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Abstract

Climate warming is expected to significantly affect the runoff regime of mountainous
catchments. Simple methods for calculating future glacier change in hydrological mod-
els are required in order to efficiently project economic impacts of changes in the water
cycle over the next decades. Models for temporal and spatial glacier evolution need to
describe the climate forcing acting on the glacier and ice flow dynamics. Flow models,
however, demand considerable computation power and field data input and are more-
over not applicable on the regional scale. Here, we propose a simple parameterization
for calculating the change in glacier surface elevation and area, which is mass con-
serving and suited for hydrological modelling. The Ah-parameterization is an empirical
glacier-specific function derived from observations in the past that can easily be applied
to large samples of glaciers. We validate the Ah-parameterization against results of a
3-D finite-element ice flow model. In case studies the evolution of two Alpine glaciers
of different size over the period 2008—2100 is investigated using regional climate sce-
narios. The parameterization closely reproduces the distributed ice thickness change,
as well as glacier area and length predicted by the ice flow model. This indicates that
for the purpose of transient runoff forecasts, future glacier geometry change can be
approximated using a simple parameterization instead of complex ice flow modelling.
Furthermore, we analyse alpine glacier response to 21st century climate change and
consequent shifts in the runoff regime of a highly glacierized catchment using the pro-
posed methods.

1 Introduction

The retreat of mountain glaciers in response to ongoing climate warming is expected
to have major impacts on the water resource management in alpine environments all
over the world (e.g., Zierl and Bugmann, 2005; Horton et al., 2006; Hagg et al., 2006;
Bradley, 2006; Stahl et al., 2008). Storage of fresh water in the seasonal snow cover
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and glacier ice is a key element in the water cycle on different temporal and spatial
scales. It importantly affects issues of irrigation and hydropower production in moun-
tainous regions and adjacent lowlands. In the long term the anticipated disappearance
of mountain glaciers will lead to a shortage of water in the dry summer season (e.g.,
Zappa et al., 2003), and therefore have high economic impacts. There is a need for
simple and widely applicable methods for calculating temporal and spatial changes in
glacier coverage and ice volume in order to make reliable transient projections of future
changes in the hydrology of alpine catchments. The assessment of glacier geometry
change requires the description of (1) the surface mass balance reflecting the climatic
forcing, and (2) the ice flow dynamics.

The climatic forcing acting on the glacier can be described using mass balance mod-
els of varying complexity that relate meteorological variables to accumulation and ab-
lation rates at the glacier surface (e.g., Arnold et al., 1996; Klok and Oerlemans, 2002;
Pellicciotti et al., 2005; Huss et al., 2008a). The ice dynamics of alpine glaciers have
been assessed in many glaciological studies ranging from simple flowline models (e.g.,
Greuell, 1992; Oerlemans, 1997; Sugiyama et al., 2007) to complex 3-D ice flow mod-
els (Hubbard et al., 1998; Gudmundsson, 1999; Jouvet et al., 2008, 2009). Changes
in Alpine glacier extent over the next decades have been calculated using combined
models of mass balance and ice dynamics (Vieli et al., 1997; Wallinga and van de Wal,
1998; Schneeberger et al., 2003; Le Meur et al., 2007). Ice flow models, however,
require considerable field data input and computational power and are, in general, not
applicable for catchment or regional scale hydrological modelling.

This paper elaborates on a method to parameterize the change in ice-covered area,
glacier length and ice thickness that occurs in response to climate warming. Whereas
widely applicable methods to calculate snow and ice melt in hydrological models ex-
ist, the simulation of the distributed glacier surface elevation change in response to
changing climate forcing and ice dynamics was not yet addressed in a simple way.

The Ah-parameterization, initially proposed by (Huss et al., 2008b), is a function
relating the elevation of the glacier surface h to the surface elevation change Ah
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(equivalent to ice thickness change) occurring over a given time interval. Typically,
elevation changes are small in the accumulation area and largest near the terminus
of mountain glaciers (Fig. 1) as could be shown by observations (e.g., Finsterwalder
and Rentsch, 1977; Arendt et al., 2002; Bauder et al., 2007), based on theoretical
considerations (Johannesson et al., 1989) and numerical modelling (e.g., Oerlemans,
1997). For application of the Ah-parameterization in practice, the glacier length (as
shown on the abscissa of Fig. 1b) is approximated with the surface elevation, assum-
ing these variables to be strongly correlated. The parameterization takes into account
the conservation of mass and is thus well suited for transient hydrological modelling of
temporal ice storage changes. For two glaciers in the Swiss Alps differing in size and
geometry, we validate the performance of the Ah-parameterization in calculating future
glacier geometry over the 21st century by comparing the results to a 3-D finite element
ice flow model. The changes in glacier area and consequent shifts in the discharge
regime are projected for the period 2008 to 2100 based on different climate scenarios.

2 Study site and field data

The two study sites are located in different regions of the Swiss Alps (Fig. 2). We focus
on (i) Rhonegletscher, a medium-sized valley glacier with a length of about 8 km and an
area of 15.9km? in 2007, and (i) Silvrettagletscher, a relatively small mountain glacier
(2.8 km2). For both glaciers, a variety of field data is available covering different tem-
poral and spatial scales which makes them suitable for investigation of the proposed
parameterization.

Ice volume changes for subdecadal to semicentennial intervals are available over the
20th century based on digital elevation models (DEMs) derived either from topographic
maps (before 1960) or from aerial photographs (Bauder et al., 2007). Ice thickness
was measured using radio-echo sounding in 2003 and 2008 on Rhonegletscher, and
in 2007 on Silvrettagletscher. Bedrock maps were generated using on an advanced
interpolation scheme accounting for the principles of ice flow dynamics (Farinotti et al.,
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2009a) which is applied between radio-echo sounding profiles.

Measurements of annual mass balance at stakes were carried out over several
decades on both glaciers (Mercanton, 1916; Funk, 1985; Glaciological reports, 1881—
2009). Additionally, snow probings in high spatial density were performed in six ac-
cumulation seasons on each glacier (unpublished data, VAW-ETHZ), providing infor-
mation about the snow distribution pattern over the glacier surface. Daily discharge
records at the BAFU gauging station at Gletsch from the catchment of Rhonegletscher
(glacierization in 2007: 47%) are available for more than five decades.

Meteorological data (daily mean air temperature and precipitation sums) are
recorded at several MeteoSwiss stations close to the glaciers. For an overview of
the methods used to obtain continuous meteorological time series representative for
the glacier sites over the 20th century refer to (Huss et al., 2008a).

3 Ah-parameterization

The Ah-parameterization describes the distribution of the surface elevation change in
response to a change in climate. A glacier in a perfect state of equilibrium (not existing
in reality) shows no ice thickness changes over time because all spatial differences in
surface accumulation and ablation are balanced by the ice flow dynamics. A disequi-
librium of mass balance and ice flow leads to distinct spatial patterns of the glacier
surface elevation change. Its distribution depends on the size, the geometry, the ice
flow regime and the spatial mass balance variability of the glacier. Therefore, the form
of the Ah-parameterization varies between individual glaciers, but shows constant fea-
tures for all mountain glaciers.

We discuss two possibilities for the derivation of the parameterization, the first one
suited for glaciers with observations of surface elevation change in the past, the second
one applicable to unmeasured glaciers.
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3.1 Parameterizations for individual glaciers

If at least two glacier surface DEMs are available, the Ah-parameterization is retrieved
directly from observed surface elevation change patterns in the past. By comparing the
elevation change between two DEMs in elevation bands with an arbitrary interval (here
10 m), a distribution of surface elevation h versus the elevation change A# is obtained.
The h-Ah function needs to be smoothed in order to exclude noise which would be
amplified in the modelling. This applies in particular to the uppermost parts of the
accumulation area, where the uncertainty in the DEMs is relatively high and the area
covered by individual elevation bands is small (Bauder et al., 2007). The DEMs should
be apart by more than one decade in order to eliminate effects of DEM uncertainty.

In general, the quality of the Ah versus h relation increases with the time span cov-
ered and the magnitude of changes occurring during this period. The observed dis-
tribution of elevation changes is, however, affected by long-term variations in glacier
mass balance that are evident in the 20th century (e.g., Vincent, 2002; Huss et al.,
2008a; Zemp et al., 2009). For example, the distribution of Ah over the glacier surface
is inherently different for (1) periods of fast glacier wastage (e.g. since the 1990s), (2)
during time intervals of positive mass balance (e.g. the 1970s) or (3) following such
a period (e.g. the 1980s) due to the delayed response of ice flow to a change in cli-
matic forcing. Over the next decades mostly negative mass balances are expected
(e.g., Schneeberger et al., 2003; Huss et al., 2008b). Thus, it is proposed to derive
the Ah vs. h function from observations in the past corresponding to case (1), i.e. peri-
ods between successive DEMs characterized by persistent glacier mass loss. The Ah
vs. h function is normalized in order to obtain the dimensionless Ah-parameterization
(Fig. 3a): the abscissa is normalized with the elevation range of the glacier according
t0 (Amax—=1)/(Amax—"min), Where Aoy /min @re maximum and minimum glacier surface
elevation; and the ordinate is normalized with the maximum elevation change Ah,,y
as Ah/Ahq .
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3.2 Parameterizations for unmeasured glaciers

As information about past glacier geometry changes is often unavailable, generalized
Ah-parameterizations were retrieved from samples of different glacier size classes in
the Swiss Alps in order to yield empirical functions applicable to unmeasured glaciers.
For 34 glaciers for which repeated DEMs over the 20th century are available (Bauder
et al., 2007; Huss et al., in press) glacier-specific Ah-parameterizations are derived
(Fig. 3b). The functions were averaged in three size classes — large valley glaciers
(area A>20 kmz), medium-sized valley glaciers (5 km?<A<20 km2) and small glaciers
(A<5km?). For valley glaciers with a distinct canalisation of the ice flow in the ablation
area, minor ice thickness changes occur over a large part of the elevation range (see
Fig. 1). On small glaciers, in contrast, ice thickness changes are not restricted to
regions near the glacier terminus and the curvature of the Ah-parameterizations is
smaller (Fig. 3b). The parameterizations for the three size classes were approximated
based on least squares using empirical functions of the form

Ah=(h +a)Y +b-(h +a)+c, (1)
where Ah is the normalized surface elevation change and A, the normalized elevation

range. The exponent y, prescribing the curvature of the Ah-function, decreases with
glacier size (see numerical values in Fig. 3b).

3.3 Implementation

Once the Ah-parameterization is established, its application for the calculation of future
glacier extent requires the following field data input, which can be obtained for every
glacier from normally easily available data sets:

1. DEM and glacier outlines for model initialization,

2. the spatial distribution of surface mass balance calculated using a model driven by
climate variables (e.g., Klok and Oerlemans, 2002; Machguth et al., 2006; Huss
et al., 2008a), and
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3. an estimate of the glacier bedrock topography. This information is required to up-
date the glacier extent and determines the size of the ice reservoir. Ice thickness
distribution and total ice volume can be calculated based on an inversion of sur-
face topography (Farinotti et al., 2009a,b). More simple methods (e.g., Haeberli
and Hoelzle, 1995; Bahr et al., 1997) can be applied to estimate the overall ice
volume and, thus, to obtain a first guess of the mean ice thickness.

The Ah-parameterization is applied to update the 3-D glacier geometry at the end
of each hydrological year. The lost or gained ice volume, calculated using a mass
balance model, is converted into a distributed ice thickness change according to the
parameterization. It is assumed that the redistribution of surface accumulation by ice
flow takes place immediately.

Integration of the dimensionless Ah-function over the normalized elevation range A,
of the glacier, multiplied with the area A (in m2) of each elevation band / and the ice
density p,;c must equal the total annual change in glacier mass B,:

i=h,
Ba=1yPices Q2 Ar-Ah;. )
i=0

B, (in kg) is given by the mass balance computation and f; (in m) is a factor that
scales the magnitude of the dimensionless ice thickness change (ordinate in Fig. 3)
and is chosen for each year such that Eq. (2) is satisfied. h, refers to the annually
updated glacier extent. An updated glacier surface elevation hy for the initial altitude
h, of elevation band / is calculated as

hy = hg+fs-Ah;. 3)

Near the glacier terminus the annual surface lowering is restricted not to exceed that

year’s local surface mass balance in ice equivalent. This corresponds to non-dynamic

downwasting of the glacier tongue, currently observed on many alpine valley glaciers

(Paul et al., 2004). In this case, the parameterization is rescaled (Eq. 2) so that its
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integration yields the total annual volume change. The Ah-parameterization is not
applied near the border of the glacier (i.e. where the ice thickness is smaller than 10 m).
It is assumed that in these regions thinning due to ice dynamics is small. Ice thickness
change is calculated based on the local mass balance in ice equivalent. Glacier extent
is determined by updating the ice thickness distribution; the glacier disappears where
ice thickness drops to zero.

4 Model description and application
4.1 Glacier evolution runoff model (GERM)

In this paper, the framework of glacier surface updating based on the Ah-
parameterization is the glacio-hydrological model GERM. The model is designed to
calculate the runoff from highly glacierized drainage basins and includes components
for computing (1) precipitation and snow accumulation, (2) snow and ice melt based
on the temperature-index approach, (3) evaporation, and (4) runoff routing. All compo-
nents of GERM are described in (Huss et al., 2008b).

The model is forced by daily temperature and precipitation, and is calibrated and
validated using different field data types. For Rhonegletscher and Silvrettagletscher
the glacier module of GERM is tuned so that the results match the observed (i)
changes in ice volume, (ii) in-situ point-based annual mass balance, and (iii) in-situ
winter accumulation (Huss et al., 2008a). Runoff calculated by GERM for the Rhone-
gletscher catchment is validated against long-term daily discharge records. The glacio-
hydrological model reproduces observed annual runoff volumes with an average devi-
ation of 1.4% over the period 1957-2006 (Fig. 4a). The (Nash and Sutcliffe, 1970)-
criterion is R%=0.58 for annual and R%=0.96 for monthly runoff. The model thus rea-
sonably simulates the hydrological cycle (Fig. 4b) and is consistent with long-term ice
volume changes and seasonal glacier mass balance variability.
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4.2 Ice flow model

A three dimensional finite element ice flow model is used to simulate the flow dynam-
ics of Rhonegletscher. The model is based on a Volume of Fluid (VOF) formulation
(Scardovelli and Zaleski, 1999), has a high level of physical sophistication and solves
the nonlinear Stokes equations. It has been successfully applied to different types of
fluids (e.g., Maronnier et al., 2003) and was first employed by (Jouvet et al., 2008) to
calculate glacier dynamics. Model application to Rhonegletscher is described in detalil
by (Jouvet et al., 2009).

Mass conservation along the ice-air interface yields a transport equation which can
be used to determine the evolution of glacier geometry. Given the initial shape of the
glacier, the ice flow velocity u is obtained by solving a 3-D nonlinear Stokes problem
with a nonlinear sliding law along the ice-bedrock interface. Then, glacier geometry
is updated each year by computing the volume fraction of ice @, which satisfies the
transport equation
op
E"‘”'V(p:b@m’ (4)
where b6, is a source term (i.e. surface mass balance) acting on the ice-air interface
I"o- A decoupling algorithm allows the equations to be solved using different numer-
ical techniques (Jouvet et al., 2008, 2009). The nonlinear Stokes problem is solved
on a fixed, unstructured finite element mesh consisting of tetrahedrons whereas the
transport equation is solved using a fixed, regular grid of smaller cells.

The ice flow model is implemented with the same scheme for calculation of glacier
surface mass balance as GERM, using the parameters calibrated with field measure-
ments. GERM and the ice flow model are driven using the identical meteorological time
series in daily resolution.

For Rhone- and Silvrettagletscher ice flow model results are validated against re-
peated observations of glacier geometry. The model is initialized employing the first
accurate glacier surface DEM available in 1874 (Rhone), and 1938 (Silvretta), respec-
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tively. Over the 20th century, changes in glacier area and surface elevation along
a longitudinal profile are reproduced by the model for both glaciers (Fig. 5). Model per-
formance is assessed by evaluating the root-mean-square (rms) error of the difference
between simulated and observed glacier surface elevation at all grid cells for six DEMs
on each glacier. We find an average rms error of 18 m for Rhonegletscher, and 11 m for
Silvrettagletscher. The errors remain similar over the entire modelling period. These
values are regarded as the a priori uncertainty in the 3-D ice flow model in the present
configuration. Disagreement of modelled and measured surface elevation is attributed
to (1) the description of ice dynamics in the model, (2) the uncertainty in the bedrock
elevation (the deviations are largest in regions not covered by radio-echo sounding
measurements), and (3) uncertainties in the calculated mass balance distribution.

4.3 Future climate forcing

Our assumptions on future climate are based on (Frei, 2007), who statistically evalu-
ated the results of 16 regional climate models within the PRUDENCE project (Chris-
tensen and Christensen, 2007). Three scenarios for the seasonal change in air tem-
perature and precipitation are defined according to (Huss et al., 2007). Scenario 2
represents the median (most probable), Scenario 1 a glacier-friendly evolution (cold-
wet) and Scenario 3 is the most adversary to glacier existence (warm-dry) (Fig. 6). The
three scenarios envelope a 95% confidence interval of expected future climate change
in the Alps and thus cover the range of uncertainty in climate system evolution as given
by different regional climate models. Expected changes in climate variables in 2050
are given for the three scenarios in Table 1. Daily meteorological time series for the
period 2008 to 2100 are constructed by applying seasonal changes in air temperature
and precipitation (Table 1) to detrended series recorded in the past.
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5 Results
5.1 Validation of the Ah-parameterization

As the Ah-parameterization is derived from observed changes in glacier surface ele-
vation over the 20th century a validation is not possible for this period. The parameter-
ization aims at simplifying glacier retreat calculations for the next decades. Therefore,
we compare the performance of the Ah-parameterization against the coupled surface
mass balance and 3-D ice flow model that is run into the future using realistic climate
change scenarios. Our validation does not imply that the predicted future glacier extent
is “correct”, however it allows the investigation of the appropriateness of the glacier re-
treat parameterization versus the ice flow model. The latter is assumed to provide the
best possible estimate of future 3-D evolution of glacier geometry.

The ice flow model and GERM, which is implemented with the Ah-parameterization
for calculating the distributed ice thickness change, are forced using the same climatic
input for the period 2008 to 2100. For both glaciers an up-to-date DEM (glacier geom-
etry and outline) is available for 2007 serving as initialization for the future model runs.
We apply the Ah-parameterization derived from the observations of glacier surface el-
evation change in the past for Rhonegletscher (Fig. 3a) and simulate Silvrettagletscher
using the approximation (Eq. 1) derived for the sample of small alpine glaciers (Fig. 3b).
Mass balance is calculated in daily resolution for every grid cell applying the parame-
ters of the glacier module calibrated for the past. Model runs were performed for the
Scenarios 1 to 3. Because the identical scheme for mass balance calculation is used
to drive both the ice flow model and GERM, differences in simulated surface elevation
and glacier extent are attributable to the description of ice flow dynamics only. The
flow model is assumed to reproduce these in an optimal way and is regarded as the
reference result.

According to our results, large Alpine valley glaciers, such as Rhonegletscher, will
be likely to loose up to 90% of their ice volume until 2100. The spatial distribution
of the ice-covered area as obtained from the ice flow model agrees with results of

356

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the Ah-parameterization and the distributed surface elevation change is captured over
almost the entire 21st century (Fig. 7). Towards 2100 surface elevation near the glacier
terminus is underestimated by the parameterization. This may partly be related to
a mass balance-altitude feedback that tends to continuously amplify an initial difference
in calculated surface elevation.

The rms error of surface elevation obtained using the parameterization in comparison
to the ice flow model is around 20 m throughout the entire modelling period (Rhone-
gletscher) and is comparable for all three climate scenarios (Table 2). Good agreement
is also found for Silvrettagletscher, for which no specific Ah-parameterization was de-
rived (Fig. 3b). Average rms errors are between 10 and 20 m and are consistent as well
for all scenarios (Table 2). Lower rms errors in comparison to Rhonegletscher are ex-
plained by smaller ice thicknesses. These results indicate that the Ah-parameterization
is able to approximate glacier surface elevation changes as predicted by a sophisti-
cated 3-D ice flow model for a wide range of possible future climate evolutions and for
different glacier types. Misfits are in the same order as the a priori uncertainty in the
ice flow model inferred for the 20th century.

In Fig. 8 the comparison of the glacier surface elevation calculated using the Ah-
parameterization and the ice flow model is shown on a longitudinal profile. For Rhone-
gletscher the parameterization yields particularly satisfying results until 2050. The dis-
tribution of the surface elevation change on the central flow line is almost perfectly
reproduced for all scenarios. Towards the end of the modelling period larger misfits
occur in the ablation area. These are most pronounced for Scenario 3 (warm-dry).
Scenario 1 (cold-wet) shows good agreement for the entire 21st century (Fig. 8). This
is explained by the smallest changes in ice flow dynamics compared to the 20th century
for which the Ah-parameterization was derived.

Future changes in area and length of Rhonegletscher are captured (Fig. 9). The
parameterization yields average differences in ice-covered area given by the ice flow
model of less than 3% throughout the entire modelling period. For the Scenario 2
(median) the mean misfit in glacier area is only 1.5%. Also glacier length is reproduced
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within less than 3% (Fig. 9). Towards 2100 larger errors are evident for Scenario 3.
The parameterization performs equally well for the smaller Silvrettagletscher. In gen-
eral, it predicts slightly too fast glacier surface lowering in the ablation area and too
little thinning in the accumulation area (Fig. 10). This is related to the fact that the Ah-
parameterization was not derived specifically for Silvrettagletscher and thus ignores its
particular characteristics. Nevertheless, ice-covered area and glacier length calculated
using the parameterization and the ice flow model agree well (Fig. 11). The mean
misfit of glacier area is smaller than 5% for all scenarios (excluding the time period
with <20% of the initial glacier area) and even <1% for Scenario 2. Glacier length is
reproduced within 10%. The complete disappearance of Silvrettagletscher during the
21st century is very likely. Whereas according to Scenario 2 no ice is left around 2070,
the glacier survives in strongly reduced form only according to Scenario 1 (Fig. 11).

5.2 Future stream-flow runoff

Runoff from the drainage basin of Rhonegletscher is simulated for the 21st century
using GERM implemented with the Ah-parameterization. In order to take into account
year-to-year climate variability we perform multiple model runs using randomly dis-
turbed meteorological series (Huss et al., 2008b). Due to the representation of glaciers
as a dynamically changing storage component in the water cycle, the shift from an ice
melt to a snow melt dominated runoff regime can be simulated transiently. Our results
are in line with previous studies (Braun et al., 2000; Zierl and Bugmann, 2005; Stahl
et al., 2008; Huss et al., 2008b) and indicate that this transition will take place during
the next decades. During this time frame, water resource management will have to
adapt to the major changes in the hydrological regime of high alpine catchments.
Over the next decades annual runoff from the Rhonegletscher catchment is expected
to increase considerably (Fig. 12). For 2040 calculated runoff is between 23% and
36% higher than in 1961-1990, depending on the scenario. This is due to a rapid re-
lease of water from long-term glacial storage, because of increasing temperatures and
consequently strong glacier retreat. Whereas annual runoff volume reaches a tipping
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point before 2100 in Scenario 2 (median) and 3 (warm-dry), the model results indicate
steadily increasing runoff for Scenario 1 (cold-wet) due to relatively constant reduction
of the glacier ice volume and enhanced precipitation at the same time (Fig. 12).

Our results show the gradual transition from a glacier melt to a snow melt dominated
runoff hydrograph (Fig. 13). The transient increase in runoff over the next four decades
is mainly concentrated in the summer months. Strong ice melt in combination with
precipitation events occurring over the depleted accumulation area with significantly
reduced storage capacity, also leads to an increased potential for destructive floods in
this period.

After complete disappearance of the ice cover low-flow conditions in the sum-
mer months are anticipated that are enhanced by increased potential evaporation in
a warmer climate. On the scale of the European Alps this is expected to have regional
(Horton et al., 2006) to transnational impacts (Bradley, 2006; Junghans et al., 2010)
on irrigation and agriculture, the biosphere and shipping traffic on major streams. Snow
and ice melt peak discharge is shifted from early August to end of May. For the Rhone-
gletscher catchment, we find a decrease in August runoff by 55% for the year 2100
according to Scenario 2 compared to the period 1961-1990 (Fig. 13), and even by
94% for Scenario 3. Conversely, our results show a doubling of winter runoff (Scenario
2), and a more than fivefold increase for Scenario 3. Results of Scenario 1 indicate
significantly smaller changes in the hydrograph.

6 Discussion

In order to investigate the suitability of alternative simple approaches to calculate the
change in glacier surface area in response to future climate warming we validate two
supplementary parameterizations against the ice flow model for Rhonegletscher. We
consider (1) the “AAR-method”, and (2) “non-dynamic downwasting”.

In previous studies assessing the glacier retreat in the 21st century a simple method
based on the accumulation area ratio (AAR) was applied (e.g., Horton et al., 2006;
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Schaefli et al., 2007; Paul et al., 2007). It is assumed that the glacierized area Ag| is
proportional to the multi-year mean accumulation area A,.;, which is calculated based
on climate variables. Ay is derived using the relation

A Aacc/AARs: (5)

9=
where AARq is the accumulation area ratio required to yield a balanced mass budget.
We assume AAR=0.6 (Schaefli et al., 2007; Paul et al., 2007). The accumulation area
A, is calculated as the mean of the previous 10 years in order to average out year-
to-year meteorological variability. An updated glacier area Ay is determined annually
using Eq. (5). In this approach it is implicitly assumed that the glacier is always in
balance with the prevailing climate conditions, which is not justified for large ice masses
in a dynamically changing climate. A major draw-back of the “AAR-method” is that it
does not account for the conservation of mass. For transient hydrological modelling,
in particular, this represents a serious problem as ice volume can disappear without
contributing to discharge.

Given the mass balance and the ice thickness distribution, the change in glacier
area can be calculated by rigorously assuming non-dynamic downwasting. Ice thick-
ness change at each grid cell equals the annual mass balance in ice equivalent. This
approach completely neglects a transport of mass from the accumulation to the abla-
tion area. Thus, the lowering in the ablation area is expected to be too fast and surface
elevation is supposed to increase at high altitudes. An advantage of this approach
compared to the “AAR-method” is that ice volume is transiently modelled, i.e. mass is
conserved.

Model runs using both supplementary parameterizations were performed for climate
Scenarios 1-3 based on the identical meteorological input and the same scheme to
calculate glacier mass balance as for the ice flow model. Table 3 shows that the rms
error of surface elevation obtained with both supplementary parameterizations is sig-
nificantly higher than for the Ah-parameterization (see Table 2 for comparison). The
“AAR-method” yields a considerable underestimation of glacier surface elevation, and
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thus ice volume, for the entire modelling period. rms errors compared to the ice flow
model are in the range of 60 to 120 m for Rhonegletscher (Table 3). For predicting
glacier area change in a discrete time step of e.g. one century, or complete glacier
disappearance the “AAR-method” is suitable.

Assuming no redistribution of snow and ice accumulation by ice flow leads to a mono-
tonically increasing misfit relative to the ice flow model (Table 3). Whereas rms errors
are lower than for the “AAR-method” in the first decades of the 21st century, “non-
dynamic downwasting” performs worse with increasing length of the modelling period.
This is explained by unhindered and continuous growth of the ice thickness in the ac-
cumulation area and too fast glacier recession in the ablation area.

Although misfits in calculated glacier surface elevation are comparable between the
“AAR-method” and “non-dynamic downwasting” (Table 3), the differences in reproduc-
ing glacier area and length as simulated by the ice flow model are significant (Fig. 14).
According to the “AAR-method” Rhonegletscher almost immediately looses its entire
valley glacier tongue; averaged over the modelling period glacier area is underesti-
mated by 44% and calculated glacier length is lower by 66% compared to the ice flow
model (Scenario 2). Most Alpine glaciers are presently out of equilibrium, i.e. their size
is too large for the current climate conditions. The “AAR-method” does not account
for the time scale glaciers need to lose their excess ice mass and thus predicts too
fast glacier retreat. The misfits are largest around 2050 when the glacier is far from
equilibrium and become smaller as the ice-covered area decreases (Fig. 14).

Assuming “non-dynamic downwasting” a relatively good match with glacier area and
length given by the ice flow model is achieved (Fig. 14), being only slightly worse than
for the Ah-parameterization. “Non-dynamic downwasting” yields the best results for
Scenario 3 that is based on extreme climate warming leading to rapid stagnation of ice
flow and consequent disintegration of the glacier.

The testing of supplementary parameterizations for calculating future glacier retreat
has shown that they yield results inferior to those of the Ah-parameterization, which is
able to reproduce distributed glacier surface elevation change, as well as glacier area
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and length accurately based on the same field data input. The use of the “AAR-method”
for transient projections of future glacier extent is discouraged as volume change time
scales are neglected; the violation of mass conservation results in strong underestima-
tion of runoff over the next decades (Huss et al., 2008b). “Non-dynamic downwasting”
leads to an unrealistic distribution of glacier surface elevation, however, might be a suit-
able alternative to the Ah-parameterization in the case of small glaciers or very rapid
climate change.

The major source of uncertainty for the prediction of future glacier area and con-
sequent changes in the water balance and the runoff regime of high alpine drainage
basins are the changes in the climate system, and how they act on the snow cover-
age and the glacier surface. State-of-the-art climate models indicate a wide range of
possible climate trends in the future (IPCC, 2007). The spread is mainly due to un-
known future emission of anthropogenic greenhouse gases. However, different climate
models also exhibit diverging results when forcing them with the same CO,, input (e.g.,
Christensen and Christensen, 2007). The use of ensembles, allowing a probability
distribution of the climate model results to be determined is therefore highly important.

With climate warming several feedback mechanisms that are only partly incorpo-
rated in our mass balance model could contribute to a bias in the projections of glacier
wastage and future runoff. Whereas we take into account positive feedbacks of increas-
ing fraction of precipitation occurring in liquid form, and the prolongation of the melt-
ing season, additional positive backcoupling mechanisms as increasingly dark glacier
tongues due to dust deposition (Oerlemans et al., 2009) and lakes forming in front of
glacier termini, e.g. at Rhonegletscher (Farinotti et al., 2009a), are not considered. We
do not account for feedbacks that locally reduce ice melt rates as well, such as increas-
ingly debris-covered glacier tongues (Kellerer-Pirklbauer et al., 2008), and decreased
direct radiation as the glacier lowers into deeply incised and shaded valley bottoms.
Due to the various poorly understood processes that may compensate for each other,
it is difficult to provide a joint uncertainty estimate of errors in future projections due to
shortcomings of the glacier surface mass balance modelling procedure.
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Investigation of the changes in climatic forcing at the elevation of the long-term equi-
librium line of Alpine glaciers based on long-term measurement has shown that the
degree-day factors of temperature-index models have changed significantly over the
20th century (Huss et al., 2009). Changes over short time periods are also evident
from the analysis of energy balance measurements (Braithwaite, 1995; Carenzo et al.,
2009). The use of constant parameters in empirical models calibrated in the past
therefore adds to the uncertainty in simulated glacier extent over the 21st century. This
uncertainty does, however, not compromise the validation of the Ah-parameterization
against the ice flow model as both are driven by the same climate forcing and mass
balance calculation scheme.

Our results show that the Ah-parameterization reproduces results given by the ap-
plication of a complex ice flow model, and that the parameterization is thus suitable
for the calculation of glacier retreat in response to future climate warming. However,
as the Ah-parameterization represents a rigorous simplification of three dimensional
glacier geometry changes due to ice dynamics, some restrictions are discussed.

The Ah-parameterization does not perform well in simulating glacier advance. In
theory, the pattern of the altitudinal distribution of the ice thickness changes only differs
by sign for glacier retreat and advance (Johannesson et al., 1989). However, this is
only true after reaching a steady state. Alpine glaciers take one to several decades
to reach a new equilibrium geometry after a step like change in climate (e.g., Hoelzle
et al., 2003). The parameterization is applied at the end of every year, assuming an
immediate transformation of the local mass change into a distributed surface elevation
change over the entire glacier. As the Ah-parameterization is explicitly derived for
periods of persistently negative mass balances, the transient glacier geometry change
in the case of advance cannot be simulated accurately.

Changes in the shape of the Ah-parameterization over time are likely. With climate
warming glaciers diminish in area which might lead to a lower curvature of the optimal
Ah-parameterization, i.e. to a lower exponent y in Eq. (1) (see also Fig. 3b). How-
ever, given the good performance of the Ah-parameterizations over a time interval of

363

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
] >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

90 years (see e.g. Figs. 8 and 10) the uncertainty induced by these factors is assumed
to be acceptable.

7 Conclusions

In this study a simple parameterization for calculating the future change in ice-covered
area, glacier volume and 3-D geometry is proposed and compared to results obtained
from a state-of-the-art ice flow model. The evolution of Rhonegletscher and Silvretta-
gletscher was simulated for the period 2008—2100 using three different climate change
scenarios based on ensemble evaluation of 16 regional climate models. We find a dra-
matic retreat for both glaciers. Whereas the smaller Silvrettagletscher is likely to dis-
appear around 2070, Rhonegletscher most probably still exists at the end of the 21st
century, however, with a projected ice volume loss of more than 90% compared to
today. Transient simulation of stream-flow runoff from a highly glacierized catchment
quantitatively shows that glacier wastage will importantly impact on the hydrological
regime.

The Ah-parameterization is able to reproduce glacier retreat over the 21st century
given by a complex 3-D ice flow model and shows satisfying results for a wide range
of scenarios of future climate change and different glacier types. Input data require-
ments are limited to (1) distributed glacier surface mass balance in annual resolution
and (2) the initial ice thickness distribution. These data can be calculated based on
often readily available data sets, such as glacier inventory data and land surface DEMs
with a wide spatial coverage (e.g. Shuttle Radar Topographic Mission). The param-
eterization proposed in this paper is thus applicable to any mountain glacier. The
Ah-parameterization is computationally cheap and therefore represents a viable alter-
native to complex ice flow modelling. It offers the possibility to calculate the evolution
of large glacier samples in regional impact studies and to provide transient changes in
glacier ice volume.
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Climate change will have major impacts on alpine hydrology and the water resource
management of mountainous regions. Glacier retreat and the release of freshwater
from long-term glacial storage is expected to be a key element in projections of high
alpine runoff over the next decades, and requires a description in hydrological mod-
elling that meets the current level of glaciological research. As the application of ice
flow models is normally not in the scope of regionally distributed hydrological mod-
els, this necessitates simple alternatives. Based on the good performance of the Ah-
parameterization in reproducing (i) distributed glacier surface elevation, (ii) glacier area
and (iii) length given by a 3-D ice flow model, we recommend this parameterization for
the approximation of future glacier change for projections of stream-flow runoff from
glacierized drainage basins over the 21st century.

Acknowledgements. Meteorological data were provided by MeteoSwiss and discharge data by
BAFU. H. Bosch established digital elevation models from aerial photographs and B. Nedela
digitized topographic maps. M. Funk is acknowledged for helpful discussions and support.

References

Arendt, A. A., Echelmeyer, K. A., Harrison, W. D., Lingle, C. S., and Valentine, V. B.: Rapid
wastage of Alaska glacier and their contribution to rising sea level, Science, 297, 382—-386,
doi:10.1126/science.1072497, 2002. 348

Arnold, N. S., Willis, I. C., Sharp, M. J., Richards, K. S., and Lawson, W. J.: A distributed surface
energy—balance model for a small valley glacier. |. Development and testing for Haut Glacier
d’Arolla, Valais, Switzerland, J. Glaciol., 42, 77-89, 1996. 347

Bahr, D. B., Meier, M. F., and Peckham, S. D.: The physical basis of glacier volume-area scaling,
J. Geophys. Res., 102, 20355-20362, doi:10.1029/97JB01696, 1997. 352

Bauder, A., Funk, M., and Huss, M.: Ice volume changes of selected glaciers in the Swiss Alps
since the end of the 19th century, Ann. Glaciol., 46, 145-149, 2007. 348, 350, 351

Bradley, R. S.: Threats to water supplies in the Tropical Andes, Science, 312, 1755-1756,
2006. 346, 359

365

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

i


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

Braithwaite, R. J.: Positive degree-day factors for ablation on the Greenland ice sheet studied
by energy-balance modeling, J. Glaciol., 41, 153—160, 1995. 363

Braun, L., Weber, M., and Schulz, M.: Consequences of climate change for runoff from Alpine
regions, Ann. Glaciol., 31, 19-25, 2000. 358

Carenzo, M., Pellicciotti, F.,, Rimkus, S., and Burlando, P.: Assessing the transferability and
robustness of an enhanced temperature-index glacier melt model, J. Glaciol., 55, 258-274,
2009. 363

Christensen, J. H. and Christensen, O. B.: A summary of the PRUDENCE model projections of
changes in European climate by the end of this century, Climatic Change, 81, 7-30, 2007.
355, 362, 371

Farinotti, D., Huss, M., Bauder, A., Funk, M., and Truffer, M.: A method for estimating the ice
volume and ice thickness distribution of alpine glaciers, J. Glaciol., 55, 422—430, 2009a. 348,
352, 362

Farinotti, D., Huss, M., Bauder, A., and Funk, M.: An estimate of the glacier ice volume in the
the Swiss Alps, Global Planet. Change, 68, 225-231, doi:10.1016/j.gloplacha.2009.05.004,
2009b. 352

Finsterwalder, R. and Rentsch, H.: Die Erfassung der Hohenanderung von Ostalpengletschern
in den Zeitraumen 1950-1959-1969, Zeitschrift fiir Gletscherkunde und Glazialgeologie, 12,
29-25, 1977. 348

Frei, C.: Die Klimazukunft der Schweiz, in: Klimaanderung und die Schweiz 2050 — Erwartete
Auswirkungen auf Umwelt, Gesellschaft und Wirtschaft, 12-16, Beratendes Organ fir Fra-
gen der Klimaanderung (OcCC), http://www.occc.ch, 2007. 355, 371

Funk, M.: Raumliche Verteilung der Massenbilanz auf dem Rhonegletscher und ihre Beziehung
zu Klimaelementen, Ziircher Geographische Schriften 24, ETH Ziirich, 183 pp., 1985. 349

Glaciological reports: The Swiss Glaciers, 1880—2004/05, No. 1-126, Yearbooks of the
Cryospheric Commission of the Swiss Academy of Sciences (SCNAT), published since 1964
by Laboratory of Hydraulics, Hydrology and Glaciology (VAW) of ETH Zurich, 1881-2009.
349

Greuell, W.: Hintereisferner, Austria: mass-balance reconstruction and numerical modelling of
the historical length variations, J. Glaciol., 38, 233—-244, 1992. 347

Gudmundsson, G. H.: A three-dimensional numerical model of the confluence area of Unter-
aargletscher, Bernese Alps, Switzerland, J. Glaciol., 45, 219-230, 1999. 347

Haeberli, W. and Hoelzle, M.: Application of inventory data for estimating characteristics of and

366

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

i


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.occc.ch

10

15

20

25

30

regional climate-change effects on mountain glaciers: a pilot study with the European Alps,
Ann. Glaciol., 21, 206—212, 1995. 352

Hagg, W., Braun, L., Weber, M., and Becht, M.: Runoff modelling in glacierized Central Asian
catchments for present-day and future climate, Nord. Hydrol., 37, 93—105, 2006. 346

Hoelzle, M., Haeberli, W., Dischl, M., and Peschke, W.: Secular glacier mass balances
derived from cumulative glacier length changes, Global Planet. Change, 36, 295-306,
doi:10.1016/S0921-8181(02)00223-0, 2003. 363

Horton, P., Schaefli, B., Mezghani, A., Hingray, B., and Musy, A.: Assessment of climate-change
impacts on alpine discharge regimes with climate model uncertainty, Hydrol. Process., 20,
2091-2109, 2006. 346, 359

Hubbard, A., Blatter, H., Nienow, P, Mair, D., and Hubbard, B.: Comparison of three-
dimensional model for glacier flow with field data from Haut Glacier d’Arolla, Switzerland,
J. Glaciol., 44, 368-378, 1998. 347

Huss, M., Sugiyama, S., Bauder, A., and Funk, M.: Retreat scenarios of Unteraargletscher,
Switzerland, using a combined ice-flow mass-balance model, Arct. Antarct. Alp. Res., 39,
422-431, 2007. 355, 371

Huss, M., Bauder, A., Funk, M., and Hock, R.: Determination of the seasonal mass balance of
four Alpine glaciers since 1865, J. Geophys. Res., 113, F01015, doi:10.1029/2007JF000803,
2008a. 347, 349, 350, 351, 353

Huss, M., Farinotti, D., Bauder, A., and Funk, M.: Modelling runoff from highly glacier-
ized alpine drainage basins in a changing climate, Hydrol. Process., 22, 3888-3902,
doi:10.1002/hyp.7055, 2008b. 347, 350, 353, 358, 362

Huss, M., Funk, M., and Ohmura, A.: Strong Alpine glacier melt in the 1940s due to enhanced
solar radiation, Geophys. Res. Lett., 36, L23501, doi:10.1029/2009GL040789, 2009. 363

Huss, M., Usselmann, S., Farinotti, D., and Bauder, A.: Glacier mass balance in the south-
eastern Swiss Alps since 1900 and perspectives for the future, Erdkunde, 64, in press, 2010.
351

IPCC: Climate Change 2007. The Scientific Basis. Contributions of Working Group | to the
Forth Assessment Report of the Intergovernmental Panel on Climate Change, WMO/UNEP,
Cambridge University Press, 2007. 362

Johannesson, T., Raymond, C., and Waddington, E.: Time-scale for adjustment of glaciers to
changes in mass balance, J. Glaciol., 35, 355—-369, 1989. 348, 363

Jouvet, G., Picasso, M., Rappaz, J., and Blatter, H.: A new algorithm to simulate the dynamics

367

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

i


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

of a glacier: theory and applications, J. Glaciol., 54, 801-811, 2008. 347, 354

Jouvet, G., Huss, M., Blatter, H., Picasso, M., and Rappaz, J.: Numerical simulation of Rhone-
gletscher from 1874 to 2100, J. Comp. Phys., 228, 6426—6439, 2009. 347, 354

Junghans, N., Huss, M., and Cullmann, J.: Evaluating the effect of glaciermelt on the hydrolog-
ical regime of a transboundary watershed, in: A Vital Resource Under Stress — How Science
can help, IAHS Publications, submitted, 2010. 359

Kellerer-Pirklbauer, A., Lieb, G. K., Avian, M., and Gspurnin, J.: The response of partially
debris-covered valley glaciers to climate change: The example of the Pasterze glacier (Aus-
tria) in the period 1964 to 2006, Geogr. Ann., 90, 269-285, 2008. 362

Klok, E. J. and Oerlemans, J.: Model study of the spatial distribution of the energy and mass
balance of Morteratschgletscher, Switzerland, J. Glaciol., 48, 505-518, 2002. 347, 351

Le Meur, E., Gerbaux, M., Schafer, M., and Vincent, C.: Disappearance of an Alpine glacier
over the 21st century simulated from modeling its future surface mass balance, Earth Planet.
Sc. Lett., 261, 367—374, doi:10.1016/j.epsl.2007.07.022, 2007. 347

Machguth, H., Paul, F., Hoelzle, M., and Haeberli, W.: Distributed glacier mass balance mod-
elling as an important component of modern multi-level glacier monitoring, Ann. Glaciol., 43,
335-343, 2006. 351

Maronnier, V., Picasso, M., and Rappaz, J.: Numerical simulation of three-dimensional free
surface flows, Int. J. Numer. Meth. Fl., 42, 697-716, 2003. 354

Mercanton, P. L.: Vermessungen am Rhonegletscher, Mensurations au Glacier du Rhone,
1874-1915, Neue Denkschriften der Schweizerischen Naturforschenden Gesellschaft, 52,
1916. 349

Nash, J. E. and Sutcliffe, J. V.: River flow forecasting through conceptual models, J. Hydrol.,
10, 282—290, 1970. 353

Oerlemans, J.: A flowline model for Nigardsbreen, Norway: projection of future glacier length
based on dynamic calibration with the historic record, Ann. Glaciol., 24, 382-389, 1997. 347,
348

Oerlemans, J., Giessen, R. H., and van den Broeke, M. R.: Retreating alpine glaciers: in-
creased melt rates due to accumulation of dust (Vadret da Morteratsch, Switzerland), J.
Glaciol., 55, 729-736, 2009. 362

Paul, F, Kaab, A., Maisch, M., Kellenberger, T., and Haeberli, W.: Rapid disintegra-
tion of Alpine glaciers observed with satellite data, Geophys. Res. Lett., 31, 1-4,
doi:10.1029/2004GL020816, 2004. 352

368

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

i


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Paul, F., Maisch, M., Rothenbuehler, C., Hoelzle, M., and Haeberli, W.: Calculation and visuali-
sation of future glacier extent in the Swiss Alps by means of hypsographic modelling, Global
Planet. Change, 55, 343-357, 2007. 360

Pellicciotti, F., Brock, B., Strasser, U., Burlando, P., Funk, M., and Corripio, J.: An enhanced
temperature-index glacier melt model including the shortwave radiation balance: develop-
ment and testing for Haut Glacier d’Arolla, Switzerland, J. Glaciol., 51, 573-587, 2005. 347

Scardovelli, R. and Zaleski, S.: Direct numerical simulation of free-surface and interfacial flow,
Annu. Rev. Fluid Mech., 31, 567-603, 1999. 354

Schaefli, B., Hingray, B., and Musy, A.: Climate change and hydropower production in the Swiss
Alps: quantification of potential impacts and related modelling uncertainties, Hydrol. Earth
Syst. Sci., 11, 1191-1205, 2007,
http://www.hydrol-earth-syst-sci.net/11/1191/2007/. 360

Schneeberger, C., Blatter, H., Abe-Ouchi, A., and Wild, M.: Modelling changes in the mass
balance of glaciers of the northern hemisphere for a transient 2xCO, scenario, J. Hydrol.,
282, 145-163, doi:10.1016/S0022-1694(03)00260-9, 2003. 347, 350

Stahl, K., Moore, R. D., Shea, J. M., Hutchinson, D., and Cannon, A. J.: Coupled modelling
of glacier and streamflow response to future climate scenarios, Water Resour. Res., 44,
W02422, doi:10.1029/2007WR005956, 2008. 346, 358

Sugiyama, S., Bauder, A., Funk, M., and Zahno, C.: Evolution of Rhonegletscher, Switzerland,
over the past 125 years and in the future: application of an improved flowline model, Ann.
Glaciol., 46, 268—-274, 2007. 347

Vieli, A., Funk, M., and Blatter, H.: Griesgletscher: Berechnungen des Gletscherfliessens und
Perspektiven flr die Zukunft, Wasser Energie Luft, 89, 107-114, 1997. 347

Vincent, C.: Influence of climate change over the 20th century on four French glacier mass
balances, J. Geophys. Res., 107, D19, doi:10.1029/2001JD000832, 2002. 350

Wallinga, J. and van de Wal, R. S. W.: Sensitivity of Rhonegletscher, Switzerland, to climate
change: experiments with a one-dimensional flowline model, J. Glaciol., 44, 383-393, 1998.
347

Zappa, M., Pos, F, Strasser, U., Warmerdam, P., and Gurtz, J.: Seasonal water balance of
an Alpine catchment as evaluated by different methods for spatially distributed snowmelt
modelling, Nord. Hydrol., 34, 179-202, 2003.

369

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

i


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.hydrol-earth-syst-sci.net/11/1191/2007/

Zemp, M., Hoelzle, M., and Haeberli, W.: Six decades of glacier mass-balance observations:

a review of the worldwide monitoring network, Ann. Glaciol., 50, 101-111, 2009. 347 HESSD
Zierl, B. and Bugmann, H.: Global change impacts on hydrological processes in Alpine catch-

ments, Water Resour. Res., 41, W02028, 2005. 350 7, 345-387, 2010
346, 358

Parameterizing future
glacier retreat

M. Huss et al.

i

(8)
@

]
2

370


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 1. Expected changes in air temperature and precipitation in 2050 relative to the period
1980-2000 (Frei, 2007) based on 16 regional climate models within the PRUDENCE projects
(Christensen and Christensen, 2007) aggregated into three scenarios (Sc1-Sc3) according to

(Huss et al., 2007).
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Temp. (°C) Prec. (%)
Season Sc1 Sc2 Sc3 Scl1  Sc2 Sc3
Winter +09 +1.8 +34 +21 +8 -1
Spring +0.8 +1.8 +3.3 +10 -1 -11
Summer +1.4 +2.7 +4.7 -7 -17 -31
Autumn  +1.1 +21 +35 -1 -6 -14
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Table 2. Validation of surface elevation calculated using the Ah-parameterization against the
ice flow model for three 30-year (Rhonegletscher) and 20-year periods (Silvrettagletscher),
respectively, and three climate scenarios (Sc1-3). rmsy represents root-mean-square errors of
the elevation difference at all grid cells averaged over the selected period.

HESSD
7, 345-387, 2010

Parameterizing future
glacier retreat

M. Huss et al.

Period

Sci

Sc2

msy (M)

Sc3

Rhone

Silvretta

2011-2040
2041-2070
2071-2100

2011-2030
2031-2050
2051-2070

15.9
211
22.6

7.6
16.6
245

13.6
17.2
27.8

6.9
13.6
16.1

14.5
30.4
23.2

7.3
12.4
6.7
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Table 3. Validation of surface elevation calculated using supplementary simple parameteri-
zations to calculate glacier retreat against the ice flow model for three 30-year periods and
scenarios in the future (Rhonegletscher). The root-mean-square errors rmsy of the difference
in elevation at all grid cells averaged over the period considered is given for the “AAR-method”
and “non-dynamic downwasting” in comparison to the ice flow model.

Period Sci Sc2 Sc3
rmsy (m)

2011-2040 60.6 925 103.0
AAR-method 2041-2070  89.1 1141 88.9
2071-2100 117.2 73.9 17.5

2011-2040 33.9 30.9 27.4
no dynamics 2041-2070  88.7 66.1 46.8
2071-2100 137.2 1024 48.8
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Fig. 1. (a) Observed long-term surface elevation changes in a longitudinal glacier profile for
a large alpine valley glacier (Grosser Aletschgletscher). (b) Distribution of ice thickness change
along the glacier in 1957-1999. Changes in ice thickness are small in the accumulation area
and largest near the glacier terminus. The typical variability in the equilibrium line altitude (ELA)
over the 20th century is shown.
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Fig. 2. Study site overview. (a) Location of the glaciers in Switzerland. (b) Hydrological
drainage basin of Rhonegletscher (dashed). The gauging station at Gletsch is marked. The
contour line interval is 100 m. The colours indicate ice thickness. (¢) Map of Silvrettagletscher.
Note that the scale differs from (b).

i

(8)
@

]
2

375


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/7/345/2010/hessd-7-345-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

0.0 —

HESSD

02} 7, 345-387, 2010

0.4l ELA .
i ‘ Parameterizing future

glacier retreat

Accumulation Area | Ablation Area
0.6

M. Huss et al.

0.8~| Ah-parameterization
[ | derived for individual glacier
(Rhonegletscher)

Normalized ice thickness change

0.0

0-4f Ah-parameterizations
| | derived for glacier samples N,
L | (applicable to unmeasured gl.) S
0.6

Large valley glaciers

L Ah=(h, -0.02)°+0.12*(h,-0.02)

t | = — - Medium valley glaciers

0.8+ Ah=(h, -0.05)*+0.19%(h, -0.05)+0.01
[ |—-—- Small glaciers

r Ah=(h, -0.30)?+0.60(h, -0.30)+0.09
100 . . .
0 0.2 0.4 0.6 0.8 1.0
Normalized elevation range

Normalized ice thickness change

Fig. 3. (a) Ah-parameterization derived for Rhonegletscher from observed ice thickness
changes in the 20th century. The typical variability in the equilibrium line altitude (ELA) is
shown. (b) Empirical Ah-parameterizations for three glacier size classes applicable to un-
measured glaciers. Parameterizations are derived from digital elevation model comparison for
34 glaciers in Switzerland and were averaged over the respective size class. The equations re-
fer to a numerical approximation (according to Eq. 1) of the line for each size class as displayed

in (b).
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to measurements at Gletsch. (a) Annual runoff volume, and (b) stacked daily runoff hydro-
graphs for the period 1957-2006.
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Fig. 5. Validation of the ice flow model over the 20th century using field data. Comparison of
observed and calculated glacier surface on a longitudinal profile in 1959 and 2007. Model runs
were initialized in 1874 (Rhone) and in 1938 (Silvretta).
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Fig. 7. Comparison of surface elevation and glacier extent calculated for Scenario 2 (median)
using the ice flow model (M) and the Ah-parameterization (P) for Rhonegletscher. Coloured
areas indicate ice coverage as calculated by the ice flow model. The colours refer to the
difference in calculated surface elevation (hy—#p). Solid lines with contours show the glacier
extent as predicted by the Ah-parameterization. The dotted line indicates the glacier outline
in 2007. The percentage of ice volume relative to 2007 according to the parameterization is

given.
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mate change scenarios are shown.
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Fig. 10. Evolution of glacier surface elevation along a longitudinal profile calculated for Silvret-
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Fig. 12. Calculated annual runoff volume from the Rhonegletscher catchment based on three
climate scenarios. Shaded areas indicate the range of variability (+2 standard deviations o)
obtained by performing multiple model runs with random meteorological variability around the
expected average of each scenario (solid lines). The dot shows the measured mean annual
runoff in the climatic normal period, £2¢ are indicated.
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Fig. 13. Projected change in the hydrological regime of the Rhonegletscher catchment accord-
ing to Scenario 2 (median). Measured discharge in the past refers to the 1961-1990 average.

Numbers in brackets indicate the glacierization of the drainage basin.
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Fig. 14. Validation of simple alternative approaches for calculating future glacier change

against the ice flow model. (a) Glacier area, and (b) length (Rhonegletscher).
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