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ABSTRACT. A one-dimensional time-dependent flowline model of Rhonegletscher,
Switzerland, has been used to test the glacier’s response to climatic warming. Mass-
balance variations over the last 100 years are obtained {rom observations of the equili-
brium-line altitude (ELA) and a reconstruction of the ELA based on a statistical correla-
tion between temperature and ELA. For the period prior to AD 1882, for which no reliable
climate data exist, we chose equilibrium-line altitudes that enabled us to simulate accu-

rately the glacier length from AD 1602

The model simulates the historical glacier length almost perfectly and glacier geo-

metry very well. It underestimates glacier-surface velocities by |

18%. Following these

reference experiments, we investigated the re sponse of Rhone gletscher to a number of
climate-change scenarios for the period AD 1990-2100. For a constant climate equal to
the 1961 -90 mean, the model predicts a 6% decrease in glacier volume by AD 2100. Rho-
negletscher will retreal by almost | km over the next 100 years at this scenario. At a warm-

ing rate of 0.04 K a

1. INTRODUCTION

Roughly one-third of the total expected sea-level rise in the
next 100 years will be due to the melt of valley glaciers and
small ice caps (Warrick and others, 1996). The attempts to
estimate the contribution of valley glaciers and ice caps to
sea-level rise are fairly simple compared to the estimates of
the contribution of thermal expansion and the contribu-
tions of Antarctica and Greenland, the other major compo-
nents of sea-level change on a time-scale of a 100 years. It is
vitally important that simple, yet realistic, models which in-
clude processes linking meteorology to mass balance and
dynamic response be developed (e.g. Meier, 1965; Greuell,
1992; Warrick and others, 1996). Since the geometry and cli-
matic setting of valley glaciers vary enormously, studies will
have to concentrate on as many different glaciers as possible.
Unfortunately, insufficient data are available for every
glacier. Mass-balance data and information concerning the
bedrock of glaciers are sparse.

In this paper,
dimensional,

Rhonegletscher is simulated using a one-
time-dependent model.  Similar
models (with varying description of geometry and flow
parameters) been  developed  for
(Bindschadler, 1981), for Variegated Glacier (Bindschadler,
1982), (Kruss, 1983, 1984), for Nigards-
breen (Oerlemans, 1986), for Glacier dArgentiére (Huy-
brechts and others, 1989), for Rhonegletscher (Stroeven
and others, 1989), for Hintereisterner (Greuell, 1992), for Pas-
terze (Zuo and Oerlemans, 1997) and for Unterer Grindel-
waldgletscher  (Schmeits and  Oerlemans, 1997). The
relatively simple flow models used in the above-mentioned
studies (no longitudinal stresses included) will not repro-

flowline

have Griesgletscher

for Lewis Glacier

duce the dvnamic behaviour of those glaciers in all detail.
However, the success of most simple continuity considera-

tions for lon‘gT time periods indicates that details of dynamic
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m]l’_» 4% of the glacier volume w ill be left by AD 2100.

low are by far surpassed in importance by simple mass re-
distribution at climatological relevant time-scales.

This paper presents how Rhonegletscher will respond to
several temperature and precipitation scenarios for the next
100 years. After Stroeven and others (1989) published their
work on Rhonegletscher, new mass-balance and climatolo-
gical data became available. Stroeven and others (1989)
used a mass-balance forcing with fixed mass-halance gradi-
ents related o climatic series from tree-ring widths from
Germany (Lamb, 1977), central England summer-temper-
ature data (Lamb, 1977), the “Basler "lemperaturreihe”
(Bider and others, 1959; Burkhardt and Hense, 1985) and
temperature and precipitation data [or the whole of Switzer-
land (Pfister, 1984 .

In this paper, the mass balance of Rhonegletscher is
based on data presented by Chen and Funk (1990) and Miil-
ler-Lemans and others (1995). Chen and Funk (1990) pre-
sented mass-balance data for the periods 1884-1909 and
1979-81. Miiller-Lemans and others (1995) presented temp-
erature and precipitation records from nearby meteorologi-
cal stations for the period 18821987, These two papers
cnabled us to reconstruct the mass-balance history of
Rhonegletscher since 1882 based on a statistical relation
between equilibrium-line altitudes and observed temper-
ature records from nearby weather stations. This approach
yields a more reliable mass-halance reconstruction for the
period 1882-1990 than the reconstructions attempted by
Strocven and others (1989). For the period prior to 1882, the
mass-balance forcing is derived indirectly from the length
record by dynamic calibration (Oerlemans, 1997).

This improved mass-balance reconstruction resulted in
a good simulation of the present-day geometry, a prerequi-
site for estimating the future response of the glacier, which

was not satisfied by the work of Stroeven and others (1989).
This enabled us to impose temperature and precipitation
383
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scenarios for the next 100 years and to calculate the volume
of the glacier as a function of time using the same procedure
as carried out for several other glaciers within the frame-
work of the European Ice Sheet Modelling Initiative (EIS-
MINT) glacier intercomparison (Oerlemans and others,
1998).

2. RHONEGLETSCHER

Rhonegletscher is situated in the middle of the Swiss Alps
(46°37"N., 08°24' E). It is the source of the River Rhone. A
detailed map of Rhonegletscher is shown in Figure 1. Prop-
erties of Rhonegletscher are given inTable 1. The distance
from the glacier’s head. glacier length and average surface
slope are measured along the flowline.

56, A\ '

Fig. 1. Rhonegletscher in delail. Shown are the elevation con-
tours and the flowline with grid points used for the model .
Watersheds are indicated by thick dashed lines. Adapted from
Stroeven and others (1989).

The main reason for choosing Rhonegletscher for this
study is the long historical length record (Fig. 2). The length
of Rhonegletscher has been recorded since AD 1602 (Kasser,
1967,1973; Miiller, 1977; Aellen, 1981; Haeberli, 1985; Hacberli
and Miiller, 1988; Haeberli and Hoelzle, 1993). Surface geo-
metry of Rhonegletscher was recorded in 1969 (topographic
map 1: 25 000 of the Swiss Federal Topographical Survey; is-
sued 1973) (Fig. 3). The mass balance and surface velocity
were measured on Rhonegletscher in the period 18841908
(Mercanton, 1916; Chen and Funk, 1990). Mass-balance
measurements were also performed in the period 1979-81
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Table 1. Geometry and topography of Rhonegletscher in AD
1990

Property Value Source

9684 m
2130-3520 m a.s.1.
2942ma.s.l.

Length Haeberli and Hoelzle, 1993
Altitude range

ELA (1961-90 mean) Reconstructed; this study

Surface area 1713 km” Model; this study
Volume estimate 2,59 km” Model; this study
Mean thickness estimate 150 m Model; this study
Average slope 14 %
Exposure South

(Chen and Funk, 1990). Jost (1936) presented ice thickness
for the lower part of Rhonegletscher based on seismic reflec-
tion. The bed profile for this lower section (5.7-9.7 km from
the head) 1s estimated by subtracting ice thickness from the
1930s surface profile. The bed profile obtained resembles the
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Fig. 2. The hustorical length record of Rhonegletscher. Data
fram Aellen (1981), Kasser (1967, 1973), Miiller (1977), Hae-
berli (1985), Haeberli and Miiller (1988), Haeberli and Hoel-
zle (1993). Circles are data points.
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Fig. 3. The 1969 surface profile and the reconstructed bed
profile of Rhonegletscher. Surface profile adapted from the
1:25000 topographic maps of the Swiss Federal Topographic-
al Survey.
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bed profile presented by Wachter (1983) on the basis of

radio-echo soundings. Ice thickness in the upper part of the
glacier has not been measured. In view of the available in-

formation, the best estimate for ice thickness for this part of

the glacier is achieved assuming constant basal shear stress:
dh
= ng— = constant. (1)

Here; iy is 1lu basal shear stress (bar), p is the density of ice
(900 kg m ), ¢ 1s the acceleration of gravity (9.8 ms L). H is
the ice thickness (m) and dh/dx is the observed surface
slope in 1969, with x in the flow direction. 71, was estimated
by a comparison of the estimated bedrock profile assuming
constant basal shear stress and the constructed bedrock
profile based on information from Jost (1936) for the lower
part of the glacier, The adopted 7, is the average over a
length of approximately 20 times the ice thickness, The best
root mean square (rms) of the difference between the esti-
mated and constructed bedrock profiles was obtained with
a basal shear stress of 2.1bar, which is in line with basal
stresses estimated by Hacberli and Schweizer (1988) for the
lower part of the 1850 Rhonegletscher. The value is higher
than values given by Hacbherli and Hoelzle (1995), partly
because they incorporate a shape factor in the equation for
the basal shear stress and because they assume a lower value
for the average thickness of Rhonegletscher. For the transect
from 2.75 to 5.5 km from the head of the glacier, we used a
weighted smoothing (70%) to obtain the final bedrock
profile used in the model (Fig 3). Note that the basal shear
stress is only used to estimate the bedrock profile. The flow
model includes variations in time and space of the basal
shear stress.

3. DESCRIPTION OF THE MODEL

The model is one-dimensional (with the flowline along the
o axis) and is time-dependent. The time step used is
0.05 years, and grid-point spacing is 250 m. The three-di-
mensional geometry is taken into account by parameter-
ization of the cross-sectional geometry at each grid point.
The cross-profile has a trapezoidal shape (Fig. 4) and is des-
cribed by the valley width at the base (W), bedrock height
(b), and the average steepness of the valley walls on each
side of the glacier (7), which yields two degrees of freedom
for each grid point. Values for the width at the surface (W,)
and for y were taken from topographic maps. o keep distor-
tion of the area/elevation ratio as small as possible, we used

X

Fig. 4. Geometry for the glacier model.
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the length of the contour line passing through the grid point
instead of the width perpendicular to the flowline. Expres-
sions for the valley width at the base (1) and the cross-sec-
tional arca of the glacier (§) are:
W = W, — 2 tan(v)H (2)
S=[W + (tan(y)H)|H . (4

The dynamic behaviour of the glacier is described in terms
of changes in ice thickness, calculated from the continuity
equation. Since ice density is assumed to be constant, the
conservation equation for ice volume is used:
(:E:—,—d—(US)+BVVh. (4)
ot dr
Here, U is the mean ice velocity at the cross-section and Bis
the annual specific mass gain or loss. This equation ex-
presses the notion that gain in the cross-sectional area is ac-
counted for by the surplus of accumulation minus the loss of
ice to adjacent parts of the glacier. Substitution of Equations
(2) and (3) into Equation (4) yields:

OH _ -1
ot W+ 2tan(y)H
. O(UH)
[(u« + tan(y)H) = +UH0 (W + tan(y)H)| + B.

(5)
The depth-averaged ice velocity (U) is determined by
internal deformation (U/;) and sliding (Uy). Variations in
hasal water pressure are not considered in this study, since
they are not expected to be relevant in the light of other ap-
proximations made. The following equations are used to
caleulate the depth-averaged ice velocity (Budd and others,
1979; Paterson, 1981)

U=Uy+U, = fHr} +f"T"

(6)
dh -
in (7)
Here, 7 is the driving stress and f; and f5 are the flow para-
meters. The flow parameters depend on bed conditions,
debris content and crystal structure of the basal ice layers.

T4 = —pg

Since the flow parameters are not known accurately, they
are used as tuning parameters. It is assumed that
Rhonegletscher is temperate, so that the flow parameters
are constant in time. Near-surface frozen zones are therefore
neglected.

The values adopted for the flow parameters are:

Fi =817 % 107" s F

fo =951 % 107" mPa N2,
These values for the flow parameters are lower compared to
flow parameters used in similar studies (e.g. Budd and
others, 1979; Greuell, 1989) but turned out to ylcld the best
results, as explained in section 5.

Annual specific net balance (B) for every point on the
glacier is delined by the equilibrium-line altitude (ELA)
and mass-balance gradients. These two properties are used
as forcing and will be discussed in section 4.

4. INPUT DATA FOR FORCING THE MODEL
4.1. Equilibrium-line altitude

The model is forced by the ELA and mass-balance gradi-
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ents (dB/dz). Together, these two parameters provide mass-
balance values (B) for every point on the glacier, following
the equation:

_ o
_2,'

B (ELA — h). (8)
The ELA on Rhonegletscher is known for the years 1664
1908 and for the years 197981 (Chen and Funk, 1990). Since
the ELA has to be known for each year, we attempted to de-
rive the ELA from meteorological observations. A reason-
ably good correlation was found between ELA and the
mean summer (June-August) air temperature (73) from
two nearby weather stations (Fig. 5). Temperature data from
the weather stations Andermatt (1442 m a.s.l., 15 km north-
east of Rhonegletscher) and Reckingen (1338 mas.l., 9km
south of Rhonegletscher) have been presented by Miiller-
Lemans and others (1995) for the period 1882-1986. On the
basis of a statistical rank—order correlation test, we omitted
the years 1896 and 1908. With the remaining data, a reason-
able correlation was achieved:

ELA = 14145+ 12707,  (n=26;r=0.79). (9)

Here, T} is the mean summer air temperature ( °C) from An-
dermatt and Reckingen, n is the number of years used in the
correlation and r is the correlation coeflicient. This statis-
tical expression tells us that the ELA rises 127 m for every
degree of increase in the summer air temperature. This is
in line with findings for other glaciers (e.g. Oerlemans and
Fortuin, 1992). Taking into account annual precipitation
from both weather stations did not contribute to a better
correlation. Cloudiness and surface albedo were not re-
corded in the period under study and could therefore not
be used in our reconstruction. We reconstructed temper-
atures for the period 198790 using temperature data from
Grimsel (1950 ma.s.l., 5 km southwest of Rhonegletscher)
and Andermatt, so that we could extend the temperature
record to 1990, The record from Grimsel is recalculated to
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Fig. 5. Correlation between the mean summer ( fune—
August) air temperature averaged from Reckingen and An-
dermatt weather stations ( Miller-Lemans and others,
1995) and observed ELAs { Chen and Funk, 1990). Measure-
ment periods are 18841908 (dols) and 197981 { squares ).
On the basis of a statistical rank—order correlation lest, we did
not use the measurements made in 1896 and 1908 in the corre-
lation.
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data from Reckingen (T = T + 0.46) (personal commu-
nication from M. Funk, 1996).

With the correlation between ELA and temperature, we
were able to reconstruct ELAs for Rhonegletscher for the
period 1882-1990. Decadal mean ELAs were calculated
using measured values where possible and reconstructed
values if no measured values were available (Fig. 6).
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Fig. 6. Decadal mean ELA caleulated from observations if
present (Chen and Funk, 1990) and otherwise using the
temperature—ELA correlation presented in Equation (9).

4.2. Mass-balance gradients

Annual specific net-balance (B) data for different altitude
intervals of Rhonegletscher for the period 1884-1908
(period 1) and the period 197981 (period 2) have been pre-
sented by Chen and Funk (1990). We omitted values inter-
polated or extrapolated by Chen and Funk (1990), because
values for period | were obtained using mass-balance gradi-
ents from period 2. We disagree with the interpolation and
extrapolation techniques used by Chen and Funk (1990),
because mass-balance gradients may change over time.

To achieve mass-balance gradients (dB/dz), we plotted
all mass-balance values relative to the measured ELA of the
year in which they were measured (Fig. 7). The two meas-
urement periods were examined separately. Three altitude
intervals were taken separately: (1) accumulation zone; (2)
ablation zone, between 2100 m a.s.l. and the ELA; (3) ab-
lation zone below 2100 m a.s.l.. This last interval was taken
separately because observations in period 1 show a higher
ablation gradient for the tongue of the glacier, below
2100 m a.s.l. We think that this is a consequence of lateral
warming from the main valley bottom and more pro-
nounced exposure. The results are given inTable 2. Unfortu-
nately, there is too short a monitoring period to validate the
statistical relationships over an independent verification
period. The statistical relationships are far from perfect,
probably because important parameters like local precipita-
tion, cloudiness and surface albedo are not known, and
therefore could not be taken into account.

The mass-balance gradient in the accumulation zone in
period 1 is thought to be unreliable, because mass balance
was only measured in the lower accumulation area and
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Fig. 7. Mass-balance measurements for the period 18841908
(a) and for the period 197981 ( b ). Indicated are the regres-
stons for the accumulalion zone and jfor the ablation zone
above 2100 m a.s.l. (indicated by crosses). Since measure-
ments below 2100 m a.s.l. (indicated by dots ) nearly all show
more ablation than expected from the regression for the upper
ablation area, a higher mass-halance gradient was used for
the zone below 2100 ma.s.l. Data from Chen and Funk

(1990).
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bhecause the correlation coefficient is low. Furthermore. no
measurements were made in the interval below 2100 m a.s.L.
during period 2, because the glacier hardly reached this
interval. 1o obtain mass-balance gradients for these two
intervals, the ratio of the mass-balance gradients for each
interval for periods 1 and 2 is assumed to be constant. We
used the mass-balance gradients in the ablation zone above
2100 m a.s.l. to determine the ratio between period 1 and
period 2 mass-balance gradients, because this interval
showed good correlation for both periods. The calculated
regression lines are shown in Figure 7 and the applied
mass-balance gradients are given inTable 2,

The values presented here vary considerably from those
given by Chen and Funk (1990). Differences in mass-balance
gradients for period 1 are a consequence of the interpolation
and extrapolation techniques used by Chen and Funk (1990).
The reason for the differences in the ablation zone in period
2 is not clear.

In the model, the vertical mass-balance gradients are
interpolated linearly from period 1 values to period 2 values
over the period 1910-60. We assumed that mass-balance
gradients have been constant prior to 1910. As the period
196090 is used as a reference period for future scenario cal-
culations, the mass-balance gradients from 1960 onwards
are arbitrarily kept constant.

5. REFERENCE EXPERIMENTS

5.1. Tuning to historical glacier-length variations

Belore presenting sensitivity and climate experiments, we
will consider the performance of the model. For this pur-
pose, we compare the model results with the historical
glacier length with a longitudinal cross-section from 1969,
historical volume changes and with observations of the sur-
face velocity around AD 1900,

We used the historical glacier-length record to tune the
model, because this is the longest and most reliable record.
As tuning parameters, we used the bedrock profile and the
flow parameters. From 1882 onwards, we used reconstructed
and measured ELAs as forcing as explained in section 4. We
reconstructed ELAs for the period prior to 1882 by trial and
error, in such a way that the historical length of Rhoneglet-
scher was best simulated. This procedure was developed by
Oerlemans (1997) and is called dynamic calibration.

Table 2. Mass-balance gradients. (dB/dz = vertical mass-balance gradient; recalculated are corrected values used in the model;
C'F are values given by Chen and Funk (1990); n is number of observations, v is correlation coefficient; * is value neglected in
Jurther analysis ). Note that Chen and Funk (1990) only used one mass-balance gradient for the ablation zone but in this study the
upper and lower ablation zone were examined separately. See section 4.2 for further explanation

Glacier interval
Data only

|
‘ mwe. m

AB/dz period 1 (1884 1908)
Recalculated

CF Data only

mw.e.m g

dB/dz period 2 (1979-81)
Recaleulated CF
mw.e.m |

1 I
I WLe. 1 mw.c. m

mw.c. m
Accumulation 00066 0.0072 0.0061 0.0061 0.0061 0.0063
zone =30 =21

r =0.44 r=10.96
Ablation zone 00078 0.0078 00066 00066
>2100 ma.s.l. n=97 n=-18

=070 (L.0092 r=0.99 0.0091
Ablation zone 0.0154 0.0154 " 0.0131
<2100 ma.s.l. =123 n=1>0
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Using dynamic calibration for the period prior to 1882,
and the measured and reconstructed values of the ELA for
the period 18821990, we obtained an almost perfect match
between modelled and observed glacier-length records (Fig.
8). The only minor drawback is that retreat in the 1940s
started a little too late. However, the difference between
the observed and the modelled glacier lengths 1s never more
than one grid point (250 m).
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Fig. 8. Left: observed glacier length ( solid line ) and modelled
glacier length ( dashed line) since AD I602. Right: ELA used
in the model (solid line) and modelled glacier volume

( dashed line ).
5.2. Glacier geometry

The observed 1969 glacier-surface profile has been com-
pared to the modelled 1969 glacier-surface profile. One can
see [rom Figure 9 that the modelled glacier is too thin at the
snout and a little too thick in the middle part. The rms of the
difference between observed and simulated surface altitude
1s 23 m. Although not entirely satisfying, these were the best
results that could be obtained without violating the glacier-
length record. Since glacier geometry is known from only
one snapshot in 1969, correct modelling of the glacier geo-
metry was considered to be of less importance than correct
modelling of glacier length, which is known over a far longer
period.

As an extra reference experiment, we simulated the his-
torical glacier length and the 1969 glacier geometry using
only one mass-balance gradient for the entire glacier. How-
ever, this always resulted in a poorer simulation than the re-
ference experiment. This shows that the sub-division into
clevation intervals for the mass-halance gradient was indeed
justified.

5.3. Historical volume changes

Although there is no reliable record of glacier volume over
past centuries, some values have been presented by Chen
and Funk (1990). According to Chen and Funk (1990),
glacier volume decreased by 0.471 km” in the period 1882
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Fig. 9. Observed 1969 surface profile (solid line) and
modelled 1969 surface profile ( dashed line ). Also shown are
the differences between modelled and observed surface altitude
Jor each grid point (eircles) and the bedrock profile ( bold
line ).

1969. This value was obtained from a comparison of Rhone-
gletscher surface profiles for 1882 and 1969. Chen and Funk
(1990) calculated volume changes from altitude changes
times ice-covered surface. The map that Chen and Funk
(1990) used for the 1882 situation had been drawn in the
period 1874-82 ( Mercanton, 1916).

In this study, the volume decrease from 1882 to 1969 is
estimated to be only 0.305 km”. This value was obtained by
subtracting the modelled glacier volume for 1969
(2639km* from the modelled glacier volume for 1882
(2944 km”). A possible reason for the difference between
the estimate from Chen and Funk (1990) and this research
is that they worked with the ice-covered area instead of
glacier-surface area. Since the ice-covered area is greater
than the glacier-surface area, this will lead to an overesti-
mation of the glacier-volume loss. Another possible
explanation is that the 1882 situation presented by Chen
and Funk (1990) is not the real 1882 situation but rather the
1874 situation, because surveyving for the 1882 map began in
1874. Since the glacier retreated very fast in the period 1874
82 (Fig. 8), a few years of difference can have a large impact
on both surface-arca and volume estimates. According to
our model, the difference in volume between 1874 and 1882
is 0.15 km”, which is almost equal to the difference between
the 1882-1969 volume-decrease estimate of Chen and Funk
(1990) and our volume-decrease estimate.

5.4. Glacier-surface velocities

Surface velocities at various sections of Rhonegletscher for
the period 1885—1910 have been given by Mercanton (1916)
(Table 3). The measured surface velocities at the flowline are
compared to velocities predicted by the model. Modelled
velocities have been multiplied by 1.5 to take account of the
fact that model velocities are averaged vertically. This factor
is based on the equations given by Nye (1965).

The model generally slightly underestimates surface
velocities, This difference seems considerable but one should
realize that this model captures the three-dimensional geo-
metry only schematically and that longitudinal stresses are
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Table 5. Measured and modelled surface velocities of Rhone-
gletscher. Measured velocities taken from Mercanton (1916)

Part of the glacier Surface veloeity in AD 1900 (ma )

Measured Modelled
km
3.0-5.0 64 55
20=75 86 87
7.5-9.0 105 89

neglected. It might furthermore be noted that the glacier re-
treated rapidly around AD 1900, Although this retreat is also
captured in the model, it implies that the uncertainty in the
modelled velacities due to the precise timing is relatively
large. In view of the points mentioned, one should not ex-
pect a better performance.

6. SENSITIVITY EXPERIMENTS
6.1. Sensitivity to the forcing parameters

Before presenting the climate experiments, we explore the
sensitivity of the model to variations in input parameters
within their estimated uncertainty. As explained in scction
4.2, different mass-balance gradients are used for the period
prior to 1910 and the period from 1960 onwards. In Figure
10, steady-state length and steady-state volume are shown
for both mass-balance gradients. Mass-balance gradients
have little influence on the steady-state length of Rhonegle-
tscher, as long as the ratio between ablation and accumula-
tion gradients is constant, as is the case in this study. Glacier
volume, however, is more influenced by mass-balance gradi-
ents. Higher gradients lead to a thicker glacier, resulting in a
greater volume as can be observed in Figure 10,

From Figure 10, one can see that both steady-state length

=
Length (km)

B~

[§S]

Volume (kms)

0
2800 2900 3000 3100 3200
ELA (m as.l)

Fig. 10. Sensitivity of steady states of Rhonegletscher to pertur-
bations of the ELA, mass-balance gradient and flow para-
meters. Solid lines: mass-balance gradients for the period
1884=1908 (crosses) or mass-balance gradients for the
period 197981 (circles) are used. Mass-balance gradients
Jor the first period are 18% higher than mass-balance gradi-
ents for the second period. Dashed line: the flow parameters
used are 50% higher than the standard flow paramelers for
the second period.
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and steady-state volume are most sensitive to ELA pertur-
bations in the interval 2900 3025 m a.s.l. There is a geome-
trical reason for this, since Rhonegletscher is very wide in
this interval. Increasing the ELA from 2900 to 3000 m a.s.l.
yields a volume loss and length change of approximately
40%.

6.2. Sensitivity to flow parameters and bed profile

With 50% higher flow parameters (f; =476 x10 ®m"s '
N*® f=143x10"%m®s !N 3, glacier length is about
750 m shorter for ELAs in the interval from 2850 to
3025 m. Glacier volume is about 20% lower than with de-
fault settings, independent of the ELA.

Focusing on the uncertainty in the input parameters
means focusing on the bed profile, because the bed profile
is partly reconstructed and not measured (Fig. 3). To investi-
gate the sensitivity of the glacier to different bed profiles, we
compared steady-state profiles of Rhonegletscher for four
different bed profiles. Three of the bed profiles used were
achieved by different smoothing functions over the bed
profile constructed on the assumption of constant basal
shear stress (section 2). In the standard run, a smoothing of
70% was used. A smoothing of 80% resulted in a shallow
trench, whereas a smoothing of 60% resulted in a deep
trench (Fig. 11). The bed profile presented by Stroeven and
others (1989) was also used as input (Fig. 11), The ELA is
adjusted i such a way that the rms of the difference
between modelled surface and observed 1969 surface was
minimal for the standard bed. To calibrate the model for
the different bed profiles (minimizing rms between
observed and modelled surface), we adjusted the (low para-
meter fi. Note that cquilibrium profiles are compared to the
1969 profile, which is only in near-equilibrium state.

From the experiment, it is concluded that considerable
changes in bed profile have only little effect on the surface
profile after calibration with flow parameter f; (Fig. 11
"Table 4). It might further be noted that, alter calibration,
the surface velocity varies only marginally for the three
trenches studied. The bed profile used in this study gives
better results than the bed profile used by Stroeven and
others (1989) on both geometry and surface velocity.

dable 4. Bed profiles, parameters used in the experiment and
results of the experiment. Note that modelled equilibrium
profiles are compared to the 1969 observed profile. Flow para-
meters for the standard run have not been adjusted: other sce-
narios have been caltbrated with fy. This explains the lower
rms for the shallow trench and deep trench seenarios. Note that
Stroeven and others (1989) used a different mass-balance for-

mulation
Bed profile ElLA fi Normalized rms difference
surface velocity observed-
km3t09 modelled surfuce
masl 10 "m'N%a'! ma ' m
T'his study 2910 1.0 1.00 212
Shallow trench 2910 1.3 1.04 20.8
Deep trench 2910 10 097 210
Stroeven and 2910 0.5 0.82 282

others (1989)
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3600 - 1 T . ;

3200

2800

Altitude (m a.s.l.)
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2000 1 1 1 | L | 1 |
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Distance from head (km)

Fig. 1. Different bed profiles and resulting surface profiles after calibration with flow parameter fi. Upper bold dashed line:
observed 1969 surface profile. Solid lines: standard bed profile and resulting surface profile. Dashed lines: shallow trench experi-
ments ( closed triangle markers ), deep trench experiments ( open triangle markers) and experiment with bed profile from Stroeven
and others (1989) ( crosses ). Note that the differences in the surface profiles are very small.

7. CLIMATE-CHANGE EXPERIMENTS

The goal of this study is to quantify the response of Rhone-
gletscher to enhanced greenhouse warming. The response is
investigated by running the model until the year AD 2100 for
seven climate-change scenarios. The 196190 period is taken
as reference period. The mean summer air temperature for
this period averaged from Reckingen and Andermatt is
120°C and the mean ELA for this period is 2942 ma.s.l.
The ELA-temperature correlation shown in section 4 1s
used to construct the ELA for the period 1991-2100. Influ-
ence of precipitation changes was estimated by Oerlemans
(personal communication, 1996) using a mass-balance
model of Rhonegletscher. He obtained a 57 m drop in the
ELA for a 10% increase in annual precipitation. This value
matches the results of studies in Norway (Oerlemans, 1992).
The mass-balance gradient may vary systematically with
precipitation increase relating to future climate scenarios.
However, present data on both parameters are insufficient
to obtain a statistical relationship between precipitation
and mass-balance gradient. Therefore, the mass-balance
gradients given for period 2 in Table 2 are used for all
scenarios.

The response of the ELA and the mean specific balance

Table 5. Instantaneous changes of climate in 1990 and reac-
tion of the ELA and mean specific balance (M) in 1991

(M) of Rhonegletscher to climate change is given Table 5.
The effect of a 1 K warming could almost be compensated
by a 20% increase in precipitation. According to Katten-
berg and others (1996), a much smaller increase in precipita-
tion with climate warming is expected for the Alps.
Therefore, climate warming will lead to increased melt
and the retreat of Rhonegletscher. Climate-change scenar-
ios and the response of length and volume of Rhoneglet-
scher are shown inTable 6 and in Figure 12,

From Table 6 and Figure 12, it follows that Rhoneglet-
scher is almost in equilibrium with the 1961-90 climate.
With no climate change from 1991 to 2100, relative to the
196190 mean, 94% of the glacier volume will be preserved
by AD 2100. With a warming rate of 0.04 K a 'and no change
in precipitation, only 4% of the glacier volume will be pre-
served by AD 2100. With this last scenario, Rhonegletscher
will ultimately vanish completely, because the equilibrium
line will be located above the top of the glacier by AD 2100.

We have used dynamic calibration to force the glacier in
the right mode at the beginning of the measured and recon-
structed forcing record and to obtain the correct glacier
length for the present day. To investigate how important this

Table 6. Climate-change scenarios and response of Rhoneglet-
scher to climate change

AELA and AM are relative to the 1991 situation withoul Scenario  Warming  Precipi-  Glacier  Scaled  Glacier  Scaled
; rale tation  lengthin  length  volumein  wvolume
climate change change  AD 2100 21001990 av 2100 21004990
1§ I -
Climate change ELA dELA M dM e ol I b
dT; dP
K % ma.s.l. m mw.e, mw.e. l . 8'7? s o 0'21
2 0.01 10 825 0.87 1.99 077
3 0.01 a5 0.82 1.63 0.63
0 0 2942 0 -0.13 0 4 0.02 10 7.50 0.79 1.55 0.60
+1 0 3069 127 0.93 0.80 5 0.02 575 0.61 0.89 0.34
0 +10 2885 57 0.22 0.35 6 0.04 10 5.50 0.58 0.75 0.29
+1 +10 3012 70 0.57 -0.44 7 0.04 225 0.24 0.11 0.04
390
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Length (km)

Volume (km>)

2000

2050
Years AD

Fig. [2. Length and volume for the climate-change scenarios
for Rhonegletscher. Numbers denote climate-change scenario
used. See Table 7 for a description of the climate-change
SCeNarios.

dynamic calibration is for the final results, we have carried
out some experiments. The main question is whether the
scaled 2100/1990 glacier length and volume would be differ-
ent if the glacier was not forced in the retreating mode at the
end of the nineteenth century. 'lo answer this question, we
carried out a run with the glacier in an equilibrium state in
1880 using the 1880 observed length. From 1882 onwards,
the same forcing with the ELA was used as in the standard
experiment. Glacier response was tested for scenarios I (no
change) and 3 (002K a Y. In addition to these experiments,
we carried out a run with the glacier in an equilibrium state
in 1990, using the observed 1990 glacier length. We used the
same two scenarios as with the 1880 equilibrium run. The
results from these two experiments are given in Table 7.
Glacier response for these scenarios without climate warm-
ing (scenario 1) is shown in Figure 13.

Irom Table 7 and Figure 13, it is concluded that the
results vary only slightly for experiments with and without
dynamic calibration prior to 1882, and without climate for-
cing prior to 1990. For the experiment with a steady state in
1880, this is caused by the long period of more than
100 vears with climate forcing. Although Rhonegletscher

Wallinga and van de Wal: Sensitivity of Rhonegletscher to climate changes
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Fig 15, Glacter length and volume as well as the foreing ELA
for the standard run ( solid line ), without dynamic calibration
prior to 1882 ( crosses) and without climale forcing prior lo
1990 ( circles ). See section 7 and Table 7 for explanation.

was far from an equilibrium state in 1880, the period
between 1880 and 1990 is long enough for the glacier to get
close to its “normal” state in 1990. The small differences
between the standard experiment and the experiment with
a 1990 steady-state glacier are a consequence of the near-
equilibrium state of Rhonegletscher in 1990.

8. DISCUSSION

The Rhonegletscher model simulates glacier length and
geometry satisfactorily. A drawback of the model is that it
underestimates surface velocities by about 1-18%. The
reasons for this underestimation are not entirely clear.
Larger flow parameters do not help to solve this problem,
because larger flow parameters lead to a thinner glacier,
resulting in lower surface velocities. The underestimation
of surface velocities by the model may be related to the fast
retreat of Rhonegletscher in the measurement period. How-
ever, it should also be realized that a vertically integrated
flow model with a schematic three-dimensional cross-
profile is only a coarse approximation of reality with varia-
tions in velocity in three dimensions. As most of these one-

Table 7. Resulls of climate-change experiments with and without dynamic calibration. Standard: dynamic calibration prior to
1882, climate forcing from 1882 omwards. 1990 steady: glacier in a steady state in 1990, 1880 steady: glacier in steady state in

1880, climate forcing from 1882 onwards

Warming rate
(1991-2100)

Scaled glacier length (2100/1990)

Sealed glacier volume (2100/1990)

Standard 1990 steady 1880 steady Standard 1990 steady 1880 steady
OKa' 0.92 0.95 0.90 0.94 0.91 092
002Ka 0.61 0.62 062 0.34 0.34 0.34
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dimensional flow models lack a good comparison of
modelled and measured velocities, it 1s not feasible to expect
more accuracy in this respect.

Comparison of mass-balance measurements taken in the
periods 18841908 and 197981 shows that the mass-balance
gradients have changed with time. Although used in the
model, these measurements should be used with caution.
Measurements in the second period were made only over
3 years. Those 3 years had an exceptional high precipita-
tion, compared to the 1961-90 mean (Miiller-Lemans and
others, 1995). According to Oerlemans (1992), mass-balance
gradients are larger for warmer and more humid climates.
In this study, the opposite seems to be true. However, there
are too few data to establish correlations between annual
precipitation, summer air temperature and annual mass-
balance gradients.

For Rhonegletscher, varying of mass-balance gradients
within the measurement uncertainty has only small effects
on the glacier length (Fig 10). This is a consequence of the
ratio between accumulation area and ablation area, which
for Rhonegletscher is close to 1. For glaciers with an accu-
mulationfablation area ratio that is greater than 1, greater
mass-balance gradients tend to enforce response of the
glacier snout to climate change. This was observed, for
instance, at Nigardsbreen, Norway (Oerlemans, 1992).

The average annual mean specific mass balance for
Rhonegletscher for the 1850-1970, according to our model,
is 039mwe.a . This is not far from the value of
0.31mw.e.a ' needed by Hacherli and Hoclzle (1995) to
match the Rhonegletscher retreat from the 1850 steady-state
length to the 1970 steady-state length. It should be noted,
however, that the use of steady states to interpret glacier
characteristics from inventory data (e.g. Haeberli and
Hoelzle, 1995) will only lead to reasonable results, if the
glacier is in near-equilibrium state at both the start and the
end of the period under study. In other circumstances,
serious misinterpretation of results might oceur.

In this study, dynamic calibration is used to reconstruct
ELAs for the period for which no reliable climate data exist.
Dynamic calibration was not crucial for the results of the
experiments in this study, because of the long climate record
relative to the response time of the glacier. However, dyna-
mic calibration can be an important tool in glacier model-
ling, especially when there is only a short climate record in
comparison to the response time of the glacier, or when the
glacier is far from an equilibrium state at the beginning of
the record. In these cases, dynamic calibration helps to
extend the foreing record, thereby reducing the risk of mis-
interpretation of results.

9. CONCLUSIONS

The climate-change experiments have shown that Rhone-
gletscher is almost in equilibrium with the 1961-90 climate.
With no climate change relative to the 1961-90 period, 94%
of the glacier’s volume will be preserved by AD 2100. With a
climate-warming rate of 0.04 Ka ', Rhonegletscher will
vanish in 100 years. The effect of a temperature increase of
1 K could be compensated by a 20% increase in precipita-
tion. However, since such a precipitation increase is gener-
ally thought to be improbable, climate warming will
certainly lead to further melting of Rhonegletscher.
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