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Glacier mass-budget monitoring documents climate fluctuations, provides context for
observed glacier-geometry changes, and can provide information on the glaciers’ states.
We examine the mass-budget series and available geometries of three well-documented
glaciers located in the same catchment area less than 10 km from one another in
the Austrian Otztal Alps. The altitudinal profiles of the 1981-2010 average specific
mass budgets of each glacier serve as climatic reference. We apply these reference
mass-budget profiles on all available glacier geometries, thereby retrieving for each
glacier reference-climate mass budgets that reveal in a discrete way each glacier’s
geometric adjustment over time and its impact on mass loss; interpolation of the
reference-climate mass budgets over the 1981-2010 period provides the glaciers’
geometry signals. The geometric mass-budget anomalies derived with respect to these
geometry signals indicate decreasing mass budgets over the 1981-2010 period by
0.020 m water equivalent (w.e.) a=2, or 31% additional mass loss compared to the
centered anomalies derived with respect to the 1981-2010 averages of the conventional
mass-budget series. Reference-climate mass budgets with respect to 1981-2010 of
older geometries highlight Hintereisferner’s adapting geometry by almost continuous
retreat since 1850. Further retreat is inevitable as Hintereisferner is the furthest from a
steady state amongst the three glaciers. The relatively small Kesselwandferner has been
also mostly retreating, while briefly advancing in response to short-term climatic trends.
In a stable 1981-2010 climate, Kesselwandferner would relatively quickly reach a steady
state. Vernagtferner’s geometry since 1979 favors mass loss by thinning, primarily due to
extended surge-related mass losses since 1845; this inability to retreat has led to — and
will further — Vernagtferner’s disintegration.

Keywords: mass-budget anomalies, geometry change, geometry signal, climate forcing, glacier state, European
Alps

INTRODUCTION

Glaciers are relatively sensitive climate indicators that adjust their mass according to the prevailing
climate (Nye, 1960; Hoinkes and Steinacker, 1975). Mass changes eventually affect the geometry of
the glacier; hence, records of glacier fluctuations contain information about past climatic conditions
(Roe, 2011). For instance, the documented twentieth-century glacier retreat around the world has
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been proven to be a consequence of global climate warming
(Dyurgerov and Meier, 2000; Vaughan et al., 2013), as the lower
parts of glaciers have been experiencing increased surface melt,
which over time has also affected higher elevations. Usually,
glacier-length records go the furthest back in time, since they
are compilations of in situ or remote-sensing observations,
physical evidence such as trimlines or moraines, and cultural
documentations such as historical reports or paintings. Several
studies have used glacier lengths to infer climate fluctuations
(e.g., Oerlemans, 1994, 2005; Leclercq and Oerlemans, 2012;
Liithi, 2014). Glacier-length changes have the advantage of
being a physical proxy for temperature variations — as opposed
to being a biogenic proxy like tree rings or corals (Jones
et al.,, 2009) - and as such, they do not require calibration on
instrumental temperature records (e.g., Leclercq and Oerlemans,
2012). However, since length responses lag the actual climate
forcing, glacier-length records are a climate proxy with decadal
or coarser resolution that require large samples.

The most appropriate way to document the climatic impact
on glaciers is mass-budget monitoring (e.g., Braithwaite and
Olesen, 1989; Dowdeswell et al., 1997; Braithwaite and Zhang,
1999b; Vincent et al, 2004). A glacier's mass budget is
determined primarily by the climate at the glacier-surface area
that forces mass changes via surface accumulation and ablation
on annual timescale (Cogley et al., 2011; Burke and Roe, 2014;
Charalampidis et al., 2015). The climatic control over a glacier’s
annual mass budget is manifested on the glacier surface as the net
effect of winter precipitation and summer melt (Hock, 2005), a
good indicator of which is summer air temperature (Braithwaite
etal., 1992; Van As et al., 2016), especially for continental glaciers
(Kuhn, 1984).

Glacier mass budgets are influenced by the geometric
adjustment of the glacier-ice volume to the effects of topographic
relief (i.e., terrain), and the ever-changing surface topography
(Oerlemans, 1997; Giesen and Oerlemans, 2010). The
glacier-geometry adjustment determines over time the mass
gain or mass loss at the glacier surface. The timescale of a glacier’s
geometric adjustment is at least decadal, while it increases for
larger and/or more continental glaciers of narrow altitudinal
range, located in colder and drier climates (Johannesson et al.,
1989; Harrison et al., 2001; Oerlemans, 2001; Roe and Baker,
2014). In the case of the Greenland and Antarctic ice sheets
that are large ice masses not contained by terrain, geometric
adjustments occur generally on millennial timescale (Benn and
Evans, 1998; Helsen et al., 2012), even though recent findings
suggest that in a rapidly warming climate this might be an
overestimation (e.g., Holland et al., 2008; Favier et al., 2014;
Mouginot et al., 2015). Due to the time- and capital-intensive
nature of glacier mass-budget monitoring in remote locations,
very few glaciers worldwide have (sub-) annual measurements.
Despite this apparent disadvantage, there are available glacier
mass-budget records that may consist of over 50 years of
observations.

Even though the mass-budget method captures the
climatic impact on a glacier most appropriately, the direct,
or glaciological, mass budgets include uncertainties related
to the acquisition of in situ stake and snow-pit observations

(Oerlemans, 2010; Zemp et al, 2013; Proksch et al., 2016).
There is also considerable ambiguity in the translation of
point observations into glacier-wide mass budgets (Hoinkes,
1970; Lliboutry, 1974; Ostrem and Brugman, 1991); hence,
different interpretations of researchers responsible for different
mass-budget series, or researchers responsible for the same
mass-budget series but during different periods, represent
an additional source of uncertainty. Additionally, annual
glacier-wide mass budgets can be either conventional or
reference-surface, depending, respectively, on whether the
glacier geometry used for the interpolation/extrapolation of the
stake observations over the glacier surface is of the same year or
not (Elsberg et al., 2001; Huss et al., 2012). Glacier mass-budget
series are therefore in most cases combinations of conventional
and reference-surface annual mass budgets (Cogley et al., 2011).

Several studies attempted to identify climate signals in glacier
mass-budget observations. Vincent et al. (2017) evaluated the
climate signal from six glaciers in the European Alps as far
as 400 km apart. They analyzed clusters of mass-budget stakes
below the Equilibrium-Line Altitude (ELA) - the elevation
across the glacier surface where annual surface accumulation and
ablation are equal (i.e., zero annual surface mass budget) — while
comparing their point analysis from these ablation areas to the
relative difference of the annual glacier-wide mass budgets with
respect to their average. Their analysis illustrated consistency
of the unbiased climate signal amongst them, with at least
52% common variance between glaciers, even over such a large
distance.

The methodology proposed by Vincent et al. (2017) requires
mass-budget stake observations from exact locations in the
ablation areas of glaciers over long periods. This might be
difficult to obtain in the case of a frequently updated stake
network resulting in discontinued point locations, or a strongly
adapting glacier geometry resulting in substantial altitudinal
changes or missing stakes. Additionally, the ELAs of glaciers are
not constant over time. In a warming climate, ablation areas
expand upglacier due to the rise of the ELAs, hence the distinction
between ablation- and accumulation-stake observations might
become unclear over time, while the climatic impact in the high
accumulation areas remains under- or unrepresented.

Earlier studies attempted glacier-wide extraction of climate
signals from mass-budget observations. The concept of a
reference-surface mass budget (Elsberg et al., 2001; Harrison
et al., 2001) describes the surface mass budget of a fixed glacier
geometry, meaning that point observations are extrapolated to
the glacier surface used as reference. Reference-surface mass
budgets provide the climate signal when the glacier surface was
documented at the beginning of observations, and is used in every
year thereafter. However, this concept results in a hypothetical
mass-budget series whose difference from the conventional
series is smaller than the observational and methodological
uncertainties, especially for short periods such as the typical
timespan of available glacier mass-budget observations.

We aim instead to quantify the impact of geometry changes
on the recent mass loss of Hintereisferner, Kesselwandferner
and Vernagtferner, three Austrian glaciers with long-term
mass-budget monitoring located in the Otztal Valley, along the
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FIGURE 1 | (A) Annual mass-budget profiles ba corresponding to observations within a certain period, and their average mass-budget profile b,ef. The selected
period of observations is considered as reference period, by is considered as reference mass-budget profile, and its Equilibrium-Line Altitude (ELA) as reference
ELA. (B) Reference mass-budget profile, annual mass-budget profile in year a, and their difference.
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main Alpine crest. The glaciers are located less than 10 km
from one another, and have been influenced by the same local
climate. We derive mass-budget anomalies with respect to the
1981-2010 period that account for the glaciers’ geometry changes,
and estimate in each case the climate forcing, or the effect
interannual climate variability had on each glacier. We discuss the
individual responses of the glaciers to recent climate fluctuations,
and investigate how mass gain and loss were impacted. Lastly,
we place the recent geometry changes in a broader context by
discussing the evolution of the glaciers since 1850, as well as
future implications.

MATERIALS AND METHODS
Theory

In many cases, it is useful to consider the altitudinal profiles of
annual specific mass budgets b, (or b, expressed as mass-budget
rates) of a glacier (Figure 1A). These profiles, when averaged
multi-annually, express the combined average effects of local
climate and surrounding terrain on the glacier-surface mass
budget. At the same time, the uncertainty related to the
translation of point observations into glacier-wide mass budgets
is averaged out, while local factors that are difficult to quantify,
such as uneven distribution of accumulation due to preferential
wind patterns (i.e., snowdrift), avalanche activity, shading or
albedo effects, are represented in a bulk way. Such multi-annually
averaged mass-budget profiles can be used as climatic reference
in mass-budget analyses (e.g., Andreassen et al., 2005) or as
climate forcing in ice-flow simulations (e.g., Akesson et al., 2017),

and we shall henceforth dub them reference mass-budget profiles.
The value of a reference mass-budget profile b, of a glacier at
elevation interval i is therefore equal to:

. 1 X
b = ﬁzb““ (1)
a=1

where lI?a,' is the annual specific mass budget in year a at the
same elevation interval and N is the total number of consecutive
years considered as reference period. We shall also henceforth
dub reference ELA the ELA defined by a reference mass-budget
profile (Figure 1A).

In theory, a glacier is in steady state when its long-term
glacier-wide mass budget is equal to zero as a result of stable
climate. With a conceptual simulation, Huss et al. (2012)
illustrated that a stepwise positive perturbation of the climate
forcing - defined as anomaly from a reference climate, and caused
by decreased winter precipitation and/or increased summer air
temperature — is immediately manifested on a glacier in steady
state as negative glacier-wide mass budget, thereby leading to
either its retreat or thinning. However, given sufficient time
for the glacier’s geometric adjustment toward a new steady
state, the glacier-wide mass budget gradually returns to zero
(also Oerlemans, 2008). Following this principle, Charalampidis
(2012) showed by utilizing a two-dimensional shallow-ice
approximation model that the ice cap Langfjordjokelen in
northern Norway in 2008 would need about 300 years of
substantial retreat and thinning to reach a steady state under a
stable-climate assumption expressed by its 1989-2009 reference
mass-budget profile. Climate variability on a simulated glacier
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surface can be replicated by altering the climate forcing, i.e., by
perturbing a reference mass-budget profile with respect to the
vertical (e.g., Charalampidis, 2012; Akesson et al., 2017).

Ideally, ice-flow simulations reproduce the past, and forecast
the future geometric adjustment of a glacier. A simulation of a
glacier’s past in at least annual resolution, albeit calibrated on
geometry observations such as glacier length and/or elevation,
remains a hypothetical approximation. On the other hand,
documented geometries in several years provide snapshots of
a glacier’s actual geometric adjustment over time. Especially in
the European Alps where observations are relatively abundant,
glacier geometries are available since the mid-nineteenth century
(Lambrecht and Kuhn, 2007; Abermann et al., 2009; Fischer
et al., 2015), and in some cases there is even established annual
monitoring (Klug et al., 2018). Applying reference mass-budget
profiles on these snapshots results in glacier-wide mass budgets,
which we shall henceforth dub reference-climate mass budgets.

A reference-climate mass budget by, is the glacier's mass
response in year a to the reference climate; it is essentially a
measure of how far from a steady state the glacier geometry was
in year a with respect to the reference climate, and is equal to:

. 1 & .
ba,ref = ? Zsai ! bref,-7 (2)
4 =1

where S, is the glacier area at elevation interval i, n, is the
number of elevation intervals, and S, is the total glacier area in
the same year.

In year a, when the glacier’s geometry was documented, the
reported annual mass budget b, is conventional (Cogley et al.,
2011) and equal to:

) 1 & .
by = 5 > Sy bay. 3)

i=1

Differencing Equations 3 and 2 gives:

. 1 & . .
Aba = ng ;S(zi . (bai - brefi)- (4)

Equation 4 is an evaluation of the mass-budget anomalies with
respect to the reference climate at discrete elevation intervals in
year a, or the glacier’s mass response to the climatic anomaly
that year (Figure 1B). In other words, Ab’ expresses the glacier’s
mass response relieved of the component related to the reference
climate. The latter component experiences moderate interannual
variations as a result of the observed glacier-geometry changes.
The quantity Ab’, we shall henceforth dub geometric mass-budget
anomaly. We note that Ab; is different than A b,, which is equal
to:

. . 1 N
Aby = by — N;ba. (5)

Equation 5 represents the anomaly of the annual glacier-wide
mass budget with respect to the average in the reference
period, i.e., the centered anomaly (cf. Vincent et al, 2017).
The quantity Abj is also different than mass-budget anomalies

extracted with respect to multiannual moving-average filtering
(e.g., Thibertetal., 2018, although their application concerned
one point location on Sarennes Glacier).

Several reference-climate mass budgets of a glacier reveal in
a discrete way its multidecadal geometric adjustment toward
a steady state, albeit influenced by short-term (i.e., decadal)
climate variability, and the subsequent impact on mass loss with
respect to the reference climate. Reference-climate mass budgets
in years without documented geometry can be approximated
by the smooth (i.e., cubic-spline) interpolation of all known
reference-climate mass budgets over the reference period, and
constitute what we shall henceforth dub the glacier’s geometry
signal with respect to the reference climate. Subsequently, the
relative difference of the glacier’s mass-budget series with respect
to the reconstructed geometry signal represents the geometric
mass-budget anomalies.

As the geometry signal represents the mass response of a
glacier’s surface due to the reference climate, the climate forcing
on the glacier can be quantified by calculating in each year a the
mass-budget residual R, using the geometry signal as baseline:

ba—b
o= 100, 6)
ba,ref

Data Overview
Hintereisferner, Kesselwandferner and Vernagtferner drain in the
same catchment area called Rofen Valley or Rofental (Strasser
etal., 2018). Hintereisferner has northeasterly, Kesselwandferner
has southeasterly, and Vernagtferner has southerly aspect
(Figure 2). An approximately 7-km long glacier tongue stretching
along a wide altitudinal range (2450-3750 m above sea level;
a.s.l.) characterizes Hintereisferner. Vernagtferner has wide
accumulation and ablation areas, and has surged several times
in the past, for instance from 1843 to 1848 when it merged
with the adjacent smaller Guslarferner and completely blocked
Rofental in 1845 (Figure 2), and from 1897 to 1904 (Hoinkes,
1969; Nicolussi, 2013; Weber, 2013). In 2006, Hintereisferner was
7.40 km?, while Vernagtferner was 8.17 km?. Kesselwandferner
is the smallest (3.85 km? in 2006) and most dynamic of the
three glaciers, with a relatively flat and wide accumulation area
feeding a steep and narrow ablation area. Kesselwandferner was
conjoined with Hintereisferner until the early twentieth century,
when in 1912 the two glaciers detached (Fischer, 2010); they
were briefly reunited in 1920 after a five-year advance (Kuhn
et al., 1985; Leclercq et al., 2014). Kesselwandferner remained
relatively stable in the second half of the 1960s; it advanced 241 m
between 1971 and 1985, while it has been continuously retreating
thereafter (Leclercq et al., 2014). Currently, all three glaciers
hold the status reference glacier awarded by the World Glacier
Monitoring Service (WGMS, 2017). The reference-glacier status
implies among other conditions that “the glacier fluctuations
are mainly driven by climatic factors” and are not “subject
to major other influences such as avalanche, calving or surge
dynamics, heavy debris cover, artificial snow production or
ablation protection.”

The Institute of Atmospheric and Cryospheric Sciences
(ACINN; formerly Institute of Meteorology and Geophysics) of
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FIGURE 2 | Hintereisferner, Kesselwandferner and Vernagtferner in the Otztal Alps, Austria. All three glaciers drain into the Rofen Valley (Rofental).
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TABLE 1 | Reference mass-budget profiles of Hintereisferner, Kesselwandferner and Vernagtferner, and their standard deviations in the standard 30-year, 1981-2010

period.

Elevation interval

30-year average (1981-2010)

[m a.s.l.]
Hintereisferner Kesselwandferner Vernagtferner
Average St. dev. Average St. dev. Average St. dew.
[mw.e.a '] [mw.e.a 1] [mw.e.a ] [mw.e.a '] [mw.e.a 1] [mw.e.a 1]
3700-3750 0.000 0.276 - - -
3650-3700 -0.017 0.216 - - -
3600-3650 —0.009 0.189 - - -
3550-3600 +0.013 0.201 - +0.034 0.256
3500-3550 —0.051 0.234 - +0.067 0.227
3450-3500 +0.058 0.264 —0.064 0.260 +0.239 0.201
3400-3450 +0.132 0.278 —0.092 0.341 +0.134 0.191
3350-3400 +0.230 0.275 —0.072 0.288 +0.050 0.184
3300-3350 +0.405 0.328 +0.264 0.307 +0.108 0.217
3250-3300 +0.234 0.312 +0.387 0.304 +0.106 0.280
3200-3250 +0.127 0.306 +0.262 0.352 —0.064 0.304
3150-3200 +0.127 0.336 +0.097 0.382 —0.194 0.372
3100-3150 +0.032 0.371 -0.212 0.502 —0.389 0.479
3050-3100 —0.186 0.389 —0.691 0.612 —0.736 0.563
3000-3050 —0.486 0.475 -1.273 0.834 -1.169 0.593
2950-3000 —0.781 0.525 -1.710 1.071 —1.784 0.602
2900-2950 —1.067 0.572 —1.909 1.248 —2.224 0.644
2850-2900 —1.424 0.622 —2.570 1.377 —2.501 0.693
2800-2850 —1.854 0.615 -3.162 1.387 —3.051 0.734
2750-2800 —2.237 0.635 - —3.309 0.726
2700-2750 —3.058 0.672 - - -
2650-2700 -3.567 0.788 - - -
2600-2650 —4.088 0.815 - - -
2550-2600 —4.678 0.808 - - -
2500-2550 -5.307 0.953 - - -
the University of Innsbruck has been monitoring the annual For all glaciers, the altitudinal profiles of annual
mass budget of Hintereisferner and Kesselwandferner since 1952  specific mass budget are available at 50-m vertical

(Hoinkes, 1970; Kuhn et al., 1999; Fischer and Markl, 2009).
The Bavarian Academy of Sciences and Humanities (BAdW)
has been responsible for Vernagtferner since 1964 (Reinwarth
and Rentsch, 1994; Reinwarth and Escher-Vetter, 1999; Escher-
Vetter et al,, 2009). The determination of the annual mass
budget of all three glaciers is based on the evaluation of stake
readings, snow-pit observations and snow-cover maps deducted
from photographic monitoring in a hydrological year between
1 October and 30 September. The annual glacier-wide product
is based on altitudinally averaged mass budgets. Mass-budget
variability within elevation bands is stable over long periods as
it depends on geometric characteristics such as surface slope
or glacier aspect that determine shading. Consequently, the
altitudinal mass-budget gradients are characteristic for each
glacier. All three mass budget series were reanalyzed according to
Zemp et al. (2013). For further details, we refer to Fischer (2010),
Mayer et al. (2013), and Zemp et al. (2013). We note that for all
three glaciers basal melt is of minor importance (e.g., Haberkorn,
2011).

resolution. We deducted reference mass-budget profiles,
and hence reference ELAs, in the standard 30-year,
1981-2010 period (Hawkings and Sutton, 2016; Table 1).
We also averaged over the 50-year, 1967-2016 period
(Supplementary Table S1) resulting in less negative
reference mass-budget profiles than the ones corresponding
to 1981-2010. The 50-year analysis is presented only as
supporting information (Supplementary Figures S1, S2 and
Supplementary Tables S1, S2).

The lower part of each 1981-2010 reference mass-budget
profile was extrapolated by linear regression to the lowest
documented elevation interval of the respective glacier
(Figure 3). Kesselwandferner had the smallest ablation area
amongst the three glaciers, as these were defined by the reference
mass-budget profiles; it spanned 7 elevation intervals (350 m
elevation range; Table 1). Consequently, the linear regressions
were based on the lowermost 350 m in each case (Table 2), and
represented the reference mass-budget profiles well (R? > 0.99).
Also, the two highest elevation intervals of Vernagtferner’s
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reference mass-budget profile were linearly extrapolated to
50 m higher, since the glacier has been as high as 3600-3650 m
a.s.l. in the past, but has been thinning and becoming lower
than these elevations over the last 30 years. At such high
elevations, Vernagtferner’s reference mass budget is close to
zero; hence, any uncertainty added by the short extrapolation
is small. The linear nature of the fits was in accordance to
well-known altitudinal gradients of climatic parameters, such as
air temperature and humidity, influencing the energy balance
and melt on a glacier surface (Hock, 2005). With the help of these
approximations, we applied the three reference mass-budget

profiles on the documented geometries of the respective glaciers
(Table 3).

RESULTS

Reference Mass-Budget Profiles

The 1981-2010 reference mass-budget profiles of the three
glaciers had notable similarities as well as differences (Figure 3
and Table 1). Kesselwandferner and Vernagtferner were similar
between 2800 and 3100 m a.s.l., with differences less than 0.12 m
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TABLE 2 | Linear regression parameters based on certain elevation ranges below
the equilibrium line for the 1981-2010 reference mass-budget profiles of
Hintereisferner, Kesselwandferner and Vernagtferner: slope, intercept, and
coefficient of determination (R2).

Hintereisferner Kesselwandferner Vernagtferner

Averaging [years] 30 30 30
Elevation range [m] 2500-2850 2800-3150 2750-3100
Slope [10° kg m—3 +0.012 +0.009 +0.009
871]*

Intercept [m] —34.64 —29.79 —27.80
Coefficient of 1.00 0.99 0.99

determination (R?)

*The unit [10° kg m~2 a~'] is equivalent to [m w.e. a~'].

TABLE 3 | Utilized documented geometries of Hintereisferner, Kesselwandferner
and Vernagtferner.

Geometries

Hintereisferner 1850, 1894, 1920, 1939, 1953, 1962, 1969, 1979, 1991,

1997, 2006, 2010, 2013, 2016*

Kesselwandferner 1939, 1966, 1971, 1979, 1991*, 1997, 2006, 2010, 2013,
2016*

Vernagtferner 1846, 1889, 1897, 1899, 1901, 1904, 1912, 1938, 1954,
1966, 1969, 1979, 1982, 1990, 1999, 2006, 2009, 2016*

*Estimated geometries.

w.e. a~! per elevation interval, except at 2900-2950 m a.s.l.
where the difference was 0.32 m w.e. a~! with Kesselwandferner
being more positive. In the same elevation range, Hintereisferner
was less negative by 0.53 m w.e. a~! at 3050-3100 m a.s.l.
to 1.25 m w.e. a~! at 2800-2850 m a.s.l than the average
of the other two glaciers. The reference ELA of Vernagtferner
was 3250 m a.s.l; the reference ELAs of Kesselwandferner and
Hintereisferner were, respectively, 100 and 150 m lower. In the
accumulation area, the mass-budget maximum of Hintereisferner
was +0.41 m w.e. a~! at 3300-3350 m a.sl Similarly, the
mass-budget maximum of Kesselwandferner was +0.39 m we.e.
a~! at 3250-3300 m a.s.l. At these elevations, Vernagtferner
was not as positive (4-0.11 m w.e. a~!), while its mass-budget
maximum was +0.24 m w.e. a~! at 3450-3500 m a.s.l. For all
three glaciers, the mass-budget standard deviations above 3150 m
a.s.l. were smaller than 0.40 m w.e. a~!. The variability increased
similarly for all three glaciers with decreasing elevation until
3050 m a.s.l. Below 3050 m a.s.l., Kesselwandferner’s mass budget
distinctly stood out as the more variable one, while below 3000 m
a.s.l. its mass-budget standard deviations were about double the
average of the other two glaciers (greater by 90-109%), ranging

between 1.07 and 1.38 m w.e. a~ L.

Centered vs. Geometric Mass-Budget

Anomalies

Between 1981 and 2010, Kesselwandferner was consistently the
least negative amongst the three glaciers with —0.27 m w.e. a1
average mass budget, while Vernagtferner and Hintereisferner
were, respectively, about twice and three times as negative (—0.60
and —0.87 m w.e. a~!; Figures 4A,B). The agreement amongst

the conventional mass-budget series (correlation coefficients R
between 0.83 and 0.91) is more evident in the comparison of
the centered anomalies (Figures 4C,D). The average centered
mass-budget anomaly in the 1980s (1981-1990) was +0.168 m
w.e. a1, while in the 1990s (1991-2000) it was +0.004 m w.e. a~ !
(a98% decrease with respect to 1980s). On the contrary, the 2000s
(2001-2010) had strongly negative average centered mass-budget
anomaly (—0.172 m w.e. a~h.

The geometry signals derived from the application of
the reference mass-budget profiles on documented glacier
geometries within the reference period (Table 3) are presented in
Figure 4A (also Supplementary Table S3). The geometric mass-
budget anomalies with respect to these signals are presented in
Figures 4E,F. Contrary to the centered mass-budget anomalies
(Figure 4C), the averages of the geometric mass-budget
anomalies are not equal to zero (40.010, +0.014 and
—0.2-1073 m w.e. a~! for Hintereisferner, Kesselwandferner
and Vernagtferner, respectively) because the geometry signals
are nonlinear, with 1981-2010 averages not necessarily equal
to the 1981-2010 average mass budgets. The average geometric
mass-budget anomaly was +0.225 m w.e. a~! in the 1980s, and
+0.011 m w.e. a~! in the 1990s (34 and 196% more positive
than the respective average centered anomalies). The average
geometric mass-budget anomaly in the 2000s was —0.213 m
w.e. a~ 1, 24% more negative compared to the average centered
mass-budget anomaly.

The Root-Mean-Square Deviations of the geometric
mass-budget anomalies from their average in Figure 4E
were 0.14, 0.09 and 0.13 m w.e. a~! for Hintereisferner,
Kesselwandferner and Vernagtferner, respectively. The
application of simple linear regressions on the average
curves of both the geometric and centered mass-budget
anomalies in Figures 4E,C, respectively, quantified the
difference between the two cases. Over the 1981-2010
period, the geometric mass-budget anomalies decreased by
20.3-107% m w.e. a~2 (Figure 4E), which is 31% more than
the estimate derived from the centered mass-budget anomalies
(ie,—155107> m we. a~% Figure 4C). We stress that
these linear regressions represent the means of comparison
of the two cases, and should not be considered as climatic
trends.

Glacier Geometry and Climate Forcing
The glacier-specific climate forcings during 1981-2010 are
shown in Figure 5, where positive mass-budget residuals
imply enhanced mass loss, and negative mass-budget residuals
imply reduced mass loss or mass gain (see Equation 6; cf.
Huss et al, 2012). Climate variability impacted all three
glaciers in a consistent way throughout the three decades.
In all thirty years, the climate forcing on Vernagtferner
(Hintereisferner) was within —104 and +76 (+114)% of
the geometry signal. An exception occurred only in the
extreme-melt year of 2003 (Fink et al, 2004) when the
climate forcing on Vernagtferner was 254% of the geometry
signal.

The effect of interannual climate variability was generally
more pronounced on Kesselwandferner than on the other two
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glaciers. Especially between 2000 and 2010, the climate forcing on
Kesselwandferner became substantially more pronounced than
in the years before, while it was more than double the geometry
signal in seven out of the eleven years. The pronounced climate
forcing on Kesselwandferner after the year 2000 was due to its
small geometry explaining less than 0.23 m w.e. a~! mass loss
in response to the reference climate (i.e., geometry signal less
negative than —0.23 m w.e. a~!), and strongly negative annual
mass budgets (Figure 4A).

Changing Glacier Geometries and Mass

Fluxes

The geometry change of a glacier determines the area distribution
of ablation and accumulation, and therefore the mass gain
and loss at the glacier surface. Setting glacier geometries
from different years against a reference climate reveals the
alteration of the glacier’s mass fluxes due to its adapting
geometry. The calculation of reference-climate mass-budgets
at discrete elevation intervals of all three glaciers in specific
years occurs by multiplying their elevation-area distributions in
those years with the 1981-2010 reference mass-budget profiles,
according to:

Baref; = Sa; * bref- 7)

The geometries of all three glaciers were documented in
1979, before the beginning, and in 2006, before the end of the
1981-2010 reference period (Figures 6A,B). In the case of the
1979 geometries, the accumulation-area totals of Hintereisferner
and Kesselwandferner defined by the reference ELAs were +0.559
and +0.610 Megatonne (Mt) a~ !, respectively, despite their very
different sizes. We note that 1 Mt equals 10° m> of water or

0.28 m elevation change over 4 km? uniform glacier-surface
area (cf. Figure 2) assuming water and glacier-ice densities
equal to 1000 and 900 kg m~3, respectively. Vernagtferners
accumulation-area total was less than half that of Hintereisferner
(0.270 Mta~!). On the other hand, despite its larger ablation area
(7.10 km?) and increased ablation per unit area below 3100 m
a.s.l. (Figure 3D), Vernagtferner’s ablation-area total amounted
to 62% (—5.540 Mt a~ 1) that of Hintereisferner, whose smaller
ablation area (5.43 km?) extended by 350 m to lower and hence
warmer elevations. Kesselwandferner’s ablation-area total was the
smallest and equal to 2.105 Mt a~! from its 1.72 km? ablation
area.

In the case of the 2006 geometries, all glacier areas defined by
the reference ELAs were reduced by less than 1 km? compared to
1979, except for the ablation area of Hintereisferner (—1.18 km?)
as a result of substantial retreat by 421 m (Leclercq et al., 2014).
The accumulation-area totals of all glaciers were reduced by
0.068 Mt a~! or less between 1979 and 2006. The ablation-area
totals of Hintereisferner and Kesselwandferner were reduced by
24% (—2.166 Mt a—!) and 39% (—0.830 Mt a—!), respectively.
We stress that these differences between 1979 and 2006 were only
due to geometry changes under our stable-climate hypothesis,
and not due to actual physical processes such as firnline
migration.

DISCUSSION

Recent Changes

Due to the close proximity of the three glaciers to one
another, the influence of local climate on their mass budget is
similar, implying that the differences amongst the 1981-2010
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reference mass-budget profiles (Figure 3) are due to the
glaciers’ different aspects, and geometries (Figure 2). For
example, Hintereisferner’s reduced mass loss per unit area
below 3100 m as.l. is due to its northeasterly aspect, and
hence reduced solar radiation on its surface (Van de Wal
et al, 1992) compared to the other two glaciers. Another

example is the reduced mass budget at the higher parts
of Vernagtferner compared to the other two glaciers due
to its southerly aspect, and hence longer exposure to solar
radiation and prolonged daily surface melt. The decreased
mass-budget variability in the high areas of all three glaciers
(Figure 3 and Table 1) suggests that interannual climate
fluctuations and long-term trends affected mostly their ablation
areas. This is because mass changes of glaciers in the
European Alps are mostly driven by surface-melt - and
not accumulation - variability (cf. Medwedeff and Roe,
2017). The implication is that any climatic signatures on
the evolution of Alpine glaciers should be mostly contained
in documented mass changes of their ablation areas. This
is in agreement with the interpretation of ablation-area
point mass budgets in the European Alps by Vincent et al
(2017). We note that should the observed firn depletion
and disturbance of the altitudinal mass-budget gradients
of the three glaciers during extreme-melt years since 2000
become more frequent, it will fundamentally alter the above
norm.

A reference ELA can be used to define reference-climate
Accumulation-Area Ratios (AARs; reference-climate ratios of
the accumulation area to the total area of a glacier). The
comparison of the 1979 and 2006 reference-climate AARs
reveals the nature of the recent geometric evolution of the
glaciers. The 1979 reference-climate AAR is below half for
the two larger glaciers (0.40 for Hintereisferner and 0.26 for
Vernagtferner), while it is 0.61 for Kesselwandferner. The 2006
reference-climate AARs of Hintereisferner and Kesselwandferner
are slightly increased (0.43 and 0.65, respectively) compared
to 1979, as the reduction of their ablation areas defined by
the reference ELA (—1.18 and —0.36 km?, respectively) is at
least 71% greater than the reductions of their accumulation
areas (—0.50 and —0.21 km?, respectively). In the case of
Vernagtferner, the —0.68 km? reduction of the accumulation
area as defined by the reference ELA between 1979 and 2006 is
comparable to the corresponding reduction of the ablation area
(—0.70 km?), and results in lower reference-climate AAR (0.22).
The lower reference-climate AAR of Vernagtferner implies a
reduced accumulation-area total by 25% (—0.068 Mt a~ly,
while the ablation-area total of the glacier is reduced only by
8% (—0.463 Mt a~!). Expanding the comparison to several
of Vernagtferner’s geometries (Figure 6C) shows more clearly
that the glacier’s geometry since 1979 has been favoring stable
mass loss from its wide ablation area. At the same time,
the limited mass gain at the highest parts of Vernagtferner
has been reducing due to the reducing accumulation area.
An interesting comparison of these more recent geometries
of Vernagtferner with geometries from further back in time
shows increased mass loss after surging events such as in 1846
or 1904; the sudden advances to lower and warmer elevations
increased each time Vernagtferner’s climate sensitivity. After each
surging event, the glacier tongue experienced enhanced surface
melt and rapid geometric adjustment (i.e., retreat), while the
accumulation area was mechanically reduced; hence, the surging
events of Vernagtferner were the cause of early extensive mass
losses.
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Geometry Signals and Reference Period

Performing the same methodology while using the less
negative 50-year (1967-2016) reference mass-budget profiles
(Supplementary Figure S1 and Supplementary Table S1) results
in less negative reference-climate mass budgets; the three glaciers
are closer to steady states with respect to the 1967-2016 rather
than the 1981-2010 average climate (Figure 7). In particular,
Kesselwandferner in the 50-year analysis has been nearly at
steady state in 2009 and 2010 with geometry signal between
—0.01 and +0.01 m w.e. a~!. Even though the magnitude
of the reference-climate mass budgets is dependent on the
reference period, the geometry signal is mostly uninfluenced
(Figure 7). This is because neither the glacier geometries
and surface properties nor the surrounding terrain changed
enough between the two periods as to alter the gradients of
the reference mass-budget profiles. The associated uncertainty
in the reported 1981-2010 mass-budget trend is of the order
of 107* m w.e. a~? (ie, over the 1981-2010 period, the
geometric mass-budget anomalies decreased by 20.9-107> m w.e.
a~2, according to the 50-year analysis). With our approach,
we isolate a geometry component of glacier mass loss, which,
whilst it typically lags behind climate variations, results in
pronounced long-term changes in a warming climate. The
impact of glacier geometry on mass loss could be considerable

during accelerated climate changes. The application of this
method could reveal the mass-budget sensitivity of various
glacial regions to different climate scenarios (cf. Braithwaite and
Zhang, 1999a), while such geometry signals have strong potential
to serve as reference for the dynamic calibration of ice-flow
simulations.

Long-Term Evolution

Recent methodological advances in laser scanning can resolve
glacier topography at centimeter accuracy in the horizontal
and vertical (cf. Joerg et al, 2012). Earlier glacier geometries
were documented by means of aerial photogrammetry involving
increased topographic uncertainty (cf. Baltsavias et al., 2001).
The highest topographic uncertainties are of the order of 1-10
m, and are expected in glacier geometries from the beginning
of the twentieth century deduced by terrestrial photogrammetry
(cf. Haggrén et al, 2007). Geometries from the end of the
Little Ice Age (i.e., around 1850) are based on trimlines and
old drawings and can be more speculative due to uncertain ice
thickness. The uncertainty is in all cases increased at higher
elevations where persistent snow cover can hinder the accurate
resolution of the glacier extent and determination of elevation.
Nevertheless, an interesting exercise is to apply the reference
mass-budget profiles on historical geometries as well, in order
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to reveal the individual adjustments of the glaciers toward
steady states, in addition to their response to short-term climatic
trends.

The reference-climate mass budgets of historical glacier
geometries of the three glaciers with respect to 1981-2010
are presented in Figure 8A. The normalized reference-climate
mass-budget deviations with respect to 1981-2010 are presented
in Figure 8B, and indicate how different the historical glacier
geometries were from the 1981-2010 average state. The
normalization occurs according to:

l;a,ref - I;a,ref
aref = T —— >

ba, ref

®)

where l.)a’,ef is in each case equal to the average of the 1981-2010
geometry signal (Figure 7).

Since the beginning of mass-budget monitoring,
Hintereisferner is the furthest from a steady state amongst
the three glaciers (Figure 8A). A linear regression on
Hintereisferner’s 1850-2010 reference-climate mass budgets
reveals an adjustment toward a steady state by about +3.5-1073
m w.e.a~2 with respect to 1981-2010. This long-term adjustment
toward a steady state is related to the rather persistent retreat
of its glacier tongue since the mid-nineteenth century (Figure 2
and Supplementary Video S1). Increased winter precipitation
between c. 1909 and 1925, adding to the effect of low summer
air temperatures, were enough only for a 70-m advance of
Hintereisferner, and hence the temporary increase of its
sensitivity to climate fluctuations (Supplementary Text S1 and

Supplementary Figure S3). This short advance was compensated
by 1929 (Leclercq et al., 2014).

Vernagtferner adjusted similarly to Hintereisferner from the
mid-nineteenth century until 1979 (Figure 8B); however, its
geometric adjustment was also characterized by its surging
activity (Supplementary Video S2). In the early 1980s, having
completely lost its glacier tongue, Vernagtferner entered a
phase of stable mass loss, which is understood since the
reference-climate mass budgets with respect to 1981-2010
did not decrease in magnitude (Figure 8A; cf. Huss et al,
2012). This stable mass loss occurs predominantly by thinning
rather than retreat (Figure 2 and Supplementary Video S3),
without substantial ablation-area reduction that would otherwise
be possible by retreat, and is the reason for Vernagtferner’s
altering characteristics (i.e., lowering of its reference-climate
AAR).

Kesselwandferner, due to its size and special geometry, is in
principle the closest to a steady state (Figure 8A); however, it has
exhibited fast geometric responses to short-term climatic trends
(Figure 8B and Supplementary Figure S3; Patzelt, 1985). The
advance until 1985 led Kesselwandferner to an off-steady state
trajectory. Ever since the end of its advance, Kesselwandferner
is rapidly adjusting toward a steady state by about +13.5-1073
m w.e. a~2 (1991-2010 trend based on linear regression) with
respect to 1981-2010.

The above interpretation suggests that Hintereisferner and
Vernagtferner will continue to lose mass in the future
predominantly by retreat and thinning, respectively, even in a
cooler climate (i.e., 1967-2016 average; Supplementary Text S1
and Supplementary Figure S3) than the 1981-2010 average
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(Philipona and Diirr, 2004; Auer et al., 2007; Bohm and Hiebl,
2013). This confirms earlier studies of various methodologies,
which suggested the vulnerability of sizable Alpine glaciers in
the current century (e.g., Paul et al., 2004; Zemp et al., 2006;
Haeberli et al., 2007; Paul, 2010). While Hintereisferner has
been adjusting its geometry, thereby being in the long run more
resilient, Vernagtferner is already disintegrating (Supplementary
Video S4). Kesselwandferner would be able to reach a steady
state in a climate stable around the 1981-2010 average. However,
considering recent temperature trends (Bohm et al, 2001;
Biintgen et al., 2005) and the forecasted 21st century warming
of the region (Fink et al, 2004; Roe and Baker, 2007), the
three glaciers, as well as all glaciers in the European Alps
(Beniston et al., 2018), are expected to experience extended mass
losses.

CONCLUSION

We extracted geometry signals and, with respect to these
signals, geometric mass-budget anomalies from the mass-
budget series of Hintereisferner, Kesselwandferner and
Vernagtferner in the Otztal Valley, Austria. The average
geometric mass-budget anomalies in the 1980s and 1990s were
+0.225 and +0.011 m w.e. a~!, respectively; these estimates
were 34 and 196% greater, respectively, than the average
centered mass-budget anomalies. The average geometric mass-
budget anomaly in the 2000s was —0.213 m w.e. a~!, 24%
more negative compared to the average centered mass-budget
anomaly. Overall, during 1981-2010 the geometric mass-budget
anomalies suggested 31% increased mass loss (—20.3-1073 m
w.e. a~2) compared to the centered mass-budget anomalies.
The uncertainty of these mass-budget trends related to the
extraction of the geometry signals was estimated to be of the
order of 107% m w.e. a~!. Geometry signals extracted in this
way could constrain better the dynamic calibration of ice-flow
simulations.

The examination of the 1979 and 2006 glacier geometries
using as reference the 1981-2010 average climate showed
that the ablation-area reduction of Hintereisferner and
Kesselwandferner between the 2 years was at least 71%
greater than the accumulation-area reduction. On the other
hand, Vernagtferner between 1979 and 2006 and with respect
to the 1981-2010 average climate lost approximately equal
amounts from both the ablation and accumulation area
(—=0.70 and —0.68 km?, respectively), while the latter was
about three times greater than the corresponding reduction
of the accumulation area of Kesselwandferner (—0.21 km?).
This pattern of the recent area-loss of Vernagtferner is
related to reduced accumulation compared to the other two
glaciers, and early extended mass loss caused by surging
events.

The long-term evolution of the glaciers since the
mid-nineteenth century, suggested that Hintereisferner and
Kesselwandferner will continue their retreat. Kesselwandferner
has the greatest potential to reach a steady state, should the
climate stabilize around the 1981-2010 average. Vernagtferner

will keep losing mass by thinning, which will further its ongoing
disintegration.

A glacier’s state is best defined with respect to a reference
climate. Our analysis suggests that in a region such as the
European Alps, where surface-melt variability drives glacier
changes, glaciers whose area losses at lower elevations are greater
than at higher elevations stand a greater chance to reach a steady
state in a 1981-2010 average climate. However, climate changes
occur generally on shorter timescales than glacier changes. In
most cases, glaciers are adapting to previous climatic conditions,
hence until a steady state is reached with respect to 1981-2010,
extended mass losses are inevitable due to still greatly unfit glacier
geometries.

In reality, both climate and glaciers can never be stable.
Currently, the European Alps are much warmer than during
1981-2010, and they are expected to get even warmer in
the course of the current century. Our study highlights by
example of three well-documented Austrian glaciers that central
European glaciers are predestined to experience severe mass
losses.
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