing System (GCOS) Switzerland and the Swiss Academy of
Sciences (SCNAT). The centennial measurement series relied on many scien-
tists and volunteers. To mention just a few, we are grateful for the contribution
by A. de Quervain, R. Billwiller, R. Streiff-Becker, A. Lemans, M. Aellen,
H. Müller, M. Funk and the guardians of the Swiss Alpine Club hut
J. Dürst, R. Dürst, B. Marti and P. Beglinger. MeteoSwiss supplied the weather
data, and swisstopo is acknowledged for providing historical maps, digital ele-
vation models and aerial photographs. We thank the World Glacier
Monitoring Service for collecting and distributing regional mass-balance
data. Two anonymous reviewers and the editor S. O’Neel provided insightful
and constructive comments for finalizing the paper.

References

Andreassen LM, Elvehøy H, Kjøllmoen B and Belart JMC (2020) Glacier
change in Norway since the 1960s an overview of mass balance, area, length

and surface elevation changes. Journal of Glaciology 66(256), 313–328. doi:
10.1017/jog.2020.10.

Andreassen LM, Elvehøy H, Kjøllmoen B and Engeset RV (2016) Reanalysis
of long-term series of glaciological and geodetic mass balance for 10
Norwegian glaciers. The Cryosphere 10, 535–552. doi: 10.5194/tc-10-535-2016.

Baltsavias EP, Favey E, Bauder A, Bosch H and Pateraki M (2001) Digital
surface modelling by airborne laser scanning and digital photogrammetry
for glacier monitoring. The Photogrammetric Record 17(98), 243–273. doi:
10.1111/0031-868X.00182.

Bamber JL and Rivera A (2007) A review of remote sensing methods for gla-
cier mass balance determination. Global and Planetary Change 59, 138–148.
doi: 10.1016/j.gloplacha.2006.11.031.

Baraer M and 8 others (2012) Glacier recession and water resources in Peru’s
Cordillera Blanca. Journal of Glaciology 58, 134–150. doi: 10.3189/
2012JoG11J186.

Barandun M and 8 others (2015) Re-analysis of seasonal mass balance at
Abramov glacier 1968–2014. Journal of Glaciology 61(230), 1103–1117.
doi: 10.3189/2015JoG14J239.

Bauder A, Funk M and Huss M (2007) Ice volume changes of selected gla-
ciers in the Swiss Alps since the end of the 19th century. Annals of
Glaciology 46, 145–149. doi: 10.3189/172756407782871701.

Beedle MJ, Menounos B and Wheate R (2014) An evaluation of mass-balance
methods applied to Castle Creek Glacier, British Columbia, Canada. Journal
of Glaciology 60(220), 262–276. doi: 10.3189/2014JoG13J091.

Begert M and Frei C (2018) Long-term area-mean temperature series for
Switzerland – combining homogenized station data and high resolution
grid data. International Journal of Climatology 38(6), 2792–2807. doi: 10.
1002/joc.5460.

Beniston M and 24 others (2018) The European mountain cryosphere: a
review of its current state, trends, and future challenges. The Cryosphere
12, 759–794. doi: 10.5194/tc-12-759-2018.

Benn D and Evans D (2010) Glaciers and Glaciation (2nd edition). Hodder
Education, London.

Bolch T, Buchroithner M, Pieczonka T and Kunert A (2008) Planimetric
and volumetric glacier changes in the Khumbu Himal, Nepal, since 1962
using Corona, Landsat TM and ASTER data. Journal of Glaciology 54,
592–600. doi: 10.3189/002214308786570782.

Bolibar J and 5 others (2020) Deep learning applied to glacier evolution mod-
elling. The Cryosphere 14(2), 565–584. doi: 10.5194/tc-14-565-2020.

Box JE and 5 others (2012) Greenland ice sheet albedo feedback: thermody-
namics and atmospheric drivers. The Cryosphere 6(4), 821–839. doi: 10.
5194/tc-6-821-2012.

Braun L and 7 others (1994) Measurement and simulation of high alpine water
balance components in the Linth-Limmern head watershed (north-eastern
Switzerland). Zeitschrift für Gletscherkunde und Glazialgeologie 30, 161–185.

Carturan L and 7 others (2016) Analysis of the mass balance time series of
glaciers in the Italian Alps. The Cryosphere 10(2), 695–712. doi: 10.5194/
tc-10-695-2016.

Carturan L, Rastner P and Paul F (2020) On the disequilibrium response and
climate change vulnerability of the mass-balance glaciers in the Alps.
Journal of Glaciology 66(260), 1034–1050. doi: 10.1017/jog.2020.71.

Charalampidis C and 6 others (2018) Mass-budget anomalies and geometry
signals of three Austrian glaciers. Frontiers in Earth Science 6, 218. doi: 10.
3389/feart.2018.00218.

Cogley J and 10 others (2011) Glossary of glacier mass balance and related
terms, IHP-VII Technical Documents in Hydrology No. 86, IACS
Contribution No. 2.

Cox LH and March LS (2004) Comparison of geodetic and glaciological mass-
balance techniques, Gulkana Glacier, Alaska, USA. Journal of Glaciology 50
(170), 63–70. doi: 10.3189/172756504781829855.

Drolon V, Maisongrande P, Berthier E, Swinnen E and Huss M (2016)
Monitoring of seasonal glacier mass balance over the European Alps
using low-resolution optical satellite images. Journal of Glaciology 62,
912–927. doi: 10.1017/jog.2016.78.

Dussaillant I and 8 others (2019) Two decades of glacier mass loss along the
Andes. Nature Geoscience 12(10), 802–808. doi: 10.1038/s41561-019-0432-5.

Elsberg DH, Harrison WD, Echelmeyer KA and Krimmel RM (2001)
Quantifying the effects of climate and surface change on glacier mass balance.
Journal of Glaciology 47(159), 649–658. doi: 10.3189/172756501781831783.

Farinotti D, Magnusson J, Huss M and Bauder A (2010) Snow accumulation
distribution inferred from time-lapse photography and simple modelling.
Hydrological Processes 24(15), 2087–2097. doi: 10.1002/hyp.7629.

Journal of Glaciology 711

Downloaded from https://www.cambridge.org/core. 08 Jul 2021 at 14:29:01, subject to the Cambridge Core terms of use.

https://doi.org/10.1017/jog.2021.22
https://doi.org/10.1017/jog.2021.22
https://doi.org/10.1017/jog.2020.10
https://doi.org/10.5194/tc-10-535-2016
https://doi.org/10.5194/tc-10-535-2016
https://doi.org/10.5194/tc-10-535-2016
https://doi.org/10.5194/tc-10-535-2016
https://doi.org/10.1111/0031-868X.00182
https://doi.org/10.1111/0031-868X.00182
https://doi.org/10.1016/j.gloplacha.2006.11.031
https://doi.org/10.3189/2012JoG11J186
https://doi.org/10.3189/2012JoG11J186
https://doi.org/10.3189/2015JoG14J239
https://doi.org/10.3189/172756407782871701
https://doi.org/10.3189/2014JoG13J091
https://doi.org/10.1002/joc.5460
https://doi.org/10.1002/joc.5460
https://doi.org/10.5194/tc-12-759-2018
https://doi.org/10.5194/tc-12-759-2018
https://doi.org/10.5194/tc-12-759-2018
https://doi.org/10.5194/tc-12-759-2018
https://doi.org/10.3189/002214308786570782
https://doi.org/10.5194/tc-14-565-2020
https://doi.org/10.5194/tc-14-565-2020
https://doi.org/10.5194/tc-14-565-2020
https://doi.org/10.5194/tc-14-565-2020
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-6-821-2012
https://doi.org/10.5194/tc-10-695-2016
https://doi.org/10.5194/tc-10-695-2016
https://doi.org/10.5194/tc-10-695-2016
https://doi.org/10.5194/tc-10-695-2016
https://doi.org/10.5194/tc-10-695-2016
https://doi.org/10.1017/jog.2020.71
https://doi.org/10.3389/feart.2018.00218
https://doi.org/10.3389/feart.2018.00218
https://doi.org/10.3189/172756504781829855
https://doi.org/10.1017/jog.2016.78
https://doi.org/10.1038/s41561-019-0432-5
https://doi.org/10.1038/s41561-019-0432-5
https://doi.org/10.1038/s41561-019-0432-5
https://doi.org/10.1038/s41561-019-0432-5
https://doi.org/10.3189/172756501781831783
https://doi.org/10.1002/hyp.7629
https://www.cambridge.org/core


Firnberichte (1914–1978) Der Firnzuwachs 1913/14–1976/77 in einigen
Schweizerischen Firngebieten, No. 1-64 in Vierteljahresschrift der
Naturforschenden Gesellschaft in Zürich.

Fischer A (2010) Glaciers and climate change: interpretation of 50 years of dir-
ect mass balance of Hintereisferner. Global and Planetary Change 71, 13–
26. doi: 10.1016/j.gloplacha.2009.11.014.

Fischer M, Huss M and Hoelzle M (2015) Surface elevation and mass changes
of all Swiss glaciers 1980–2010. The Cryosphere 9(2), 525–540. doi: 10.5194/
tc-9-525-2015.

Fountain AG and Vecchia A (1999) How many stakes are required to measure
the mass balance of a glacier?. Geografiska Annaler 81A(4), 563–573. doi:
10.1111/j.0435-3676.1999.00084.x.

Freudiger D, Mennekes D, Seibert J and Weiler M (2018) Historical glacier
outlines from digitized topographic maps of the Swiss Alps. Earth System
Science Data 10(2), 805–814. doi: 10.5194/essd-10-805-2018.

Funk M, Bösch H, Kappenberger G and Müller-Lemans H (1997) Die
Ermittlung der Eisdicke im oberen Teil des Claridenfirns (Glarner
Alpen). In SG fr Hydrologie und Limnologie (SGHL), Niederschlag und
Wasserhaushalt im Hochgebirge der Glarner Alpen, 57–63.

Gabbi J, Huss M, Bauder A, Cao F and Schwikowski M (2015) The impact of
Saharan dust and black carbon on albedo and long-term mass balance of an
Alpine glacier. The Cryosphere 9, 1385–1400. doi: 10.5194/tc-9-1385-2015.

GLAMOS (1881–2020) The Swiss Glaciers, 1880–2018/19, Glaciological
Reports No. 1-140. Yearbooks of the Cryospheric Commission of the
Swiss Academy of Sciences (SCNAT), published since 1964 by VAW/
ETH Zurich. doi: 10.18752/glrep_series.

GLAMOS (2017) The Swiss Glaciers 2013/14 and 2014/15, Bauder, A. (ed.),
Glaciological Report No. 135/136. Cryospheric Commission (EKK) of the
Swiss Academy of Sciences (SCNAT), published by VAW/ETH Zurich.
doi: 10.18752/glrep_135-136.

Glen JW (1955) The creep of polycrystalline ice. Proceedings of the Royal
Society of London 228(1175), 519–538. doi: 10.1098/rspa.1955.0066.

Gudmundsson GH (1999) A three-dimensional numerical model of the con-
fluence area of Unteraargletscher, Bernese Alps, Switzerland. Journal of
Glaciology 45(150), 219–230. doi: 10.3189/S0022143000001726.

Gugerli R, Salzmann N, Huss M and Desilets D (2019) Continuous and
autonomous snow water equivalent measurements by a cosmic ray sensor
on an Alpine glacier. The Cryosphere 13(12), 3413–3434. doi: 10.5194/
tc-13-3413-2019.

Haeberli W, Hoelzle M, Paul F and Zemp M (2007) Integrated monitoring
of mountain glaciers as key indicators of global climate change: the
European Alps. Annals of Glaciology 46, 150–160. doi: 10.3189/
172756407782871512.

Hock R (1999) A distributed temperature-index ice- and snowmelt model
including potential direct solar radiation. Journal of Glaciology 45(149),
101–111. doi: 10.3189/S0022143000003087.

Hock R (2003) Temperature index melt modelling in mountain areas. Journal
of Hydrology 282(1-4), 104–115. doi: 10.1016/S0022-1694(03)00257-9.

Hock R and Jensen H (1999) Application of kriging interpolation for glacier
mass balance computations. Geografiska Annaler: Series A, Physical
Geography 81(4), 611–619. doi: 10.1111/1468-0459.00089.

Hock R, Hutchings JK and Lehning M (2017) Grand challenges in cryo-
spheric sciences: towards better predictability of glaciers, snow and sea
ice. Frontiers in Earth Science 5, 64. doi: 10.3389/feart.2017.00064.

Hock R and 7 others (2019) GlacierMIP – a model intercomparison of
global-scale glacier mass-balance models and projections. Journal of
Glaciology 65(251), 453–467. doi: 10.1017/jog.2019.22.

Holmlund P, Jansson P and Pettersson R (2005) A re-analysis of the 58 year
mass-balance record of Storglaciären, Sweden. Annals of Glaciology 42,
489–495. doi: 10.3189/172756405781812547.

Huss M (2013) Density assumptions for converting geodetic glacier volume
change to mass change. The Cryosphere 7, 877–887. doi: 10.5194/
tc-6-713-2012.

Huss M and Bauder A (2009) 20th-century climate change inferred from four
long-term point observations of seasonal mass balance. Annals of Glaciology
50(50), 207–214. doi: 10.3189/172756409787769645.

Huss M, Bauder A and Funk M (2009a) Homogenization of long-term mass
balance time series. Annals of Glaciology 50(50), 198–206. doi: 10.3189/
172756409787769627.

Huss M, Funk M and Ohmura A (2009b) Strong alpine glacier melt in the
1940s due to enhanced solar radiation. Geophysical Research Letters 36,
L23501. doi: 10.1029/2009GL040789.

Huss M, Hock R, Bauder A and Funk M (2010) 100-year mass changes in the
Swiss Alps linked to the Atlantic Multidecadal Oscillation. Geophysical
Research Letters 37, L10501. doi: 10.1029/2010GL042616.

Huss M, Hock R, Bauder A and Funk M (2012) Conventional versus
reference-surface mass balance. Journal of Glaciology 58(208), 278–286.
doi: 10.3189/2012JoG11J216.

Huss M, Dhulst L and Bauder A (2015) New long-term mass-balance series
for the Swiss Alps. Journal of Glaciology 61(227), 551–562. doi: 10.3189/
2015JoG15J015.

Kaser G, Fountain A and Jansson P (2003) A manual for monitoring the
mass balance of mountain glaciers, IHP-VI Technical Documents in
Hydrology No. 59.

Klok EJ and Oerlemans J (2004) Modelled climate sensitivity of the mass bal-
ance of Morteratschgletscher and its dependence on albedo parameteriza-
tion. International Journal of Climatology 23, 231–245. doi: 10.1002/joc.994.

Klug C and 8 others (2018) Geodetic reanalysis of annual glaciological mass
balances (2001–2011) of Hintereisferner, Austria. The Cryosphere 12(3),
833–849. doi: 10.5194/tc-12-833-2018.

Larsen CF and 5 others (2015) Surface melt dominates Alaska glacier mass
balance. Geophysical Research Letters 42(14), 5902–5908. doi: 10.1002/
2015GL064349.

Lliboutry L (1974) Multivariate statistical analysis of glacier annual balances.
Journal of Glaciology 13(69), 371–392. doi: 10.1017/S0022143000023169.

Machguth H, Eisen O, Paul F and Hoelzle M (2006a) Strong spatial variabil-
ity of snow accumulation observed with helicopter-borne GPR on two adja-
cent Alpine glaciers. Geophysical Research Letters 33, L13503. doi: 10.1029/
2006GL026576.

Machguth H, Paul F, Hoelzle M and Haeberli W (2006b) Distributed glacier
mass balance modelling as an important component of modern multi-level
glacier monitoring. Annals of Glaciology 43(1), 335–343. doi: 10.3189/
172756406781812285.

Machguth H, Paul F, Kotlarski S and Hoelzle M (2009) Calculating distributed
glacier mass balance for the Swiss Alps from regional climate model output: a
methodical description and interpretation of the results. Journal of Geophysical
Research (Atmospheres) 114, D19106. doi: 10.1029/2009JD011775.

Mann HB (1945) Nonparametric tests against trend. Econometrika 13,
245–259. doi: 10.2307/1907187.

Marty C, Tilg A and Jonas T (2017) Recent evidence of large-scale receding
snow water equivalents in the European Alps. Journal of Hydrometeorology
18(4), 1021–1031. doi: 10.1175/JHM-D-16-0188.1.

McGrath D and 7 others (2015) End-of-winter snow depth variability on gla-
ciers in Alaska. Journal of Geophysical Research (Earth Surface) 120(8),
1530–1550. doi: 10.1002/2015JF003539.

MeteoSwiss (2014) Daily precipitation: RhiresD. Technical report,
MeteoSwiss, Zürich.

WGMS (2012) Fluctuations of Glaciers, 2005–2010, Vol. X. Zemp, M., Frey, H.,
Gaertner-Roer, I., Nussbaumer, S.U., Hoelzle, M., Paul, F., and Haeberli,
W. (eds.), ICSU(WDS)/IUGG(IACS)/UNEP/UNESCO/WMO, World Glacier
Monitoring Service, Zurich, Switzerland. doi: 10.5904/wgms-fog-2012-11.

Müller H and Kappenberger G (1991) Claridenfirn-Messungen 1914–1984.
No. 40, Zürcher Geographische Schriften, Geographisches Institut der
ETH Zürich, pp. 79.

Müller-Lemans H, Aellen M, Braun L, Kappenberger G and Steinegger U
(1997) Niederschlagsverteilung im Tödigebiet: Messungen und
Überprfung mit der Wasserhaushaltsgleichung. In SG für Hydrologie und
Limnologie (SGHL), Niederschlag und Wasserhaushalt im Hochgebirge
der Glarner Alpen, 7–43.

Naegeli K and Huss M (2017) Sensitivity of mountain glacier mass balance to
changes in bare-ice albedo. Annals of Glaciology 58, 119–129. doi: 10.1017/
aog.2017.25.

Nuth C and Kääb A (2011) Co-registration and bias corrections of satellite
elevation data sets for quantifying glacier thickness change. The
Cryosphere 5, 271–290. doi: 10.5194/tc-5-271-2011.

Oerlemans J (1992) Climate sensitivity of glaciers in southern Norway: appli-
cation of an energy-balance model to Nigardsbreen, Hellstugubreen and
Alfotbreen. Journal of Glaciology 38(129), 223–232. doi: 10.1017/
S0022143000003634.

Oerlemans J (2001) Glaciers and climate change. A. A. Balkema Publishers,
Rotterdam.

Ohmura A, Bauder A, Müller H and Kappenberger G (2007) Long-term
change of mass balance and the role of radiation. Annals of Glaciology
46, 367–374. doi: 10.3189/172756407782871297.

712 Matthias Huss and others

Downloaded from https://www.cambridge.org/core. 08 Jul 2021 at 14:29:01, subject to the Cambridge Core terms of use.

https://doi.org/10.1016/j.gloplacha.2009.11.014
https://doi.org/10.5194/tc-9-525-2015
https://doi.org/10.5194/tc-9-525-2015
https://doi.org/10.5194/tc-9-525-2015
https://doi.org/10.5194/tc-9-525-2015
https://doi.org/10.5194/tc-9-525-2015
https://doi.org/10.1111/j.0435-3676.1999.00084.x
https://doi.org/10.1111/j.0435-3676.1999.00084.x
https://doi.org/10.5194/essd-10-805-2018
https://doi.org/10.5194/essd-10-805-2018
https://doi.org/10.5194/essd-10-805-2018
https://doi.org/10.5194/essd-10-805-2018
https://doi.org/10.5194/tc-9-1385-2015
https://doi.org/10.5194/tc-9-1385-2015
https://doi.org/10.5194/tc-9-1385-2015
https://doi.org/10.5194/tc-9-1385-2015
https://doi.org/10.18752/glrep_series
https://doi.org/10.18752/glrep_135-136
https://doi.org/10.18752/glrep_135-136
https://doi.org/10.1098/rspa.1955.0066
https://doi.org/10.3189/S0022143000001726
https://doi.org/10.5194/tc-13-3413-2019
https://doi.org/10.5194/tc-13-3413-2019
https://doi.org/10.5194/tc-13-3413-2019
https://doi.org/10.5194/tc-13-3413-2019
https://doi.org/10.5194/tc-13-3413-2019
https://doi.org/10.3189/172756407782871512
https://doi.org/10.3189/172756407782871512
https://doi.org/10.3189/S0022143000003087
https://doi.org/10.1016/S0022-1694(03)00257-9
https://doi.org/10.1016/S0022-1694(03)00257-9
https://doi.org/10.1016/S0022-1694(03)00257-9
https://doi.org/10.1111/1468-0459.00089
https://doi.org/10.1111/1468-0459.00089
https://doi.org/10.3389/feart.2017.00064
https://doi.org/10.1017/jog.2019.22
https://doi.org/10.3189/172756405781812547
https://doi.org/10.5194/tc-6-713-2012
https://doi.org/10.5194/tc-6-713-2012
https://doi.org/10.5194/tc-6-713-2012
https://doi.org/10.5194/tc-6-713-2012
https://doi.org/10.5194/tc-6-713-2012
https://doi.org/10.3189/172756409787769645
https://doi.org/10.3189/172756409787769627
https://doi.org/10.3189/172756409787769627
https://doi.org/10.1029/2009GL040789
https://doi.org/10.1029/2010GL042616
https://doi.org/10.3189/2012JoG11J216
https://doi.org/10.3189/2015JoG15J015
https://doi.org/10.3189/2015JoG15J015
https://doi.org/10.1002/joc.994
https://doi.org/10.5194/tc-12-833-2018
https://doi.org/10.5194/tc-12-833-2018
https://doi.org/10.5194/tc-12-833-2018
https://doi.org/10.5194/tc-12-833-2018
https://doi.org/10.1002/2015GL064349
https://doi.org/10.1002/2015GL064349
https://doi.org/10.1017/S0022143000023169
https://doi.org/10.1029/2006GL026576
https://doi.org/10.1029/2006GL026576
https://doi.org/10.3189/172756406781812285
https://doi.org/10.3189/172756406781812285
https://doi.org/10.1029/2009JD011775
https://doi.org/10.2307/1907187
https://doi.org/10.1175/JHM-D-16-0188.1
https://doi.org/10.1175/JHM-D-16-0188.1
https://doi.org/10.1175/JHM-D-16-0188.1
https://doi.org/10.1175/JHM-D-16-0188.1
https://doi.org/10.1002/2015JF003539
https://doi.org/10.5904/wgms-fog-2012-11
https://doi.org/10.5904/wgms-fog-2012-11
https://doi.org/10.5904/wgms-fog-2012-11
https://doi.org/10.5904/wgms-fog-2012-11
https://doi.org/10.1017/aog.2017.25
https://doi.org/10.1017/aog.2017.25
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.5194/tc-5-271-2011
https://doi.org/10.1017/S0022143000003634
https://doi.org/10.1017/S0022143000003634
https://doi.org/10.3189/172756407782871297
https://www.cambridge.org/core


O’Neel S and 8 others (2019) Reanalysis of the us geological survey bench-
mark glaciers: long-term insight into climate forcing of glacier mass bal-
ance. Journal of Glaciology 65(253), 850–866. doi: 10.1017/jog.2019.66.

Østrem G and Stanley A (1969) Glacier mass-balance measurements – a man-
ual for field and office work. National Hydrology Research Institute, Report
4, Ottawa, Canada.

Pellicciotti F, Bauder A and Parola M (2010) Effect of glaciers on streamflow
trends in the Swiss Alps. Water Resources Research 46, W10522. doi: 10.
1029/2009WR009039.

Pelto MS (2000) The impact of sampling density on glacier mass balance
determination. Hydrological Processes 14, 3215–3225. doi: 10.1002/
1099-1085(20001230)14:18<3215::AID-HYP197>3.0.CO;2-E.

Rabatel A, Dedieu JP and Vincent C (2016) Spatio-temporal changes in
glacier-wide mass balance quantified by optical remote sensing on 30 gla-
ciers in the French Alps for the period 1983–2014. Journal of Glaciology
62, 1153–1166. doi: 10.1017/jog.2016.113.

Rastner P, Joerg PC, Huss M and Zemp M (2016) Historical analysis and
visualization of the retreat of Findelengletscher, Switzerland, 1859–2010.
Global and Planetary Change 145, 67–77. doi: 10.1016/j.gloplacha.2016.07.005.

Réveillet M and 8 others (2018) Relative performance of empirical and
physical models in assessing the seasonal and annual glacier surface mass
balance of Saint-Sorlin Glacier (French Alps). The Cryosphere 12,
1367–1386. doi: 10.5194/tc-12-1367-2018.

Rickenbacher M (2013) Zeitreihen bei swisstopo. Technical report, Swiss
Federal Office of Topography, Wabern.

Roe GH and Baker MB (2016) The response of glaciers to climatic persistence.
Journal of Glaciology 62, 440–450. doi: 10.1017/jog.2016.4.

Rolstad C, Haug T and Denby B (2009) Spatially integrated geodetic glacier
mass balance and its uncertainty based on geostatistical analysis: application
to the western Svartisen ice cap, Norway. Journal of Glaciology 55, 666–680.
doi: 10.3189/002214309789470950.

Sold L and 8 others (2016) Mass balance re-analysis of Findelengletscher,
Switzerland; benefits of extensive snow accumulation measurements.
Frontiers in Earth Science 4, 18. doi: 10.3389/feart.2016.00018.

swisstopo (2018) swissALTI3D, das hoch aufgeloeste Terrainmodell der
Schweiz. Technical report, Swiss Federal Office of Topography, Wabern,
https://shop.swisstopo.admin.ch/de/products/height_models/alti3D.

Thibert E and Vincent C (2009) Best possible estimation of mass balance
combining glaciological and geodetic methods. Annals of Glaciology 50,
112–118. doi: 10.3189/172756409787769546.

Thibert E, Blanc R, Vincent C and Eckert N (2008) Glaciological and volu-
metric mass balance measurements error analysis over 51 years for the
Sarennes glacier, French Alps. Journal of Glaciology 54(186), 522–532.
doi: 10.3189/002214308785837093.

Thibert E, Dkengne Sielenou P, Vionnet V, Eckert N and Vincent C (2018)
Causes of glacier melt extremes in the Alps since 1949. Geophysical Research
Letters 45, 817–825. doi: 10.1002/2017GL076333.

Van Beusekom A, O’Neel S, March R, Sass L and Cox L (2010) Re-analysis of
Alaskan benchmark glacier mass balance data using the index method. USGS
Science Investigation Reports 2010-5247 5247, 16. doi: 10.3133/sir20105247.

Van der Veen CJ (2002) Calving glaciers. Progress in Physical Geography:
Earth and Environment 26(1), 96–122. doi: 10.1191/0309133302pp327ra.

Vargo LJ and 6 others (2020) Anthropogenic warming forces extreme annual
glacier mass loss. Nature Climate Change 10(9), 856–861. doi: 10.1038/
s41558-020-0849-2.

Vincent C (2002) Influence of climate change over the 20th century on four
French glacier mass balances. Journal of Geophysical Research 107(4375),
D19. doi: 10.1029/2001JD000832.

Vincent C and 5 others (2004) Ice ablation as evidence of climate change in
the Alps over the 20th century. Journal of Geophysical Research 109(D10),
D10104. doi: 10.1029/2003JD003857.

Vincent C and 9 others (2017) Common climatic signal from glaciers in the
European Alps over the last 50 years. Geophysical Research Letters 44,
1376–1383. doi: 10.1002/2016GL072094.

Vincent C and 14 others (2018) A nonlinear statistical model for extracting a
climatic signal from glacier mass balance measurements. Journal of
Geophysical Research: Earth Surface 123(9), 2228–2242. doi: 10.1029/
2018JF004702.

Wagnon P and 10 others (2021) Reanalysing the 2007–19 glaciological mass-
balance series of Mera Glacier, Nepal, Central Himalaya, using geodetic
mass balance. Journal of Glaciology 67(261), 117–125. doi: 10.1017/jog.
2020.88.

Weidmann Y, Gandor F and Artuso R (2018) Temporale Metadaten
swissALTI3D. Geomatik Schweiz 11, 10–14.

WGMS (2020) Global Glacier Change Bulletin, No. 3. Zemp, M., Gaertner-
Roer, I., Nussbaumer, S. U., Bannwart, J., Rastner, P., Paul, F., and
Hoelzle, M. (eds.), ISC(WDS)/IUGG(IACS)/UNEP/UNESCO/WMO,
World Glacier Monitoring Service, Zurich, Switzerland, 274 pp. doi: 10.
5904/wgms-fog-2019-12.

Winstral A, Elder K and Davis RE (2002) Spatial snow modeling of wind-
redistributed snow using terrain-based parameters. Journal of
Hydrometeorology 3(5), 524–538. doi: 10.1175/1525-7541(2002)003<0524:
SSMOWR>2.0.CO;2.

Zemp M, Hoelzle M and Haeberli W (2009) Six decades of glacier mass-
balance observations: a review of the worldwide monitoring network.
Annals of Glaciology 50(50), 101–111. doi: 10.3189/172756409787769591.

Zemp M and 16 others (2013) Reanalysing glacier mass balance measurement
series. The Cryosphere 7, 1227–1245. doi: 10.5194/tc-7-1227-2013.

Zemp M and 38 others (2015) Historically unprecedented global glacier
decline in the early 21st century. Journal of Glaciology 61, 745–762. doi:
10.3189/2015JoG15J017.

Zemp M and 14 others (2019) Global glacier mass changes and their contri-
butions to sea-level rise from 1961 to 2016. Nature 568(7752), 382–386. doi:
10.1038/s41586-019-1071-0.

Journal of Glaciology 713

Downloaded from https://www.cambridge.org/core. 08 Jul 2021 at 14:29:01, subject to the Cambridge Core terms of use.

https://doi.org/10.1017/jog.2019.66
https://doi.org/10.1029/2009WR009039
https://doi.org/10.1029/2009WR009039
https://doi.org/10.1002/1099-1085(20001230)14:18%3C3215::AID-HYP197%3E3.0.CO;2-E
https://doi.org/10.1002/1099-1085(20001230)14:18%3C3215::AID-HYP197%3E3.0.CO;2-E
https://doi.org/10.1002/1099-1085(20001230)14:18%3C3215::AID-HYP197%3E3.0.CO;2-E
https://doi.org/10.1002/1099-1085(20001230)14:18%3C3215::AID-HYP197%3E3.0.CO;2-E
https://doi.org/10.1002/1099-1085(20001230)14:18%3C3215::AID-HYP197%3E3.0.CO;2-E
https://doi.org/10.1017/jog.2016.113
https://doi.org/10.1016/j.gloplacha.2016.07.005
https://doi.org/10.5194/tc-12-1367-2018
https://doi.org/10.5194/tc-12-1367-2018
https://doi.org/10.5194/tc-12-1367-2018
https://doi.org/10.5194/tc-12-1367-2018
https://doi.org/10.1017/jog.2016.4
https://doi.org/10.3189/002214309789470950
https://doi.org/10.3389/feart.2016.00018
https://shop.swisstopo.admin.ch/de/products/height_models/alti3D
https://shop.swisstopo.admin.ch/de/products/height_models/alti3D
https://doi.org/10.3189/172756409787769546
https://doi.org/10.3189/002214308785837093
https://doi.org/10.1002/2017GL076333
https://doi.org/10.3133/sir20105247
https://doi.org/10.1191/0309133302pp327ra
https://doi.org/10.1038/s41558-020-0849-2
https://doi.org/10.1038/s41558-020-0849-2
https://doi.org/10.1038/s41558-020-0849-2
https://doi.org/10.1038/s41558-020-0849-2
https://doi.org/10.1038/s41558-020-0849-2
https://doi.org/10.1029/2001JD000832
https://doi.org/10.1029/2003JD003857
https://doi.org/10.1002/2016GL072094
https://doi.org/10.1029/2018JF004702
https://doi.org/10.1029/2018JF004702
https://doi.org/10.1017/jog.2020.88
https://doi.org/10.1017/jog.2020.88
https://doi.org/10.5904/wgms-fog-2019-12
https://doi.org/10.5904/wgms-fog-2019-12
https://doi.org/10.5904/wgms-fog-2019-12
https://doi.org/10.5904/wgms-fog-2019-12
https://doi.org/10.5904/wgms-fog-2019-12
https://doi.org/10.1175/1525-7541(2002)003%3C0524:SSMOWR%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2002)003%3C0524:SSMOWR%3E2.0.CO;2
https://doi.org/10.1175/1525-7541(2002)003%3C0524:SSMOWR%3E2.0.CO;2
https://doi.org/10.3189/172756409787769591
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.5194/tc-7-1227-2013
https://doi.org/10.3189/2015JoG15J017
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://doi.org/10.1038/s41586-019-1071-0
https://www.cambridge.org/core

	More than a century of direct glacier mass-balance observations on Claridenfirn, Switzerland
	Introduction
	Study site and data
	Claridenfirn
	Direct point mass-balance observations
	Geodetic surveys
	Ice thickness and surface velocity
	Meteorological information

	Methods
	Point mass-balance series
	Glacier-wide mass balance
	Estimating mass loss by frontal ice break-off

	Results
	Point mass-balance series
	Glacier-wide mass balance
	Mass-balance series
	Relevance of frontal ice break-off
	Large-scale representativeness


	Uncertainty assessment
	Uncertainty in observations
	Point mass-balance measurements
	Geodetic mass change

	Uncertainty in glacier-wide mass balance
	Uncertainty in mass-balance extrapolation
	Uncertainty due to periodic updates of hypsometry
	Impact of uncertainties on frontal ablation
	Availability of high-frequency geodetic mass change
	Local mass-balance uncertainty

	Integrative uncertainty estimate

	Conclusion
	Acknowledgements
	References


