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This study aims at developing and applying a spatially-distributed coupled glacier
mass balance and ice-flow model to attribute the response of glaciers to natural and
anthropogenic climate change. We focus on two glaciers with contrasting surface
characteristics: a debris-covered glacier (Langtang Glacier in Nepal) and a clean-ice
glacier (Hintereisferner in Austria). The model is applied from the end of the Little Ice
Age (1850) to the present-day (2016) and is forced with four bias-corrected General
Circulation Models (GCMs) from the historical experiment of the CMIP5 archive. The
selected GCMs represent region-specific warm-dry, warm-wet, cold-dry, and cold-wet
climate conditions. To isolate the effects of anthropogenic climate change on glacier mass
balance and flow runs from these GCMs with and without further anthropogenic forcing
after 1970 until 2016 are selected. The outcomes indicate that both glaciers experience
the largest reduction in area and volume under warm climate conditions, whereas area
and volume reductions are smaller under cold climate conditions. Simultaneously with
changes in glacier area and volume, surface velocities generally decrease over time.
Without further anthropogenic forcing the results reveal a 3% (9%) smaller decline in
glacier area (volume) for the debris-covered glacier and a 18% (39%) smaller decline
in glacier area (volume) for the clean-ice glacier. The difference in the magnitude
between the two glaciers can mainly be attributed to differences in the response time
of the glaciers, where the clean-ice glacier shows a much faster response to climate
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change. We conclude that the response of the two glaciers can mainly be attributed to
anthropogenic climate change and that the impact is larger on the clean-ice glacier. The
outcomes show that the model performs well under different climate conditions and that
the developed approach can be used for regional-scale glacio-hydrological modeling.
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INTRODUCTION

Ongoing global warming has resulted in the retreat of glaciers
over the last decades with important consequences for the society
and the environment. Glacier mass loss has contributed to global
sea-level rise (Radi¢ and Hock, 2011; Gregory et al., 2013) and
seasonal changes in river discharge (Kaser et al., 2010; Immerzeel
et al., 2012; Lutz et al., 2014; Beniston et al., 2018; Hanzer et al.,
2018; Huss and Hock, 2018). In addition, glacier retreat will most
likely lead to natural hazards as a result of the destabilization
of mountain slopes and hanging glaciers or the development of
moraine-dammed lakes (Frey et al., 2010; Faillettaz et al., 2015;
Haeberli et al., 2017).

Global glacier retreat started at the end of the Little Ice
Age (LIA), which terminated globally around 1850 (Leclercq
et al,, 2011) and coincided with the Industrial Revolution that
led to an increase in the emission of greenhouse gasses. Since
the glacier area/length response to climate change has a lag
of several decades (Johannesson et al., 1989; Adhikari et al,,
2011; Banerjee and Shankar, 2013; Banerjee, 2017) it is difficult
to unambiguously attribute glacier retreat to anthropogenic
causes (Marzeion et al., 2014). In the nineteenth century, the
anthropogenic influence on the climate system was limited,
which therefore could not be the main cause of glacier mass
losses (Myhre et al., 2013). Over the twentieth century, however,
the anthropogenic influence increased rapidly as a result of the
ongoing industrialization, in particular after the 1970s (Myhre
et al., 2013). These increases have resulted in the anthropogenic
climate signal becoming a prevailing explanation for the observed
decrease in glacier mass since the 1980s (Marzeion et al., 2014;
Hirabayashi et al., 2016).

Until now, the anthropogenic and natural influences on
historical glacier changes have mainly been investigated in studies
with a focus on changes in glacier mass balance (Marzeion et al.,
2014; Hirabayashi et al., 2016). Several studies have, however,
found a relation between glacier dynamics and thinning rates on
glaciers (Huss et al., 2007; Berthier and Vincent, 2012; Banerjee,
2017; Dehecq et al., 2019). For example, Berthier and Vincent
(2012) found that accelerated thinning rates during the last
decades on the Mer de Glace Glacier, a partially debris-covered
glacier in France, could partly be attributed to reduced ice fluxes.
A more recently published study on glacier slowdown in High
Mountain Asia (Dehecq et al., 2019) revealed that glaciers in most
parts of the region show a sustained slowdown that is associated
with ice thinning. Also, the authors found stable or increased ice
flow in the regions around the Tibetan Plateau and the Tarim
river basin where stable or positive mass balances are observed.
Banerjee (2017) found that thinning rates on both debris-covered
and clean-ice glaciers were dependent on the relation between
mass balance changes and ice flux changes. Clean-ice glaciers
show a different response to climate change than debris-covered
glaciers because the supraglacial debris generally insulates the ice
(@strem, 1959; Nicholson and Benn, 2006; Reid and Brock, 2010;
Jouvet et al., 2011; Rowan et al.,, 2015). On clean-ice glaciers,
larger thinning rates are caused by a combination of reduced
ice flow and a negative surface mass balance, which correspond
to receding termini. On debris-covered glaciers, on the other

hand, the negative mass balance is rather small due to insulation
of the surface, which in combination with a reduced ice flow
result in surface lowering, but without an considerable retreat
of the glacier terminus (Naito et al., 2000; Hambrey et al., 2009;
Banerjee and Shankar, 2013; Rowan et al., 2015; Banerjee, 2017).
To understand the response of both types of glaciers to climate
change, it is therefore necessary to make a proper coupling
between mass balance models and ice flow models that have a
sufficient representation of glacier dynamics (Huss et al., 2007;
Adhikari and Marshall, 2013; Clarke et al., 2015; Shea et al., 2015).

Existing ice flow models vary between simple flowline
models (Greuell, 1992; Van De Wal and Oerlemans, 1995;
Span et al., 1997; Oerlemans et al., 1998; Huss et al., 2007;
Adhikari and Huybrechts, 2009; Adalgeirsdottir et al., 2011;
Banerjee and Shankar, 2013) and spatially-distributed three-
dimensional higher-order or Stokes models (Leysinger Vieli
and Gudmundsson, 2004; Jouvet et al., 2011; Seroussi et al,,
2011; Adhikari and Marshall, 2012a, 2013; Jouvet and Funk,
2014; Zekollari et al,, 2014). A simple description of glacial
ice deformation is provided by the so-called Shallow Ice
Approximation (SIA) of Stokes equations (Hutter, 1983), where
ice flow can be obtained from a local gradient in glacier surface
elevation and ice thickness (Egholm et al., 2011). This approach
has the main advantage that the computational cost and data
demand are low in comparison with the more complex higher-
order or Stokes models, and is therefore useful in large-scale
studies of glacier dynamics in data-scarce regions, such as High
Mountain Asia. In addition, the approach enables the calibration
and validation against observed surface velocities (e.g., those
derived from satellite-based imagery) more readily. For large-
scale applications, glacier flow is also represented using a simpler
approach that assumes basal sliding, such as the one described
by Weertman’s sliding law (Weertman, 1957), to be the main
driver of glacial movement. Many glaciers, however, are driven by
a combination of internal deformation and basal sliding, which
therefore hampers the calibration and validation of modeling
approaches that solely rely on basal sliding laws (Nye, 1965;
Cuffey and Paterson, 2010; Adhikari and Marshall, 2013). SIA
models, by design, assume the dominance of vertical shear stress
at the ice/bed interface and ignore higher-order stresses that
describe lateral and longitudinal drags, which might limit its use
on fast-flowing or steep/narrow valley glaciers (Le Meur et al,,
2004; Adhikari and Marshall, 2013). To overcome this drawback,
higher-order perturbative corrections to shallow ice models may
be considered (Egholm et al., 2011; Rowan et al., 2015). However,
the implementation of such corrections increases numerical
complexity. Therefore, to account for the higher-order physics,
correction factors are used that can sustain the simplicity of SIA
models and yet obtain more realistic results at the same time
(Nye, 1965; Adhikari and Marshall, 2011, 2012b).

Many models based on the SIA have been applied as flowline
models (Adhikari and Huybrechts, 2009; Banerjee and Shankar,
2013). Although these types of models are easy to apply, they
still require a priori knowledge of the number and orientation of
flowlines on glaciers. This can be a disadvantage when applied
over longer timescales (i.e., due to the varying orientation of
flowlines over time) or at a larger spatial scale (i.e., when a
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larger number of flowlines is required to represent realistic
dynamics of glaciers), which eventually reduces the compatibility
of flowline models with gridded regional-scale hydrological
models. In this context, spatially-distributed SIA models can be
useful. As these models simulate the two-dimensional flow of
ice, a priori information about flowline geometry is not required.
These spatially-distributed SIA models are useful in simulating
the evolution of the boundary and hypsometry of glaciers
that naturally allows the feedbacks between glacier dynamics
and mass balance forcing to be taken into account. Spatially-
distributed SIA models should be invaluable for the accurate
and efficient representation of glaciers in gridded regional-
scale hydrological models (e.g., Immerzeel et al., 2012, 2013;
Shea et al., 2015).

The main aim of this study is to develop and apply a spatially-
distributed coupled glacier mass balance and dynamical ice-flow
model toward understanding the response of glaciers to natural
and anthropogenic climate change. We focus on two glaciers with
contrasting surface characteristics: the Hintereisferner, which
is a clean-ice glacier located in the European Alps, and the
Langtang Glacier, which is a debris-covered glacier located in
the Central Himalayas. We apply the model from the end of the
LIA (1850) to the present-day (2016) and force the model with
the outputs of four bias-corrected General Circulation Models
(GCMs) that were pre-selected from the historical experiment of
the Coupled Model Intercomparison Project Phase 5 (CMIP5).
For the selected GCMs we selected runs with and without further
anthropogenic forcing from 1971 onwards to separately assess the
effects of anthropogenic climate change on glacier mass balance
and flow. The novelty of this study in comparison with previous
works in the two regions is its attribution of the response of
two contrasting glaciers (i.e., in terms of surface characteristics)
to natural and anthropogenic historical climate change using a
coupled glacier mass balance and dynamical ice-flow model.

STUDY AREA

We focus on two glaciers: the Langtang Glacier (Central
Himalayas, Nepal), and the Hintereisferner (Central Eastern
Alps, Austria) (Figure 1).

Langtang Glacier (28.296972 °N 85.709775°E) is a debris-
covered valley glacier, which is located ~70km north of
Kathmandu. The glacier has a length of ~18km and covers
an area of 46.5 km? (2006; Ragettli et al., 2016). The elevation
ranges from 4370m as.l. at the terminus to 7119m asl in
the northernmost part of the catchment. The glacier surface
slope varies from 4 to 88% with a mean of 32%. About 35%
of Langtang Glacier is covered with debris, where most of the
debris can be found in the ablation areas below 5200 m. a.s.l.
The transition from debris-covered to clean-ice surfaces is very
short and the heterogeneous surface of the Langtang Glacier
is characterized by scattered ice cliffs and supraglacial ponds
throughout all seasons (Ragettli et al., 2016; Steiner et al, in
review). The climate in the Langtang Valley is dominated by
the Indian monsoon with predominant easterly winds during
the monsoon period and westerly winds from October to May

(Immerzeel et al., 2012). During the monsoon period, more
than 70% of the annual precipitation falls, whereas winters are
relatively dry (Immerzeel et al., 2012; Collier and Immerzeel,
2015). In general, precipitation decreases with altitude during the
monsoon season, whereas during the winter season precipitation
increases with altitude (Collier and Immerzeel, 2015). The mean
daily temperature at Kyangjin meteorological station (3930 m
a.s.l; located ~12km from Langtang Glacier) is 4.0°C, and the
mean annual precipitation sum 665 mm (over 1988-2016).

Hintereisferner (46.798814°N 10.770068°E) is a clean-ice
valley glacier located in the upper part of the Rofental, Otztal
Alps, Austria. The glacier has a long record of investigations with
the first measurements dating from 1894 and is classified as a
“reference glacier” by the World Glacier Monitoring Service. This
means that glacier changes are mainly driven by climate inputs
and are not subject to other major influences, such as heavy
debris cover, avalanching, surging, ice calving, or artificial snow
(WGMS, 2018). The glacier has a length of approximately 7 km
and an area of 7.4 km? (2006; Charalampidis et al., 2018). The
total area of glaciers (including the adjacent Kesselwandferner
and Hochjochferner) amounts to 19.5 km?. During the LIA, the
length of the Hintereisferner reached up to about 10 km. Further,
the Kesselwandferner used to be linked with the Hintereisferner,
but has been detached since the 1920s (Kuhn et al., 1985). The
elevation ranges from 2238 m a.s.l. at the LIA terminus of the
Hintereisferner to 3661 m a.s.l. The glacier surface slope varies
from <1 to 78% with a mean of 25%. The climate in the Rofental
can be characterized as a dry inner alpine climate with the
lowest precipitation sums during winter (~125mm) and the
highest precipitation sums during summer (~265mm) at the
meteorological station in Vent (1,900 m a.s.l; located ~10km
from the Hintereisferner) (over 1987-2016). The mean annual
precipitation sum amounts to 750 mm and the higher annual
precipitation sums (>1,500 mm) are mainly measured at the
higher altitudes around 3000 m a.s.l. (Strasser et al., 2018). The
annual average temperature at the meteorological station in Vent
is 3°C (over 1988-2016).

DATA AND METHODS

Historical and Reference Daily Climate
Forcing

The glacier mass balance and ice-flow model is forced with
climate data for the period 1851-2016. The forcing consists
of two datasets: observed climate data derived from local
meteorological stations and modeled climate data derived from
GCM outputs.

The observed climate data consists of daily precipitation
and mean air temperature data extracted from the Vent and
Kyangjin stations for a 30-year period (1987-2016) and a 29-
year period (1988-2016), respectively. The meteorological data
of Vent station were complete, whereas the data of Kyangjin
station required some gap filling. About 13% of the data is
missing and gaps mainly occur randomly with the majority
of the missing values occurring in the periods 1989-1994 and
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FIGURE 1 | The Langtang Glacier (left) and Hintereisferner (right) with the glacier outlines of 1850 (turquoise), the current glacier outlines (red), and the current debris
extents (black stripes; Langtang Glacier). The other glaciers (light blue) and the locations of the primary and secondary meteorological stations (green and yellow dots,
respectively) in the region are also shown. The numbers 1, 2, and 3 denote the locations of the Hintereisferner, Hochjochferner, and Kesselwandferner, respectively.
The numbers |-VIII denote the locations of the Yala base camp (1), Hochjochhospiz (Il), Latschbloder (lll), Bella Vista (IV), Hintereis (V), Rofenberg (VI), Proviantdepot
(VII), and Vernagtbrticke (VIII) stations. Source of the glacier outlines are the Randolph Glacier Inventory v6 (Pfeffer et al., 2014) and the Austrian glacier inventories

(Abermann et al., 2009; Fischer et al., 2015). The debris extents are obtained from Kraaijenbrink et al. (2017).

2012-2016. These gaps were filled with bias-corrected ERA-
Interim data (Dee et al., 2011). The temperature data are
spatially interpolated by lapsing temperature from the station
elevation to the grid cell elevation, using a 30 m DEM and
vertical monthly temperature lapse rates. We use the SRTM
DEM (Farr et al., 2007) and the EU-DEM (EEA, 2017) for the
Langtang Glacier and Hintereisferner, respectively. The monthly
temperature lapse rates for the Langtang Glacier are derived from
daily mean air temperature data for the period 2013-2014, which
are measured at Kyangjin station and Yala base camp station
(28.23252°N 85.61208°E; 5090 m a.s.l.). For the Hintereisferner,
the monthly temperature lapse rates are derived from daily mean
air temperature records for the period 2013-2016, which are
measured at the Vent, Latschbloder (46.80118°N 10.80561°E;
2910m a.s.l.), and Bella Vista (46.78284°N 10.79138°E; 2805 m
a.s.l.) stations (Strasser et al., 2018). The derived temperature
lapse rates are subsequently corrected by correction factors to
account for the long-term uncertainty in the derived lapse rates.
To this end, the mean elevation of the 0°C isotherm derived

by Heynen et al. (2016) and the long-term mean elevation
of the 0°C isotherm (3220 m a.s.l.) derived by Fischer (2010)
are used as reference for Langtang Glacier and Hintereisferner,
respectively. The corrected averaged annual temperature lapse
rates are 0.0064°C m~! and 0.0073°C m™! at Langtang Glacier
and Hintereisferner, respectively. The corrected lapse rates are
0.001°C m~! and 0.0015°C m~! higher than the original rates
derived from the meteorological stations. On monthly basis
the corrected maximum (minimum) lapse rates are 0.0076
(0.0052)°C m~! in March-April (July) at Langtang Glacier and
0.0086 (0.0049)°C m~! in March (December) at Hintereisferner.
The monthly lapse rates are subsequently used to distribute
the daily mean air temperature data from the Kyangjin and
Vent stations over the Langtang Glacier and Hintereisferner
areas, respectively.

The precipitation data are spatially distributed using a
30m DEM, vertical monthly precipitation lapse rates for
the Hintereisferner, and normalized monsoon and winter
precipitation fields for Langtang Glacier. The monthly
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precipitation lapse rates are derived from monthly precipitation
sums measured at the Vent, Latschbloder, Hochjochhospiz
(46.82310°N  10.82616°E; 2360m a.sl), Vernagtbriicke
(46.85461°N  10.82979°E; 2600m a.s.l.), Proviantdepot
(46.82951°N 10.82407°E; 2737 m a.s.l.), Rofenberg (46.80847°N
10.79344°E; 2827m asl), and Hintereis (46.79727°N
10.76096°E; 2964m a.s.l) stations (over the period 1987-
2016) (Strasser et al., 2018). The precipitation lapse rates vary
between 1.3 and 4.7% km~!, with the highest and lowest
lapse rates in the summer and winter seasons, respectively.
The monthly precipitation lapse rates are subsequently used
to distribute the daily precipitation data from Vent station
over the Hintereisferner area. For Langtang Glacier, tabulated
gradients of accumulated precipitation reported by Collier
and Immerzeel (2015) for the monsoon and winter seasons
are used in combination with a 30m DEM to derive spatial
precipitation distributions for Langtang Valley. The monsoon
gradients are in general negative above 3000 m a.s.l.., whereas
during the winter season the situation is reversed, with in general
positive gradients (Collier and Immerzeel, 2015). The spatial
distributions are normalized and used to distribute precipitation
from Kyangjin station over upper Langtang Valley. Normalized
winter distributions are used for the winter, pre-monsoon, and
post-monsoon seasons, and normalized monsoon distributions
are used for the monsoon season.

For the representation of historical climate change, we force
the glacier mass balance and flow model with an ensemble
of downscaled general circulation models (GCMs) that are
realizations from the historical experiment (1851-2005), i.e.,
forced with combined anthropogenic and natural forcings (e.g.,
solar and volcanic). For each region of interest, four GCM runs
are selected from the CMIP5 multi-model ensemble (Taylor
et al,, 2012) for the historical experiment. The GCMs runs are
selected by using an advanced envelop-based approach (Lutz
et al., 2016b), and are selected to represent the full CMIP5
ensemble in terms of simulated ranges in the means of historical
air temperature and precipitation, and have sufficient skill in
the simulation of the present-day climate over our region of
interest. The selected GCM runs and their simulated changes in
air temperature and precipitation are listed in Table 1.

The selected models are statistically downscaled using the
meteorological data of the Kyangjin and Vent stations by
applying a Quantile Mapping methodology that performs
well for mountainous terrains (Themefll et al., 2011). This
method is applied by constructing monthly empirical cumulative
distribution functions that are calculated for the meteorological
data and the historical GCM runs. This encompasses the
period 1988-2005 for the Kyangjin station and 1987-2005
for the Vent station. The empirical cumulative distribution
functions of the meteorological data and the historical GCM
runs are used to calculate correction factors that are subsequently
used to bias-correct the historical GCM runs spanning 1851-
2005 at a daily time step. The bias-corrected GCM runs
are subsequently spatially distributed by using the same
temperature and precipitation lapse rates and normalized
precipitation fields that are used for the spatial distribution of the
meteorological data.

TABLE 1 | Selected ensemble of historical GCM runs for the Hintereisferner and
Langtang glaciers with simulated basin-averaged changes in mean temperature
and precipitation in 1861-1890 relative to 1971-2000.

Location Projection GCM run Period AT (°C)2 AP (%)b

Hintereis Cold, wet CSIRO-MK3-6-0_r8i1p1 1851-2005 —0.1 +3.7
Cold, dry  IPSL-CM5A-MR_r3i1p1  1851-2005 —0.7 —-2.6
Warm, dry CSIRO-MK3-6-0_r1i1p1 1851-2005 +0.1 +1.3
Warm, wet GFDL-CM3_r5i1p1 1861-2005 +0.3 +7.9
Langtang Cold, wet CSIRO-MK3-6-0_r3i1p1 1851-2005 —0.8 +11.8
Cold, dry  bce-csm1-1_r1i1p1 1851-2005 —0.8 -8.3
Warm, dry CSIRO-MK3-6-0_r10i1p1 1851-2005 —0.2 -3.3
Warm, wet ACCESS1-3_r2i1p1 1851-2005 +0.1 +15.6

4T = T1g61-1890 — Tho71- 2000
bp_ (Pwaauwsgo) 100) — 100.

P1971-2000

To separately assess the effects of anthropogenic climate
change on glacier mass balance and dynamics, we follow two
different scenarios: FULL (i.e., combined anthropogenic and
natural climate change) and NATURAL (ie., natural climate
change only). The FULL scenario follows climate change
simulations according to the outputs of the selected GCMs. To
follow the NATURAL scenario, an approach is used that deviates
from the CMIP5 approach, which uses climate models that are
realizations of the historicalNat experiment, ie., forced with
natural climate forcings only. A different approach is used due
to uncertainties that might be introduced by the downscaling of
climate change simulations of the historicalNat experiment and
by the inconsistencies in the simulated temperature trends that
may rise between climate models from the historical experiment
and historicalNat experiment. In this study, the NATURAL
scenario follows climate change simulations that consist of two
parts. The first covers the period 1851-1980 and is identical to
the historical GCM runs. The second covers the period 1971-
2016 and repeats the historical GCM runs that span the period
1925-1970. By means of this approach we remove the trend
in historical climate change simulations after 1970. There is
evidence that the anthropogenic climate signal has become a
prevailing explanation for the observed decrease in glacier mass
since the 1980s (Marzeion et al., 2014; Hirabayashi et al., 2016).
Furthermore, the temperature shows stronger increases since the
late 1970s and early 1980s (Hartmann et al., 2013; Figure 3). For
this reason, we choose to remove the trend in historical climate
change simulations after 1970 and to retain the statistics of 1925-
1970 in order to cover the second part of the climate change
simulations that represent the NATURAL scenario.

Glacier Mass Balance and Ice-Flow Model
We use a spatially-distributed coupled glacier mass balance and
ice-flow model to simulate the glacier response under historical
climate change. The mass balance model is based on a glacier
model developed by Immerzeel et al. (2012) and further refined
by Immerzeel et al. (2013) and Shea et al. (2015). The model is
set up at a spatial resolution of ~30 x 30 m and runs on a daily
time step.
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Daily accumulation is assumed to be equal to the total
precipitation when the daily air temperature is below a critical
threshold temperature. Daily melt (ablation) is simulated by a
degree-day approach that distinguishes the effects of aspect and
occurs when the daily air temperature is above a critical threshold
temperature (Konz and Seibert, 2010; Immerzeel et al., 2012):

M = DDFy* (T—T,) : for T> T, (1)

where M (mm d~!) is the amount of melt, T (°C) is the daily
air temperature, T. (°C) is the critical threshold temperature,
and DDF) is the modified degree-day factor. The modified
degree-day factor is calculated as (Immerzeel et al., 2012):

DDF=DDF(1—Reypcosf) (2)

where DDF is the degree-day factor (mm°C~ ! d™1) and Rexp is
a factor that quantifies the aspect (6) dependence of the degree-
day factor. For debris-covered glaciers, an elevation-dependent
melt factor, Ryepis, is applied to account for the effect of the
debris thickness on melt rates, where the magnitude of melt
rates generally decreases with increasing debris thickness. The
debris melt factors are derived for 50 m elevation bands by using
a relative relation between the mean debris thickness in each
elevation band and ablation rates (@strem, 1959). The debris
thickness is estimated by an exponential relation between debris
thickness and surface temperature, using surface temperature
grids that are derived from the TIR band 10 of the Landsat
8 composite and are corrected for emissivity using the ASTER
global emissivity product (Kraaijenbrink et al, 2017). It is
assumed that the debris thickness and debris melt factors remain
constant over time. The effects of supraglacial ponds and ice-cliffs
on melt rates are not considered explicitly.

In addition to precipitation, avalanches also contribute
significantly to glacier accumulation in steep mountain terrain
(Scherler et al., 2011; Ragettli et al., 2015; Shea et al., 2015; Laha
et al., 2017). To simulate avalanching, the gravitational snow
transport module SnowSlide (Bernhardt and Schulz, 2010) is
used, which assumes snow to be transported downslope when a
maximum snow-holding depth and a threshold slope of 25° are
exceeded (Bernhardt and Schulz, 2010). The maximum snow-
holding depth is deep for flat areas, decreases exponentially
with increasing slope angle, and is calculated by an exponential
regression function (Bernhardt and Schulz, 2010; Ragettli et al.,
2015; Stigter et al., 2017):

SWE o =SSy xe552*$ (3)

where SWE,,,, (m w.e.) is the maximum snow water equivalent,
SS1 (m) and SS, (-) are calibrated empirical coeflicients, and
S (°) is the slope angle. We assume that avalanching does not
occur on pixels classified as glaciers. Hence, on slopes steeper
than the threshold slope for avalanching (i.e., 25°), all snow water
equivalent values of more than 0.5 m are identified as glaciers and
the avalanching of this material is disabled.

In the original model of Immerzeel et al. (2012) glacier
movement is simulated by Weertman’s sliding law. This approach

assumes that glaciers flow as ice slides over the bedrock. Although
this simplistic approach may be reasonable to represent glacier
flow in a regional-scale gridded hydrological model, it certainly
does not capture the essence of glacier flow: a combination of
basal sliding and internal deformation (Cuffey and Paterson,
2010). Here, we model glacier flow based on SIA in which the
ice surface velocity is governed by the local ice thickness and
surface slopes. Unlike existing flow-line models (Huss et al.,
2007; Adhikari and Huybrechts, 2009; Banerjee and Shankar,
2013), we allow ice to flow on a regular gridded mesh in
its preferred direction. This requires us to define the depth-
averaged velocity in x and y direction independently as follows
(Le Meur et al., 2004):

2A Cpg" n_1 ([ 0s 0 "
(ux(S),uy(S))=%|nys| 1(8—;,8—;>h“ (4)

Note that [nys-| "1 assumes that viscosity is isotropic. In the
above equation, uy (s) and u, (s) (m d~1) are horizontal depth-
averaged velocity components in two dimensions as a function
of the surface elevation s (m) , A (Pa=3 s!) is the temperature-
dependent Glen’s flow-law rate constant (Glen, 1955), n = 3
is Glen’s flow-law exponent, p (kg m~%) is the ice density
(916.7kg m~3), g (m s72) is the gravitational acceleration, and
h (m) is the ice thickness. Equation 4 has been modified by
the implementation of a correction factor C. This correction
factor modifies the gravitational driving stress by accounting for
higher-order physics that are not captured in the SIA model,
such as resistances to ice flow due to longitudinal and lateral
stress gradients, and basal sliding (Nye, 1965; Farinotti et al.,
2009; Adhikari and Marshall, 2011, 2012b). The gravitational
driving stress 7, in two horizontal dimensions is described by
Le Meur et al. (2004):

ds 0s
(Txz> Tyz) = pglz—s) <55> ©)
where z (m) represents the depth of a glacier. By modifying
the gravitational driving stress with the correction factor C the
equation becomes:

ds 0s
(2o 1) = Cogle—s) (aa) ©
According to Le Meur et al. (2004) equation 5 is eventually used
to derive an equation that describes the change in velocity over
depth z:

duy, duy _1 [ 0s Os
il e AR Y| n/. .\n Vsl® 1 == 7
% (pg)"(s—2)" [Vs] <8x By) (7)

Implementing the correction factor C it results in:

duy, duy, n _1 ([ 0s 0s

—— - _24(C —2)" [Vs" =, — 8
P (Cog)" (s—2)" [Vs] 2%y (8)

Eventually the integration of equation 8 from z = B (bedrock

elevation) to z = s (surface elevation) leads to the formulation

of equation 4, where h = s-B.
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Mass conservation is ensured by a mass transport equation
that relates ice thickness changes to the horizontal flux
divergence and changes in the net surface mass balance
(e.g., Oerlemans et al., 1998; Adhikari and Huybrechts, 2009;
Cuffey and Paterson, 2010):

oh
= =M—Vyq )
ot

where M is the net surface mass balance (m w.e.) and (qx, gy) =
(ux(s)h, uy(s)h) are the horizontal ice fluxes (m2d~1). Equation 4
and 9 are implemented for each grid cell in the model by means of
a (centered) finite difference scheme. The finite difference scheme
is applied on a regular gridded mesh with a horizontal grid
spacing of ~30 m. Furthermore, a forward explicit time stepping
scheme with a daily step is used, which is found to be stable.

Model Initialization
To initialize the model, the ice thickness for the Hintereisferner
and Langtang Glacier in 1850 is reconstructed.

Hintereisferner

The initial ice thickness for the Hintereisferner is reconstructed
using glacier outlines obtained from the Austrian glacier
inventories of 1850 and 2006 (Abermann et al., 2009; Fischer
et al., 2015), recent (EU-DEM) and reconstructed (1850) DEMs
of the glacier surface, and observed ice thickness profiles over
the period 1855-2006 that are extracted from Schlosser (1997)
and Kuhn (2008). The reconstruction of the initial ice thickness
consists of four steps. First, the ice thickness of 2006 and the
bed elevation is estimated by the GlabTop2 approach (Frey et al.,
2014) using the 2006 outline and the recent surface DEM. Second,
average mass balance changes between 1850 and 2006 are derived
from the observed ice thickness profiles for 100 m elevation
zones. Combined with the recent surface DEM and the 1850
outline, the average mass balance changes are used to derive
a first temporary ice thickness map. Third, a surface DEM for
1850 is constructed by inverse distanced weighted interpolation
of the 1850 outline elevation. The 1850 surface DEM and the bed
elevations are used to derive a second temporary ice thickness
map. The final 1850 ice thickness map is the maximum thickness
of both temporary maps.

Langtang Glacier

For the Langtang Glacier, observations of ice thickness profiles
are not available. For this reason, a different approach is followed
to reconstruct the initial ice thickness for 1850. The initial
ice thickness is reconstructed by using recent glacier outlines
obtained from the Randolph Glacier Inventory (RGI) v6 (Pfeffer
et al., 2014), reconstructed glacier outlines (1850), and recent
(SRTM) and reconstructed (1850) DEMs of the glacier surface.
The reconstruction of the initial ice thickness consists of four
steps as well. First, the present ice thickness and bed elevation
are estimated by the GlabTop2 approach (Frey et al., 2014) using
recent glacier outlines and a recent surface DEM. Second, a first
temporary ice thickness map is derived by using the GlabTop2
approach (Frey et al., 2014) in combination with glacier outlines
and a surface DEM for 1850. The glacier outlines for 1850

are reconstructed based on the LIA moraines that are derived
from Landsat 8 imagery (Roy et al., 2014). Subsequently, the
1850 surface DEM is constructed by inverse distance weighted
interpolation of the 1850 lateral moraine elevation. Finally, the
1850 surface DEM and the bed elevations are used to calculate a
second temporary ice thickness map. The final 1850 ice thickness
map is the maximum thickness of both temporary maps. Due
to the lack of knowledge of the 1850 debris extent on Langtang
Glacier, we assumed the initial debris extent to be similar to
the present-day debris extent (Kraaijenbrink et al.,, 2017), but
extended it laterally (and longitudinal at the terminus) to cover
the larger footprint of the glacier in 1850.

Model Calibration and Validation

We use the Parameter ESTimation (PEST) algorithm (Doherty,
2018) to calibrate the model. The model is calibrated in a
three-step approach. First, we run the model manually from
1851 to 2005 for each GCM that follows the FULL scenario
by applying several iterations. The simulated ice thickness and
glacier extents at the end of each run are compared to the
current glacier extents and ice thickness, i.e., the outlines and
ice thickness of the RGI and 2006 for the Langtang Glacier
and Hintereisferner, respectively. The model results from the
single GCM runs that, eventually, correspond best to the current
outlines and ice thickness are used as initialization for the model
calibration runs. These are the cold-wet (Langtang Glacier) and
cold-dry (Hintereisferner) GCM-glacier model combinations.
Secondly, the model is calibrated on zonal-averaged observed
glacier surface velocities and mean glacier surface elevation
changes that are estimated over 50-m elevation zones (see below
for details). The model is run from 2006 to 2016 and seven
parameters are calibrated that influence glacier dynamics and
mass balance: the degree day factors for clean-ice (DDFc¢) and
snow (DDFj), the critical threshold temperature (T;), the Glen’s
flow rate factor (A), the correction factor that accounts for
resistances to ice flow due to lateral and longitudinal stress
gradients, and basal sliding (C), and the empirical coefficients SS;
and SS,. The model is calibrated on the main trunks of Langtang
Glacier and Hintereisferner. Finally, several model parameters
(see Table 2) and debris melt factors (i.e., Ryqebyris) are manually
optimized to improve the long-term model performance. The
manual optimization is necessary since the PEST algorithm is not
able to optimize the debris melt factors and some of the model
parameters (Table 2). To evaluate the model performance, the
coefficient of determination (R?) and correlation (R) are used
as main efficiency criteria, where the coefficients represent the
overall standardized performance of the model in simulating
both surface velocities and elevation changes. Additionally, the
performance is evaluated on the simulation of surface velocities
and elevation changes separately by using the Mean Absolute
Error (MAE) as criterium.

The zonal-averaged observed glacier velocities are calculated
using COSI-Corr (Co-registration of Optically Sensed Images
and Correlation) (Leprince et al., 2007). For Hintereisferner, we
derived velocities over the period 2016-2018 using PLANET
VNIR bands with an initial window of 128 x 128 pixels (px),
a final window of 8 x 8 px, and a step size of 4 px. For
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TABLE 2 | Calibrated model parameters, their calibration ranges, and their calibrated values.

Parameter Description Unit Range Hintereis Langtang
MELT AND ACCUMULATION

DDF¢ Clean-ice melt factor mm e°C~1 g1 3t09 9.0 518
DDFg Snow melt factor mm °G—1 g~ 3t09 9.0 3.0°
Te Critical temperature threshold °C —61t02 0.8 0.0
GLACIAL MOVEMENT

A Temperature-dependent Glen's flow rate constant (x 1072%) pa—3 s~ 1 1 to 300 200P 55

C Correction factor stress/drag components - 0.1to1 0.65P 0.8
SNOW AVALANCHING

SS4 Empirical parameter for snow holding depth dependence on slope angle m 50 to 300 93 250°
SSo Empirical parameter for snow holding depth dependence on slope angle - 0.15t0 0.2 0.15 0.172¢
Efficiency Criterium Units Hintereis Langtang
R? Al - 0.87 0.81

R All - 0.93 0.90
MAE VE ma~! 6.5 0.3
MAE EC mw.e. a™" -0.25 —0.17d

In the lower part model performance ratings are given in terms of the overall coefficient of determination (R2) and coefficient of correlation (R), and the mean absolute error (MAE) for the

calibrated surface velocities (VE) and mean elevation changes (EC).

aFor the debris-covered parts elevation-dependent melt factors are used that are in the range 0.2-0.3 in the lower zone (<4,750m. a.s.l.), 0.3-1.0 in the mid zone (4,750-5,050 m
a.s.l.), and 0.7-1.0 in the upper zone (>5,050 m a.s.l.) of the debris-covered part of the glacier.

bThese parameters are manually optimized to increase the long-term model performance.

Cadopted from Ragettli et al. (2015).
9Unit =ma~.

Langtang Glacier, velocities are derived over the period 2010-
2012, using ASTER VNIR band 2 with an initial window of 64
X 64 px, a final window of 16 x 16 px, and a step size of 4 px.
The calculated glacier velocities are subsequently averaged over
50 m elevation zones, which are then used for the calibration
of glacier surface velocities. The calibration on zonal-averaged
glacier surface elevation changes on Langtang Glacier (over
2006-2014) and Hintereisferner (over 2006-2011) is conducted
by using mean annual surface elevation change grids of Langtang
Glacier and Hintereisferner that are calculated by means of DEM
differencing. We refer to Ragettli et al. (2016) and Klug et al.
(2018) for more detailed descriptions on the DEM differencing
and the calculation of mean surface elevation changes on
Langtang Glacier and Hintereisferner, respectively. The mean
surface elevation changes are subsequently averaged over 50 m
elevation zones, which are then used for model calibration.

The best performing parameter sets are used to run the model
from 1851 till 2016 by using the modeled (1851-2005) and
observed (2006-2016) climate data, and to validate the calibrated
model on glacier area changes and ice thickness. To reveal the
anthropogenic influence on the response of glaciers the model
results for the FULL and NATURAL scenarios are compared with
each other. The comparison is done for the period 1971-2016
and is conducted by using the outcomes of GCM-glacier model
combinations that generate outcomes in close agreement with the
observed changes in the glacier mass balance and flow.

Sensitivity Analysis
To gain an improved insight on the sensitivity of surface
velocities and elevation changes to model parameter changes, a

local One-At-A-Time (OAT) sensitivity analysis (Pianosi et al,,
2016) is performed using the SENSAN sensitivity analyser of the
PEST algorithm (Doherty, 2018). The analysis is done by varying
values of calibration parameters (DDF¢, DDFs, T, A, C, 88y,
and SS,) independently within ranges that are listed in Table 2
but does not account for parameter interactions. To conduct the
analysis, surface velocities and elevation changes are averaged
over the calibration period (2006-2016) and the main trunks of
Langtang Glacier and Hintereisferner. The sensitivity of these
variables are measured by the average linear sensitivity index
(ALS) of Nearing et al. (1989):
22
)y

=]
X

where y; and y; represent the output values (y) obtained for the

maximum (x2) and minimum (x;) of the input parameter ranges

(x) (Table 2). x and y represent the means of the parameter values
(x1 and x;) and respective output values (y; and y»).

ALS= (10)

RESULTS

Model Calibration and Validation

The best performing parameter sets that result from the
calibration approach are listed in Table2. The parameters
associated with melt and accumulation (DDF¢, DDFs, and T.)
agree well with those observed/modeled in other studies (Hock,
2003; Konz and Seibert, 2010; Lambrecht et al., 2011; Immerzeel
et al,, 2013). However, the calibrated degree-day factor for snow
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FIGURE 2 | Observed (OBS) and simulated (SIM) mean surface elevation change (A,B,E,F) and velocities (C,D,G,H) for the Langtang (A-D) and Hintereisferner (E=H)
glaciers. Line 6 indicates the location of stone line 6 (Span et al., 1997). Source of the observed mean surface elevation change grids are Ragettli et al. (2016) for the

at the Hintereisferner (i.e., 9 mm°C~! d71) is higher than the
snow degree-day factors observed/modeled in most studies (i.e.,
3-6 mm°C ~! d~!) (Braithwaite and Zhang, 2000; Singh et al.,
2000; Hock, 2003). A potential explanation is the absence of
sublimation in the model that can amount to 150 mm yr~! at
Hintereisferner (Kaser, 1983). This might cause mass balance
changes to be corrected by a higher snow degree-day factor. The
Glen’s flow rate constant (A) calibrated for Langtang Glacier
is in range of values typical for temperate glaciers (Cuffey and
Paterson, 2010). Also, the correction factor (C) of 0.8 falls within
the expected range [i.e., 0.45-0.85, based on the study of Farinotti
et al. (2009)]. The same applies for the C factor of 0.65 calibrated
for Hintereisferner. However, the calibrated Glen’s flow rate
constant for the Hintereisferner is high and falls outside the
expected range. There are several factors that may contribute to
the high Glen’s flow rate constant as it is affected by factors that
are related to the ice rheology of the glacier, such as temperature,
density, and water content (Cuffey and Paterson, 2010), and vary
widely in space and time. The parameters associated with snow
avalanching (SS; and SS,) in the Langtang area are adopted from
former studies conducted in the region (Ragettli et al., 2015).
The parameters for the Hintereisferner are difficult to compare
since no studies have been conducted before in the region using
the SnowSlide algorithm. However, the parameters are similar
with those in the study of Shea et al. (2015). The debris melt

factors are lowest at the lower reaches of the Langtang Glacier
due to the presence of thick debris, and highest in the central and
upper reaches of the debris-covered part of Langtang Glacier. The
high debris melt factors can most likely be explained by thinner
debris layers, which cause a smaller reduction of melt rates, and
the higher number of supraglacial ponds and ice cliffs in the
central domain of the glacier that locally enhance melt (Ragettli
et al., 2016; Steiner et al., in press). An alternative explanation
for the high debris melt factors are reduced emergence velocities,
which also have been found to contribute to increased thinning
on debris-covered glaciers (Brun et al., 2018).

Figure2 shows the simulated and observed surface
velocities and elevation changes for Langtang Glacier and
Hintereisferner. The best overall model performance is
achieved for Hintereisferner (R> = 0.87; Table 2). The mean
(minimum/maximum) elevation change is —1.53 (—6.36/+3.73)
mw.e.a” !, which is larger than the mean (minimum/maximum)
observed elevation change of —1.32 (—6.50/+1.87) m w.e. a~!
(Table 3). The differences between simulated and observed
elevation changes can most likely be attributed to local
avalanches; at the western margin of the main trunk the
maximum and mean simulated positive elevation changes
are higher than the observed elevation changes. The largest
differences can be found between the observed and simulated
velocities with a zonal MAE of 6.5m a~! (Table 2), where the
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mean (minimum/maximum) simulated velocity is 6 (0/26) m
a~! and the mean (minimum/maximum) observed velocity is
12 (0/27) m a~ L. The large differences can mainly be explained
by the presence of large distortions in the upper part of the
glacier that are found in the satellite-derived velocities and
reduces the reliability of the observed values. Nevertheless, the
modeled velocities are comparable with observed velocities
at stone line 6 (i.e., at this location ice flow velocities are
measured in situ by using the annual motion of stones placed
on the ice surface as a proxy) (Figure2, Span et al, 1997).
The model simulates velocities of 3.2m a~! in 2016, which
is close to the observed velocities of about 4m a~! (Stocker-
Waldhuber et al., 2019). The maximum ice thickness of 215 m
simulated at the end of 2006 is comparable with the ice
thickness estimated with GlabTop2 (220 m). Furthermore, the
model can simulate glacier area changes that are in reasonable
agreement with the observed ones. The model simulates a glacier
area reduction of about 0.5 km? over the period 2006-2011,
whereas the observations indicate a reduction of about 0.6 km?
(Charalampidis et al., 2018; Klug et al., 2018).

The overall fit between the observations and calibrated
outcomes (R? 0.81) is satisfactory for Langtang Glacier
as well. The mean (minimum/maximum) elevation change
is —0.48 (—2.74/+6.64) m a~!, which is lower than the
mean (minimum/maximum) observed elevation change of
—0.67 (—7.49/+7.38) m a~!. The largest elevation changes are
simulated in the central reaches of the main trunk (4800-5100 m
a.s.1.). The high elevation changes can primarily be explained by
the higher debris melt factors in this part of the glacier that are
due to the presence of melt-enhancing ice cliffs and supraglacial
ponds. The model is, however, not able to represent the spatial
distribution of ice cliffs and supraglacial ponds sufficiently, which
can explain the underestimation of the modeled mean elevation
change. The simulated positive elevation changes are largest at
the glacier head, i.e., in the accumulation zone, and along the
margins of the tongue. The positive elevation changes along
the margins can mainly be attributed to avalanching, which is
especially large at the eastern side of the main trunk due to the
steep side walls generating more avalanches. The observed and
modeled velocities are comparable with each other with mean
(minimum/maximum) values of 7 (0/82) m a~—! and 6 (0/64) m

~1, respectively. The maximum ice thickness of about 280 m

a
simulated at the end of 2001 (i.e., year of RGI glacier outline)
is comparable with the ice thickness estimated with GlabTop2
(290 m), where the maximum ice thickness is simulated in the
upper reaches of the main trunk. Further, the modeled glacier
area changes between 2006 and 2015 are with 0.55 km? in
reasonable agreement with the observed glacier area decline of
0.45 km? (Ragettli et al., 2016).

Model Sensitivity

Table 4 lists the sensitivity of surface velocities and elevation
changes to model parameter changes. The modeled velocities are
most sensitive to changes in the correction factor C followed by
Glen’s flow rate constant A. Modeled elevation changes are most
sensitive to changes in DDF¢, where Langtang Glacier tends to
be less sensitive to changes in DDF¢ than the Hintereisferner.

TABLE 3 | Simulated and observed mean surface velocities and elevation
changes per glacier tongue.

Location  Variable Unit OBS SIM
Hintereis Surface velocity ma~! 12 (0/27) 6 (0/26)
Elevation change mw.e.a™" —1.32 —~1.53
(—6.50/+1.87) (—6.36/+3.73)
Langtang Surface velocity ma~’ 7 (0/82) 6 (0/64)
Elevation change ma~' —0.67 —0.48
(=7.49/4+7.38) (—2.74/+6.64)

The values between the parentheses represent the minimum and maximum of the
calibrated surface velocities and elevation changes.

TABLE 4 | Model parameters and parameter ranges used for the sensitivity
analysis.

Hintereis Langtang
Parameter Units Range VE EC VE EC
DDF¢ mm °C—1 g~ 3t09 0251 2318 0.116 1.753
DDFg mm°C~1 d~! 3to9  0.006 0.015 0.005 0.082
Te °C —6to2  0.343 0.394 0.223 0.550
A x1072%)Pa=Ss~! 110300 0.999 0.009 0.998 0.193
c - 01to1 1219 0012 1.219 0.031
SS4 m 50t0300 0.001 0.007 0.006 0.020
SSp - 0.15t00.2 0.007 0.053 0.042 0.143

The values in the table denote the average linear sensitivity of surface velocities (VE) and
mean surface elevation changes (EC).

The lower sensitivity can most likely be explained by the presence
of a thick debris layer at Langtang Glacier that reduces ice
melt. Further, modeled velocities and elevation changes are more
sensitive for changes in the snow avalanching parameters SS;
and SS, than on the Hintereisferner. The higher sensitivity can
most likely be explained by the larger contributions of snow
avalanching to accumulation at Langtang Glacier.

Past Climate Forcing

Since the end of the LIA, both precipitation and temperature
have changed in magnitude and distribution. Figure 3 shows
the 10-years moving average of daily air temperature and
precipitation at the Kyangjin and Vent stations for the FULL
and NATURAL scenarios over the past 166 years, i.e., 1851—
2016. The precipitation has decreased by 5% (range: —7 to —1%)
for FULL and 2% (—3 to —1%) for NATURAL between 1861—
1890 and 1981-2010 at Vent station. At Kyangjin station the
decreases are a bit larger with relative changes of 6 and 5%
for FULL and NATURAL (—18 to +3% for FULL and —11
to +3% for NATURAL), respectively. At the same station the
temperature has increased with 0.8°C (range: —0.1 to +1.3°C)
for FULL and 0.3°C (—0.3 to +0.6°C) for NATURAL between
1861-1890 and 1981-2010. At Vent station the temperature has
increased with 0.6°C (—0.1 to 4+1.3°C) for FULL and 0.2°C for
NATURAL (—0.1 to +0.7°C). The NATURAL scenario shows
a decline in temperature after 2000 at the Kyangjin and Vent
stations, which is equivalent to the decline in temperature that
is simulated by the climate models between the mid 1950s and
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1970. This equivalence can be explained by the preservation of
the statistics for the period 1925-1970 after 1970. The spread
in model hindcasts for precipitation is highly variable in time
at both stations, whereas the model spread for temperature
shows a clear diverging pattern with the largest spread at the
end of the LIA and the smallest at present. For the NATURAL
scenario, the model spread after 1970 is equal to the model spread
prior to 1970, since the statistics for the period 1925-1970 have
been retained.

Glacier Evolution and Dynamics

Figure 4 shows the change in the glacier areas, volumes, and
specific mass balance of the Langtang Glacier and Hintereisferner
between 1850 and 2016 for the different climate models. At
Langtang Glacier, the largest area and volume reductions are
simulated under warm climate conditions with an area (volume)
reduction from about 60 km? (5.5 km?) in 1850 to about 39
km? (2.0 km?) in 2016. For cold climate conditions the model

shows a smaller decline in area (volume) from 60 km? (5.5 km?)
to about 50 km? (3 km?). Under both cold/dry and cold/wet
climate conditions the modeled extent is in close agreement
with the observed extent in 1974 (53.5 km?; Pellicciotti et al,
2015). The modeled extent under cold/dry conditions is in closest
agreement with the observed extent in 2006 (46.5 km?; Ragettli
etal., 2016) compared to the modeled extents under other climate
conditions. Under cold climate conditions, the model following a
wet climate scenario shows a slightly smaller loss in ice mass than
the model following a dry climate scenario, which is explained
by the differences in precipitation since both models simulate
the same temperature trends (Table 1). With a cumulative mass
loss of about 40 m w.e. since the end of the LIA, the models
following cold climate scenarios show a smaller mass loss than
those following warm climate scenarios, which simulate a mass
loss up to about 70 m w.e.

At Hintereisferner, the largest area (volume) reductions are
simulated under warm and cold/wet climate conditions with a
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decline in area/volume from 14 km? (1.5 km?) up to about 5
km? (0.15 km?), and are accompanied by cumulative mass losses
up to about 135m w.e. Under cold/dry climate conditions, area
(volume) reductions are smaller with a decline in area/volume up
to about 8 km? (0.4 km?) and a cumulative mass loss up to about
90 m w.e. Under these conditions, extents are simulated that are
in closest agreement with the observed extents in 1969 (9.5 km?),
1997 (8.5 km?), and 2006 (7.4 km?) (Abermann et al., 2009;
Patzelt, 2013; Charalampidis et al., 2018). All model simulations
on the extents show strong inter-annual variability. Since the
model reports the ice thickness used for the estimation of extents
at the end of the year (i.e., during the winter season), the temporal
peaks might be explained by extensive snowfall. This would
subsequently cause the threshold value used for the identification
of glaciers (0.5m w.e.) to be exceeded, which explains the short
temporal increases in extent. The cumulative mass balance shows
a period of reduced mass loss or even a slight mass gain between
the 1960s and 1990s, which is commonly known as a period
with close-to-balanced climate conditions in the European Alps
(Huss, 2012).

Along with changes in the glacier area and volume, surface
velocities also change over time. Figure 5 shows transient time
series of surface velocity for three different transects along the
glaciers. In general, velocity decreases over time at most transects,
especially at the main trunks. In the uppermost reaches of
Langtang Glacier, velocities are relatively constant after 1875. In
the central and lower reaches of the glacier, velocities increase
during the late Nineteenth and early Twentieth century, which
can most likely be explained by a redistribution of ice mass
from the side branches into the main trunk itself. The simulated
velocities under cold/wet and warm/dry conditions are with
a velocity of about 10m a~! in closest agreement with the
observed satellite-derived velocities (10 m a~! for 2010-2012) in
the upper domain of the glacier. In central and lower reaches, the
simulations deviate from the observations, which can most likely
be explained by higher ablation rates that result from neglecting
varying surface conditions by the model, e.g., no temporal
variation of debris thickness and supraglacial features. Models
forced with cold climate models simulate velocities that are in
a closer agreement with the observed velocities than the models
forced with warmer climate models. In the uppermost reaches
of the Hintereisferner, velocities are also relatively constant with
exception of the period between the 1960s and 1990s where
the velocity time series show a slight increase under warm and
cold/wet climate conditions. The slight increases can most likely
be explained by the positive mass balance during this period. In
the central and lower reaches of the glacier, most simulations
show the velocity to become zero due the disappearing glacier
in these domains. In the central reaches, the model forced by
cold/dry climate change simulations simulates velocities that
are comparable with the observed velocities at stone line 6
(Span et al., 1997; Stocker-Waldhuber et al., 2019). The model
is however not able to simulate the higher velocities in the
1940s, 1970s, and 1980s, which can most likely be explained by
neglecting changing surface or englacial conditions.

Figure 6 shows the simulated spatial ice thickness and surface
velocity fields for 1850, 1860 (i.e., only for surface velocity) and

2016 under cold/dry and cold/wet conditions, which are selected
as conditions that are in closest agreement with the observed
changes at Hintereisferner and Langtang Glacier, respectively.
At Langtang Glacier the model shows a very limited decrease in
length up to about 50 m between 1850 and 2016 (Figure 7), which
can mainly be explained by the strong reduction of melt rates due
to the presence of thick debris at the lower reaches of the glacier.
The limited decrease in length is accompanied by a thinning of
the glacier from about 200-300 m (maximum: 355m) to 100-
150 m (maximum: 273 m) under current conditions. An average
thinning rate (over 1850-2016) of —0.32m a~! and —0.27m
a~! is estimated for the debris-covered tongue of the glacier and
the entire glacier, respectively. These changes are accompanied
by decreases in the velocities from up to about 275m a~! to
66m a~! in the higher parts of the glacier and from about 10-
15m a~! to about 1-2m a~! at the terminus of the glacier. The
very low velocities at the terminus of the glacier are typical for
the debris-covered Langtang Glacier. Due to enhanced melt in
the central reaches of the main trunks (which can be attributed
to supraglacial features or reduced emergence velocities) the
thinning rate increases, which eventually result in a shallower
slope and a stagnation of the terminus. Similar observations have
been made in other studies at the Langtang Glacier, and at other
debris-covered glaciers in the Central Himalayas as well (Ragettli
et al,, 2016; Brun et al., 2018; Steiner et al., in press).

The Hintereisferner shows a different trend with a significant
decrease in length and reduction of ice thickness. The model
simulates a decrease in length of about 3 km, which is close to the
observed changes in glacier length (e.g., Leclercq and Oerlemans,
2012), and a reduction in ice thickness from about 340 m to
about 180 m. Thereby, an average thinning rate (over 1850-2016)
of —0.47m a~! is estimated for the main trunk of the glacier.
Initially the Kesselwandferner and Hintereisferner (Figure 1)
were attached to each other, whereas the Hochjochferner was
detached. However, the distance between the terminal point
of the Hochjochferner and the tongue of the Hintereisferner
was with only 50-100 m very short (Bliimcke and Hess, 1895).
Under cold/dry conditions the model simulates an advance of
the Hintereisferner and Hochjochferner in the late Nineteenth
and early Twentieth century, which eventually results in a
re-connection of the two glaciers (Figure?7). The modeled
connection lasts till the 1940s followed by the detachment
of the Hintereisferner and Kesselwandferner in the 1980s,
which is about six decades later than the observed detachment
(Kuhn et al., 1985). This modeled re-connection between the
Hochjochferner and Hintereisferner has however never been
observed, which can most likely be explained by biases between
the climate inputs and the observed climate change, or the
limitation of the ice-flow model to simulate changes in the
flow characteristics of the glacier. The changes in ice thickness
are accompanied by a decline in surface velocities from about
310m a~! to about 25m a~! at the Hintereisferner. Initially, the
highest velocities are simulated at the Hintereisferner. Under
current conditions, the model simulates the highest velocities
of about 77m a~! at the terminus of the Kesselwandferner,
which can mainly be attributed to the relatively steep
slope (40-45°).
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FIGURE 4 | Modeled changes in glacier area (A,B), volume (C,D), and specific mass balance (E,F) of the Langtang Glacier (A,C,E) and Hintereisferner (B,D,F) for
four different historical climate change simulations (CW: cold and wet; CD: cold and dry; WW: warm and wet; WD: warm and dry). The black points denote the
observed glacier extents at Langtang Glacier (1974, 2016; Pellicciotti et al., 2015; Ragettli et al., 2016) and Hintereisferner (1969, 1997, 2006; Abermann et al., 2009;
Patzelt, 2013; Charalampidis et al., 2018).

Anthropogenic vs. Natural Influences

Figure 8 shows the changes in glacier area, volume
and cumulative mass balance for Langtang Glacier and
Hintereisferner under the FULL and NATURAL scenarios
between 1971 and 2016. The differences in outcomes between
the FULL and NATURAL scenarios are less pronounced for
Langtang Glacier. Here, the changes remain negative also
under a colder scenario (NATURAL), although the changes
are smaller. Only in the late 1980s and early 2010s the glacier
mass balance is close to equilibrium. The relative difference
in area, volume, and cumulative mass balance between the
FULL and NATURAL scenarios is 3, 9, and 40%, respectively,
in 2016. At Hintereisferner, glacier area, volume and mass
balance decrease initially and are almost balanced after 2000. In
1989, 2005, and 2013, the extent of Hintereisferner shows short
temporal increases, which can mainly be explained by extensive

snowfall that causes the snow-ice threshold to be exceeded. This
phenomenon can also be observed in Figure4. The relative
difference in area, volume, and cumulative mass balance is more
pronounced at Hintereisferner with relative differences of 18, 39,
and 64%, respectively.

The differences in response between Langtang Glacier and
Hintereisferner under the FULL and NATURAL scenarios can
mainly be explained by differences in the response time. First,
the response time of Langtang Glacier is significantly longer than
the response time of Hintereisferner. Based on the method of
Johannesson et al. (1989), which calculates the response time at
the glacier terminus by a ratio between the ice thickness and the
mass balance rate, a response time of about 300 years is estimated
for Langtang Glacier, whereas Hintereisferner has an estimated
response time of about 20 years. These estimates are an indicator
for the time a glacier requires to respond to climatic changes. The
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FIGURE 5 | Modeled changes in surface velocity at three different transects along the Langtang Glacier (A,C,E) and Hintereisferner (B,D,F) for four different historical
climate change simulations (CW: cold and wet; CD: cold and dry; WW: warm and wet; WD: warm and dry). The locations of the three transects are given in Figure 6.
The black points denote the observed velocities at Langtang Glacier (2011) and Hintereisferner (1940, 1950, 1960, 1970, 1980, 1990, 2000; Stocker-Waldhuber

estimated response times are in the range of those that are found
for other debris-covered and clean-ice glaciers (e.g., Shea et al,,
2015). The longer response time at Langtang Glacier can most
likely be explained by the debris cover that results in a relatively
stable terminus position. For this reason, the differences in area,
volume, and mass balance are less pronounced between the FULL
and NATURAL scenarios. Contrastingly, for Hintereisferner, the
differences are pronounced.

The changes in glacier area, volume, and mass balance
eventually also influence glacier dynamics. Figure 9 shows the
surface velocity time series for two transects in the upper
and central reaches of Langtang Glacier and Hintereisferner
that are simulated for the FULL and NATURAL scenarios. In
the upper reaches of Langtang Glacier, the velocity generally
decreases between the late 1980s and late 2000s, and increases
during the 1970s, early 1980s, early 1990s, and early 2010s.

The increases are most likely due to higher accumulation in
the upper reaches of the glacier during these periods. Similar
changes are simulated in the upper reaches of Hintereisferner
after 1990. In the central reaches, velocity initially decreases,
followed by velocities that do not change significantly or show
a slight increase. These changes can most likely be explained by
higher accumulations compared to the FULL scenario or close
to equilibrium conditions that implies the ice thickness does not
change and subsequently the velocity does not change either.
The velocity changes for Langtang Glacier are smaller than the
velocity changes at Hintereisferner. These differences can mainly
be explained by the shorter response times at Hintereisferner. The
shorter response time causes the glacier to react faster to climatic
changes and thinning rates to be higher under a FULL scenario.
At Hintereisferner a thinning rate of —0.59m a~! is estimated
(over 1971-2016) for a FULL scenario relative to an estimated
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thinning rate of —0.16 m a~! for a NATURAL scenario, whereas
at the debris-covered tongue of Langtang Glacier thinning rates
of —0.56 m a~! and —0.43 m a~! are estimated for the FULL and
NATURAL scenarios, respectively. The higher thinning rates at
Hintereisferner lead subsequently to a larger decline in velocity
and thus explain the larger changes in velocity. The changing
surface velocities and associated changes in thinning rates found
at Hintereisferner and Langtang Glacier are in agreement with
the recently observed link between glacier flow and thinning rates
in High Mountain Asia (Dehecq et al., 2019).

The less negative or even close to equilibrium glacier mass
balance at Langtang Glacier and Hintereisferner eventually result
in larger ice thickness at the end of a model run. Figure 10 shows
the ice thickness and velocity fields at the end of a FULL-run and
a NATURAL-run. At Langtang Glacier the difference between
the maximum ice thickness of 283 m for NATURAL and 273 m
for FULL is small. The higher ice thickness leads subsequently to
higher flow velocities up to about 87 m a~!. At Hintereisferner
the differences in outcomes between the FULL and NATURAL
scenarios are larger. Instead of a maximum ice thickness of
about 180 m, ice thickness up to about 230 m is simulated for
NATURAL. The associated velocities are higher with rates up to
about 156 m a~! at the terminus of the Kesselwandferner. There,
the high velocities can mainly be attributed to the relatively
steep slope in combination with a larger ice thickness than
simulated for the FULL scenario. It can therefore be concluded

that human-induced climate change has a significant impact
on the mass balance and dynamics of glaciers. The magnitude
of impact depends on the response time of the glacier, where
a debris-covered glacier such as the Langtang Glacier shows
a longer response time than a clean-ice glacier such as the
Hintereisferner. It is therefore likely that that human-induced
climate change has a larger impact on clean-ice glaciers than on
debris-covered glaciers.

DISCUSSION

Uncertainties and Limitations

The outcomes of the glacier mass balance and ice-flow model
are subject to several uncertainties and limitations that can be
subdivided into three main groups: climate change simulations,
the parameterization and representation of physical processes in
the model, and the calibration procedure.

To assess the response of glaciers to historical climate change,
an ensemble of four distributed and bias-corrected GCMs were
used that cover a wide range of possible climate conditions.
These models have been selected by means of an advanced
envelope-based selection approach based on changes in climatic
means and their skill in simulating the local climate. The
outputs of the selected climate models are bias-corrected on
meteorological data of the Kyangjin and Vent stations and
are subsequently spatially distributed by using local monthly
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temperature lapse rates, normalized seasonal precipitation fields
and high-resolution digital elevation models. The lapse rates
are assumed to be constant in space and from year-to-year,
whereas lapse rates are variable in space and time (Kirchner
et al, 2013; Immerzeel et al, 2014; Heynen et al, 2016;
Steiner and Pellicciotti, 2016). The lack of interannual and
spatial variability might eventually introduce uncertainties in
the climate fields, which propagates into the model results. The
lack of spatiotemporal variability in lapse rates also introduce
long-term uncertainties, especially since glaciers are sensitive
to temperature changes that emerge from small changes in
temperature lapse rates. Therefore, a correction of lapse rates
might be needed to improve the long-term performance of the
model. In our study temperature lapse rate corrections resulted
in steeper lapse rates with monthly maximum (minimum) lapse
rates that amount to 0.0076 (0.0052)°C m~! in March-April
(July) at Langtang Glacier and 0.0086 (0.0049)°C m~! in March
(December) at Hintereisferner. Thereby, the corrected lapse
rates at Langtang Glacier fall in range with the lapse rates
observed by Heynen et al. (2016). The corrected lapse rates at
Hintereisferner are relatively steep compared to lapse rates that
are mostly found in the European Alps (Rolland, 2003), but
are still comparable with lapse rates found in other parts of the
European Alps (Nigrelli et al., 2018). In addition, the limited data
availability at higher altitudes hampers the validation of climate
fields, especially in areas with difficult accessibility, such as upper

Langtang Valley. Techniques, such as dynamical downscaling
using high-resolution weather models, might contribute to an
improvement of the accuracy and quality of climate fields in the
complex mountainous environments of the upper Langtang and
Rofental valleys (Bonekamp et al., 2018).

To separately assess the effects of human-induced climate
change on the glacier response we followed two scenarios: FULL
and NATURAL. The FULL scenario followed climate change
simulations according to GCM outputs that follow the historical
experiment of the CMIP5 archive, whereas the NATURAL
scenario followed climate change simulations that are identical
to the FULL scenario (until 1970) and retained the statistics of
the climate change simulations prior to 1970 (i.e., 1925-1970).
A limitation of retaining the statistics is that temperature trends
such as the temperature decline simulated at the Kyangjin and
Vent stations between the mid 1950s and 1970 are repeated after
1970, which subsequently introduces uncertainties in the model
outcomes. An alternative approach would be to follow climate
change simulations of the historicalNat experiment (i.e., GCM
experiment forced with natural forcings only). However, the
limitation of this approach is that simulations of the historicalNat
experiment are difficult to bias-correct which might introduce
additional uncertainties. Additionally, the selection approach we
followed would allow us to select the same ensemble models
and members as the historical experiment. This might have
a limitation since the forcing of a historicalNat experiment is
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different, which in combination with a different parameterization
might lead to a trend opposite of what is expected under
natural climate conditions, i.e., increasing temperatures relative
to a historical experiment instead of constant or decreasing
temperatures. Since our aim was to attribute the response of
glaciers to anthropogenic and natural climate change, we chose
to remove the trend in historical climate change simulations
after 1970, which are clearly anthropogenic due to the strong
observed human-induced increases in temperature, and to repeat
the historical GCM runs spanning the period 1925-1970.

The glacier mass balance and dynamics were simulated by
using a coupled glacier mass balance and ice-flow model that is
based on a gridded formulation of the shallow ice approximation.
One limitation is that sublimation processes are not included in
the model, which is a considerable loss term in high mountain
environments. For instance, at Hintereisferner sublimation losses
of about 150 mm yr~! have been reported by Kaser (1983). In
the Langtang Valley, sublimation losses can amount up to 21%

of the total snowfall, and can even be higher at wind-exposed
locations (Stigter et al., 2018). The model might correct for
these mass losses by adapting degree-day factors to increase
the amount of loss by melt, which subsequently might result
in overestimation of the calibrated glacier and snow degree-
day factors. Another scenario is that snow storage and cover
is overestimated, particularly at the high ridges that are prone
to wind-blown transport of snow. To account for sublimation
techniques are required that do not have a high data demand,
but still can give reasonable sublimation estimates. Another
limitation might be the use of a simple degree-day approach for
the simulation of ice and snowmelt. Gabbi et al. (2014) found
in a model comparison study that parameters of a simplified
degree-day approaches are not robust in time and require
recalibration for different climate conditions. The authors found
that models including a separate term for shortwave radiation
are able to produce robust simulations of ice and snowmelt.
Therefore, these types of models can be seen as a suitable

Frontiers in Earth Science | www.frontiersin.org

17

June 2019 | Volume 7 | Article 143


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wijngaard et al.

Historical Response of Glacier Dynamics

Langtang Glacier Hintereisferner
n e 0
- ,/ \ 2 km from glacier head A o 2 km from glacier head B
/ \
/ \ ,
N
3 4 RO M
— /. B \\/, K ]
'© / \\ - ,r ~
E. o .I f/\/\ \ ,I o P 7
~— 7 \ -~ i Va i &
) / — N\ e A
kel , \ A / ©
S ’ e ’
© N / \\/
8 L
£ \/ \
>
%]
\ = \
8 w0
T T T T T T T T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
© C Q D
,’ \ 9 km from glacier head 6 km from glacier head
7/ \\
0 = . _,-\/_’\-/\\
\
/ \ © Mo o~o x
— / \ - ~ s
Tm¢ N /—/\\/ \\\ \)\\’ I~ -~
E s i ~_-F
; \/—-/ \ N N //
'(_g o N - - ” 7 o
o = -
> \ \
Q
g N
£ \
@ \
Yo}
— FULL
--- NAT
o o
T T T T T T T T T T T
1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
FIGURE 9 | Modeled changes in surface velocity at two different transects along Langtang Glacier (A,C) and Hintereisferner (B,D) for the cold/wet (Langtang Glacier)
and cold/dry (Hintereisferner) FULL (solid) and NATURAL scenarios (dashed). The locations of the two transects are given in Figure 6.

alternative to simplified degree-day approaches. Similar findings
were also found by Litt et al. (2019) who tested the performance
of (enhanced) temperature-index approaches in the Central
Himalayas. The authors found however that these approaches
can be underperforming where sublimation or other wind-driven
processes contribute to ablation, such as in the accumulation
zones. To improve the performance of the simplified degree-day
approach applied in this study we distinguish the effect of aspect
and include an elevation-dependent melt factor that accounts for
the effect of debris thickness on melt rates.

A limitation that also might affect the model outcomes is the
way how avalanching is simulated in the model. To simulate
avalanching the gravitational snow transport module SnowSlide
(Bernhardt and Schulz, 2010) is used. The drawback of this
approach is that the module is solely restricted in use to snow
avalanching, which disables the possibility to apply the algorithm
for pixels that are classified as glacier. This means that on slopes
steeper than the threshold slope (i.e., 25°) the avalanching of this
material needs to be disabled, achieved in this study by assuming

a threshold value that identifies a pixel as a glacier when the
snow water equivalent is higher than 0.5 m. Although the model
is able to simulate avalanches sufficiently at Langtang Glacier
(i.e., especially at the eastern margins with steep side walls;
Figure 2), the threshold value might also introduce uncertainties.
For instance, the strong interannual variability in glacier area at
Hintereisferner can mainly be attributed to the used threshold
value. It is, however, difficult to validate the threshold value
and the contribution of avalanching to the mass balance of
the glaciers due to a lack of reliable snowfall observations.
Further improvements in the simulation of avalanching might
be achieved by the combination of the SnowSlide module with
existing modeling tools, such as the mass-conserving algorithm
of Gruber (2007). This algorithm is an extension of flow-routing
and terrain parameterization techniques and has the advantage
that it can simulate the gravitational transport of other types
of movements, such as ice avalanches or debris flows, as well.
Further, the algorithm can easily be integrated in glacier mass
balance and ice-flow models similar to the one presented here.
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cold/wet (Langtang Glacier) and cold/dry (Hintereisferner) FULL (A,C,E,G) and NATURAL scenarios (B,D,F,H).

Flow velocities are largely dependent on ice rheology and
dynamics as well as ice thickness and surface slope. Large
unknowns, or processes not considered in the model, likely
introduced uncertainties. Large unknowns are for instance the
ice thickness changes since the end of the LIA, especially at
Langtang Glacier where observations are lacking. Processes that
have not been considered in the model are, for instance, the role
of crevassing. Crevasses can play a crucial role in the mass balance
and dynamics of glaciers by locally enhancing ablation and ice
flow velocities (Colgan et al., 2016).

Another limitation is the assumed stationarity of model
parameters in the model, which is also recognized as a major
limitation in other type of models, such as hydrological models
(e.g., Merz et al., 2011; Westra et al., 2014; Wijngaard et al., 2018).
For instance, the spatial distribution of supraglacial debris, ponds
and cliffs are highly variable over time. The spatio-temporal
variability influences melt factors that in the model are assumed
to be constant over time, which eventually might result in a
local over- or underestimation of melt and subsequently also
in an over- or underestimation of flow velocities. In addition,
the debris and supraglacial characteristics of Langtang Glacier
at the end of the LIA are a large unknown. Another example
is the spatio-temporal variability in ice parameters, such as
ice density or ice temperature, which influences ice viscosity
and subsequently ice dynamics (e.g., Zhang et al., 2013). Since
ice flow parameters, such as ice density, the temperature-
dependent flow rate parameter A, and the correction factor C

are assumed to be stationary, uncertainties might be introduced
in the simulated flow velocities. For instance, the assumed
stationarity of the correction factor C might be an explanation
for the underestimated flow velocities at Hintereisferner during
the 1940s, 1970s, and 1980s. To improve the representation
of feedbacks between ice temperature and flow velocities,
combined modeling approaches including models that simulate
the thermodynamical behavior of a glacier would be a future
improvement. To improve the spatio-temporal variability of
supraglacial debris and thus the amount of melt on the glacier,
coupled mass balance and ice-flow models need to be combined
with modeling approaches that can simulate the spatio-temporal
evolution of supraglacial debris (Naito et al., 2000; Jouvet et al.,
2011; Rowan et al., 2015).

The coupled glacier mass balance and ice-flow model is
calibrated on observed mean surface elevation changes and
surface velocities that are both derived from spaceborne imagery.
This can be major advantage in remote areas where mass balance
or surface velocity data are limited or not available at all.
The limitation, however, is that the use of satellite images is
restricted in use to several conditions, such as the absence of
clouds and snow. When satellite images are available, the images
might be prone to noise or distortions, which, in turn, hampers
calibration of the model. Further, uncertainties might have
been introduced through the calibration approach. The model
parameters have been calibrated using an automatic optimization
algorithm followed by a manual optimization. No distinctions
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have been made in the performance of the model in simulating
separate components of the high-mountain cryosphere, such as
snow cover. Because of that equifinality problems might have
been introduced that affect the amount of melt simulated by
the model. To minimize equifinality problems in the future,
systematic approaches (Pellicciotti et al., 2012; Lutz et al., 2016a;
Wijngaard et al., 2017) are recommended that can calibrate the
model in multiple consecutive steps by using the combination of
snow cover, mass balance, and surface velocity data.

Shallow Ice Approximation

To assess the response of glaciers under changing climate
conditions we apply a coupled glacier mass balance and ice-
flow model that is based on a spatially-distributed formulation
of the SIA. The main advantage of this approach is that the
model does not require a priori information on the flowline
geometry, but also has other advantages which are mainly related
to the low computational expense and complexity. There is a
concern that the SIA becomes deficient for fast-flowing glaciers
and steep/narrow glacier since the approach does not account
for higher-order physics, such as longitudinal and lateral stress
gradients (Le Meur et al., 2004; Adhikari and Marshall, 2013).
According to Le Meur et al. (2004) the slope is the most important
criterion for the applicability of the SIA, where SIA models
can still be considered as acceptable for bedrock slopes smaller
than 20%. The mean (minimum/maximum) bedrock slope of
Langtang Glacier and Hintereisferner are 44 (0/93%) and 44
(0/81%), respectively, which means from this point of view the
SIA approach would be deficient. However, Le Meur et al. (2004)
did not include correction factors that account for higher-order
physics, which are normally neglected by the SIA approach. Also,
the authors did not calibrate the Glen’s flow rate constant. In our
model correction factors that account for longitudinal and lateral
stress gradients are included (Nye, 1965; Adhikari and Marshall,
2011, 2012b). Furthermore, Glen’s flow rate constant is calibrated
on observed surface velocities. This combination results in valid
outcomes, which shows that the SIA approach is even reliably on
steeper slopes. For example, at the Kesselwandferner velocities
up to 77m a~! are simulated where the bedrock slope is ~44%.
Although these velocities do not agree with the present-day
observed velocities of ~20m a~! (i.e., ablation stakes L8, L9, and
L10) due to an overestimation of ice thickness, velocities with the
same order of magnitude (80-90 m a—!) have been observed in
the 1970s/1980s (Stocker-Waldhuber et al., 2019). It illustrates
the ability of the model to simulate realistic velocities at steeper
slopes. Additionally, the use of correction factors in combination
with the SIA approach sustains the simplicity of ice flow models,
which makes it suitable for potential application in catchment- or
regional scale (cryospheric-)hydrological models.

CONCLUSIONS AND OUTLOOK

The aim of this study is to develop and apply a spatially
distributed coupled glacier mass balance and ice-flow model
to attribute the response of two glaciers to anthropogenic and
natural climate change. We focus on two glaciers with contrasting
surface characteristics: the debris-covered Langtang Glacier in
the Central Himalayas, and the clean-ice Hintereisferner in the

European Alps. We apply the model from the end of the Little Ice
Age (1850) to the present-day (2016) by forcing the model with
bias-corrected and distributed GCM runs that represent a wide
range of region-specific possible climate conditions. The model
outputs are used to analyse the evolution and dynamics of the two
glaciers, and subsequently to reveal the anthropogenic influence
by comparing outputs of two scenarios: one scenario considering
the human-induced rapid increases in temperature after 1970 and
one scenario that retains the climate conditions prior to 1970.

The results indicate that the coupled glacier mass balance and
ice-flow model, based on a gridded formulation of the shallow ice
approximation, performs reasonably well for both clean-ice and
debris-covered glaciers.

Both glaciers experience the largest area and volume
reductions under warm climate conditions, whereas for cold
climate conditions the model show a smaller reduction. In
addition, the cold model (i.e., cold/dry for Hintereisferner
and cold/wet for Langtang) simulates changes that are close
to the observed trends. These models simulate area (volume)
reductions of 16 (42%) for the Langtang Glacier and of 40 (75%)
for the Hintereisferner between 1850 and 2016. Simultaneously
with changes in the extents and volumes, surface velocities
generally decrease over time from up to 275 to 66m a~!
at Langtang Glacier and from up to 310 to 25m a~! at
Hintereisferner. The simulated changes over time are smaller
in magnitude for the Langtang Glacier, which can mainly be
attributed to the debris cover that insulates the surface and
thus reduces the amount of melt. Additionally, the debris cover
maintains the position of the terminus. Instead the glacier thins,
which eventually result in a shallower profile and a stagnation of
velocities at the terminus of the glacier. At Hintereisferner melt
rates are higher and the glacier retreats with about 3km over
length under cold/dry climate conditions.

Simulations show that anthropogenic climate change has been
accompanied with a rapid increase in temperature after 1970.
This has resulted in a larger decline in area/volume compared to
a scenario where the anthropogenic influence is less significant
(i.e., NATURAL scenario). At Langtang Glacier, the changes
in area, volume, and ice thickness remain negative for the
NATURAL scenario. Only in the late 1980s and early 2010s
the glacier mass balance is close to equilibrium. The relative
area, volume and cumulative mass balance difference between
a cold/wet FULL and NATURAL scenario at the end of 1971-
2016 is 3, 9, and 40%, respectively. At Hintereisferner the glacier
area, volume, and ice thickness decrease initially followed by an
almost balanced state after 2000. Here, the relative area, volume
and cumulative mass balance difference between a cold/dry FULL
and NATURAL scenario at the end of 1971-2016 is 18, 39, and
64%, respectively. The decline in area, volume, and ice thickness
are accompanied by changing surface velocities that generally
increase or do not change significantly. The difference in the
response of glaciers between a FULL and a NATURAL scenario
is larger for the Hintereisferner mainly due to shorter response
times. The shorter response times cause the glacier to react
faster to climatic changes and thinning rates to be larger. The
larger thinning rates do subsequently lead to a larger decline in
area, volume, cumulative balance, and velocity. The simulated
velocity changes and associated changes in thinning rates are
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in agreement with the recently observed link between glacier
flow and thinning rates in High Mountain Asia. For a debris-
covered glacier the differences are less pronounced due to a
longer response time, which can mainly be attributed to the
debris cover that insulates the glacier surface and reduces melt.

The outcomes of this study show that the gridded formulation
of the shallow ice approximation performs well and is a
suitable alternative for higher order or Stokes approaches,
especially while modeling a large-scale ensemble of glaciers.
Although improvements are needed in future research,
the combination of satellite-based imagery and the use of
the gridded formulation of the shallow ice approximation
should be explored toward investigating the dynamical
response of glaciers and its implications for hydrology at a
regional scale.
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