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ABSTRACT. The historical length variations in Unterer Grindelwaldgletscher have
been simulated by coupling a numerical mass-balance model to a dynamic ice-flow
model. As forcing functions, we used (partly reconstructed) local climatic records,
which were transformed by the mass-balance model into a mass-balance history. The ice-
flow model then computes the length variations that have occurred over the course of
time,

In a model run from AD 1530 to the present, with both seasonal temperature and pre-
cipitation variations as forcing functions, the observed maximum length of the glacier
around AD 1860 and the subsequent retreat are simulated. The observed AD 1600 maxi-
mum, however, does not show up in the simulation. This 1s probably due to an incorrect
reconstruction of the mass balance for this period, as detailed climatic data are available
only since 1865. The root-mean-square difference between the simulated and the observed
front positions is 0.28 km. The simulated glacier geometry for 1987 fits the observed geo-
metry for that year reasonably well.

Because of the success of the historical simulation, an attempt is made to predict future
glacier retreat on the basis of two different greenhouse-gas scenarios. For a Business-as-

Usual scenario, only 29% of the 1990 volume would remain in AD 2100.

1. INTRODUCTION

For a long time, glacier variations have attracted the atten-
tion of people living in mountainous regions. Variations in
the frontal position of a number of large valley glaciers
have been reconstructed with the aid of descriptions of his-
torical documents, drawings and paintings, dating of end
moraines and, in more recent times, measurements of the
distance between the glacier fronts and benchmarks. Some
long records of front positions of glaciers in Europe have
been summarized in Oerlemans (1988). Of course, the
earlier parts of the records are more uncertain but the
extreme positions are fairly reliable (due to the presence of
trimlines and end moraines). The general impression is that
these glaciers have behaved quite similarly. The most strik-
ing feature is the large retreat that has taken place since the
middle of the last century. In fact, glacier retreat seems (o
have been a worldwide phenomenon for the past hundred
years or so (e.g. Porter, 1986; Oerlemans, 1994). This sug-
gests that the cause of the retreat is a climatic change on a
global scale.

Several attempts have been made to simulate historical
glacier fluctuations over the last three to four centuries
using numerical ice-flow models (Nigardsbreen: Oerle-
mans, 1986; Glacier d’Argentiére: Huybrechts and others,
1989; Rhonegletscher: Stroeven and others, 1989; Hintereis-
ferner: Greuell, 1992). In these studies, climatic series from
nearby stations and/or climatic records based on proxy
data were used as input. Simulations for the whole period
were not very successful. However, a simulation of the var-
jations in the length of Hintercisferner over the last 100
years turned out to be relatively good (sce Greuell, 1992).

As Greuell demonstrated, failure of the simulations can-
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not be blamed on uncertainties and assumptions in the flow
model but it is more likely to be due to poor quality of the
forcing. The reason for this is two-fold: (i) climatic series
and/or climatic reconstructions are not very reliable, and
(ii) an inadequate description of the relation between cli-
mate and mass balance leads to an erroneous mass-balance
reconstruction. Recently, progress has been made concern-
ing this last point and we now have mass-balance models
available which are based on the energy balance of the ice—
snow surface (Greuell and Oecrlemans, 1986; QOerlemans,
1992).

The response of the position of a glacier front to climatic
change is the outcome of a process that consists of several
steps (see, for instance, Meier, 1965; Paterson, 1981; Furbish
and Andrews, 1984). Modelling this response requires an ap-
proach in which the two main modules, the mass-balance
model and the ice-flow model, are compatible. The mass-
balance model should translate changes in meteorological
conditions into changes in specific balance. This serves as
forcing for the ice-flow model, which brings about changes
in glacier geometry in the course of time. The mass-balance
model is coupled to the flow model in a simple way: a poly-
nomial fit is made to the calculated mass-balance profiles
and included in the flow model (section 5.2).

The purpose of this study is to simulate the historical
length variations in Unterer Grindelwaldgletscher, starting
from climatic records. The main reason for choosing this
glacier is that it has the longest-known historical record.
Moreover, a relatively large amount of climate data is avail-
able, including meteorological data from the high-altitude
station of Jungfraujoch (since 1938) and from the Grindel-
wald weather station (since 1914). One drawback is the com-
plicated geometry of the glacier. Another is that there are no
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mass-balance observations and no velocity or ice-thickness
measurements for Unterer Grindelwaldgletscher, The only
way to overcome the absence of such information is by cali-
brating carefully.

In the next section, we describe Unterer Grindelwald-
gletscher. A short description of the ice-flow model follows
in section 3. The input data for the mass-balance model will
be given in section 4. Some sensitivity experiments with the
ice-flow model and with the mass-balance model will be
presented in sections 5 and 6. Then, we come to the ulti-
mate goal of this paper: the numerical simulation of the his-
torical length variations in section 7. We conclude by
investigating the sensitivity of the glacier to greenhouse
warming (section 8).

2. UNTERER GRINDELWALDGLETSCHER

Unterer Grindelwaldgletscher (Figs 1 and 2; Table 1) is situ-
ated in the Bernese Oberland, Switzerland (46°35' N,
8°05" E). The distance from the glacier’s head and glacier
length are taken along the flowlines shown in Figure 2. In
the upper reaches, the glacier consists of two branches,
called Fieschergletscher and Ischmeer. Below about 1700 m,
the glacier consists of one branch. In this paper, we shall call
this branch together with Fieschergletscher the main
stream, The surface slope of the main stream of Unterer
Grindelwaldgletscher varies considerably; the maximum
slope is about 54% near the top and the minimum about
3% at about 7.5 km from the glacier’s head. The length of
the Ischmeergletscher branch is about 6.4 km. Tts head is at
a height of 3293 m and its average exposure is west (o north-
west. The ice flux from the Ischmeergletscher branch into
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Fig. 1. Photograph of Unterer Grindelwaldgletscher in 1858,
From Jumbiihl and others (1985).

the main stream is believed to be significant. The average
exposure of Ileschergletscher is east to northeast.

The glacier is assumed to be temperate throughout. This
assumption is not completely correct but reasonable in view

Gross Fiescherhorn

Unterer Grindelwaldgletscher (1987)

Fig. 2. Map of Unterer Grindelwaldgletscher showing present (1987) extent, maximum (1600) length and the central flowlines of
the main stream and the Ischmeergletscher branch with grid-point spacing of 100 m. The 13 basins which deliver ice to the main
stream and to the Ischmeergletscher branch are indicated by circled numbers.
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Table 1. Topography of Unterer Grindelwaldgletscher (data
1987)

Length 845 km
Elevation of head 4099 m
Elevation of terminus 1250 m
Surface area 91.7 km?
Average slope 32%
Average exposure North

of the presently available ice-temperature data from Alpine
glaciers (e.g. Hooke and others, 1983; Hacherli and Hoelzle,
1995).

During the past five centuries, the length of the glacier
has varied between 8.2 and 10 km (Fig. 3). The Neoglacial
maximum was reached in 1600. From then, up to the begin-
ning of the 19th century, the glacier retreated slightly (on
average). Between 1814 and 1855, a new advance occurred;
after that, the glacier retreated rapidly, although there
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Fig. 3. Observed length of Unterver Grindelwaldgletscher, from
1534 to 1983 ( marked by dots ). { From Zumbiihl and others
(1983).)

were two small advances, one between 1916 and 1934 and
the other between 1970 and 1981. The last-published quanti-
tative observation was made in 1983.

A big disadvantage of basing a study on Unterer Grin-
delwaldgletscher is the absence of mass-balance data and of
velocity and ice-thickness measurements. The only data
available are climatic data from the Jungfraunjoch and
Grindelwald stations and topography from maps. There-
fore, it is not possible to calibrate the mass-balance and ice-
flow models independently of each other; only by coupling
the two maodels can a calibration be performed. The calibra-
tion is done by adjusting unknown or uncertain parameters
within their range of uncertainty (Table 2). Note that time-
dependent simulations have been performed in order to
calibrate the coupled models. In the tuning procedure, the
root-mean-square difference between the calculated surface
elevation of the model glacier in 1987 and the observed sur-
face elevation derived from 1:25000 topographic maps,
issued in 1980 and 1987, has been minimized. The advan-
tage of this “dynamic” calibration is that no assumption of
steady state has to be made in order to compare simulated
and observed surface elevations. In addition, the root-
mean-square difference between the simulated and
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Table 2. Tuning parameters in the coupled model system

Tuning parameter Range

107210 #mbsIN?

1077-10 *m®s "N 2 (see also
section 3.3)

0.5 2.5 bar (see also section 3.1)

See section 3.1

See section 4

Flow parameter fi
Flow parameter fa

Basal stress 7,

Bed topography

Altitudinal gradients of precipita-
tion for the main stream and for
the Ischmeergletscher branch

Annual precipitation before 1863
(assumed to be constant)

Constant mass-balance anomaly
for the whole period

See section 7.2.2

See section 7.3

observed front positions has been minimized by adjusting
the annual precipitation before 1865, which was assumed to
be constant, and by perturbing the mass balance with a
constant value for the whole period.

A second disadvantage of choosing Unterer Grindel-
waldgletscher is that its geometry does not resemble that of
an ideal “model glacier™ it has a large variety of surface
slopes and many basins that deliver ice to the main stream
and to the Ischmeergletscher branch. Thus, it is questionable
whether a one-dimensional ice-flow model can adequately
describe its flow.

However, since the ice-flow model and mass-balance
model have been tested thoroughly for other glaciers, for
which more measurements are available (see, e.g., Oerle-
mans, 1992), it is worth trying to simulate the historical
front positions of Unterer Grindelwaldgletscher by cou-
pling the two types of model.

3. DESCRIPTION OF THE ICE-FLOW MODEL

In the ice-flow model the dynamics of a glacier are calcu-
lated along a central flowline. The model is similar to the
flow models used by Oerlemans (1986) and Greuell (1992),

The model involves: (1) parameterization of the three-
dimensional geometry; (2) the continuity equation; (3) cal-
culation of ice velocities; and (4) caleulation of fluxes from
the Ischmeergletscher branch into the main stream and
from the smaller basins into the main stream and the Isch-
meergletscher branch.

3.1. Parameterization of the three-dimensional
geometry

The model is basically one-dimensional (flowline along the
2 axis) but the three-dimensional geometry is implicitly
taken into account hy the parameterization of the cross- sec-
tional geometry at each grid point. The cross-sectional pro-
file is assumed to be trapezoidal. Tt is determined by four
parameters (Fig. 4): the bedrock height b, the width of the
valley bottom W, and the complements of the slope angles
on the right (g ) and left (ayp) sides of the valley. The para-
meters ag, o, and the valley width at the surface W were
taken from topographic maps in such a way that the area-
elevation distribution is not distorted too much.

The shape of the glacier itself is then determined by the
bed geometry and the ice thickness H. Because there are no
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Iig. 4. Parameterization of the cross-sectional geometry.
{ Adapted from Greuell (1992).)

measured ice-thickness profiles for Unterer Grindelwald-
gletscher, a preliminary ice thickness was estimated assum-
ing a constant basal stress 7,

n, = —pgH — = 1.5 bar. (1)

Here pis the ice density (900 kg m R
gravity and £ 1s the surface elevation. The latter was also
taken from the topographic maps. The bedrock height b
then can be computed by subtracting the estimated ice
thickness from the observed glacier-surface height at each
grid point.

The assumption used in Equation (1) is that the product
of'ice thickness and surface slope is constant; this would be
true ifice deformed as a perfectly plastic material. The value
of 1.5 bar was found after a tuning procedure, with the
model. In the tuning procedure the root-mean-square
value o was minimized:

o= N,Z[h

Here, he is the caleulated height of the model glacier sur-

_hl }] : (2)

face, hy 1s the observed (1987) surface height (read from the
topographic maps), 7 is the index of the grid points and N is
the total number of grid points.

However, the constant basal shear-stress assumption is
problematic. Haeberli and Schweizer (1988) showed with
numerical calculations, using historical data from Rhone-
gletscher, that stresses must generally be higher in steep
zones than in flat areas in order to enable balanced {low.
Therefore, it is justified to adjust the bedrock in the follow-
ing way. The bedrock was smoothed by using a five-point
filter and the smoothed bedrock was then adjusted further
manually until the model produced a glacier surface close
to the 1987 profile. This reduced o further.

Expressions for the width of the valley bottom W and
the cross-sectional area of the glacier S are:

W = W, — (tan(ag) + tan(ay))H (3)
s [W +0.5(tan(og) +tan(e))H|H.  (4)

3.2. The continuity equation

The dynamic behaviour of the glacier is described in terms
of changes in ice thickness, These have to be calculated from
a continuity equation. The ice density is taken to be con-
stant, so a conservation equation for ice volume can be used:
as 9
o oz

In Equation (5), U is the mean ice velocity in the cross-section

(US) + BW,. (5)
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), g1s the acceleration of

and B is the annual mass gain. Thus, the first term on the

righthand side represents the divergence of the volume flux

and the last term stands for net accumulation at the surface.

Substitution of Equation (4) into Equation (5) yields:

g 2 -1

Ot~ W+ 2uH

J(UH) d
5% +UH— oy

where p = 0.5(tan(ag) + tan(ag)).

(W + pH)——— (W+uH)| + B (6)

3.3. Calculation of ice velocities

The depth-averaged ice velocity (U) is determined by inter-
nal deformation (Uy) and sliding (Us). For the calculation of
U, the following equations are used (Budd and others, 1979;
Paterson, 1981):

5]
U=Us+U = fiHr + fy T“H (7)
Ty = —P.G'H%- (8)
da

Here, 7y is the driving stress and f; and f; are flow para-
meters. Note that the contribution that the basal water pres-
sure makes to the effective basal normal stress is neglected in
this study, although it is recognized that this pressure can
affect the sliding velocities, particularly in summer (e.g.
Hodge, 1976; Budd and others, 1979). However, in the light
of other approximations made, a more refined treatment
was not attempted.

The flow parameters f; and f5 are not known accu-
rately. They depend on bed conditions, debris content and
cerystal structure of the basal ice layers. Therefore f; and fo
have been used as tuning parameters. The values adopted
here are:

fi=951%x107% mf g1 N-¥
fo=251x%x10"1% m® s N2,

These values for the flow parameters are within the range of
the values used in similar studies (e.g. Budd and others, 1979;
discussion in Greuell, 1989).

3.4. Calculation of fluxes from the Ischmeergletscher
branch and the smaller basins into the main stream

On the valley walls of Unterer Grindelwaldgletscher (above
the ice streams) there are 13 ice basins, which deliver ice to
the main stream and to the Ischmeergletscher branch (Fig,
2). Their contribution has to be taken into account, as these
basins gradually add part of their volume to the main
stream. To calculate the magnitude of the contribution, the
following algorithm was developed.

First, the ice volume of the basin Vi4(t) is calculated
according to:

(lw,ﬂﬁ . 1 - Vl:zl:a
= ;A(M)B(hk} : (9)

*

Here A(hi) and B(hg) are respectively the area and the
mass balance of the elevation interval (100 m in this study)
centred around hy; & is the number of the elevation interval,
The first term on the righthand side thus represents the
“volume gain” of the basin (per year). Furthermore, a char-
acteristic time-scale for the ice flow (t*) has been intro-
duced. The reason for this is that the mass flux due to ice
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flow from the slopes may take several years. The time-scale
for the ice flow is defined as follows:

Here, L is a characteristic length scale which is chosen to be
half the length of the tributary basin and u" is a character-
istic ice velocity which depends on the mean ice thickness
and the mean surface slope of the basin (analogous to Equa-
tion (7)). Therefore, the value for ¢* differs from basin to
basin. Here, it varies from 2 years for a short basin with a
large mean surface slope to 32 years for an oblong basin
with a small mean surface slope ("Table 3). Note that area,
length, mean ice thickness and mean surface slope of the
tributary basins are taken from topographic maps (perfect
plasticity is assumed in order to derive ice thickness; Equa-
tion (1)). The second term of Equation (9) therefore repre-

Table 3. Parameters for the calculation of the ice volume in the
basins. The elevation interval ts 100 m. The basin numbers
refer to the numbers in Figure 2

Basin [ hmin (R =1) Total area t
number
m km* year
1 8 3030 1.2 6.3
2 7 2550 1.2 31.7
3 | 2850 0.3 6.3
4 9 2750 1.1 9.5
b} 12 2450 24 15.8
6 15 2350 3.7 317
7 6 2550 0.1 6.3
8 12 2650 24 12.7
9 Vi 2950 0.5 95
10 3 3350 0.3 22
11 1 3350 0.4 127
12 6 2850 0.5 9.5
13 10 2550 1.2 19.0

sents the volume loss of the basin (per year) due to the
mass flow from the basin into the main stream.

Equation (9) can easily be put into an incremental form

following a forward differention scheme:
t*r— At
Viasln] = | D _ A(hy) B(hi) | At + Viusln — 1] =

k )

(11)

Here, n is the number of the time step. From Equation (11), it
is clear that the volume loss of the basin, AV, due to the
mass flow from the basin into the main stream is:

At
AVbas — *A‘/;xmin stream — _Vbas[n = 1] _t? 5 (12)

The volume added to the main stream AVjain stream has to
be converted into added ice thickness AH at a certain grid
point according to (Fig. 4):

Avlnain stream — ASJAI (13d)
with AS = [W, + 0.5(tan(ag)
+ tan(ar))AH|AH . (13b)

Here, AS is the change in cross-sectional area at a certain
grid point, jis the number of grid points minus 1, over which
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the added volume has to be divided, and Al is the grid point
interval. It may be obvious that the determination of the
value of j is subjective.

Now, we introduce the ice flux ®, which is defined as:

o =US =UHW + pH). (14)

The ice flux from the Ischmeergletscher branch into the
main stream is treated as follows. The ice flux between the
two last grid points of the Ischmeergletscher branch is cal-
culated according to Equation (14). We assume this is a
good approximation of the ice flux from the Ischmeer-
gletscher branch into the main stream. This flux is multi-
plied by At to yield the ice volume that is added at every
time step. If the elevation of the glacier surface is higher in
the Ischmeergletscher branch than in the main stream, the
volume will be added to the main stream.

Again, the volume added to the main stream has to be
converted into added ice thickness AH at a certain grid
point according to Equations (13). Analogous arguments
hold for the (equal) ice volume that is removed from the
Ischmeergletscher branch.

3.5. Numerical details and stability of the scheme

In the flow model, a staggered grid is used to evaluate the ice
flux divergence d®/dx along the flowlines. The ice-flow
model uses an explicit scheme for time integration, imply-
ing that the time step has to be rather small. We have deter-
mined experimentally the maximum time step for which
the scheme is stable and the solution is accurate (i.e. inde-
pendent of the time step). The maximum time step is of the
order of 10 year. In this study, a time step of 0.02 year is
used.

4, INPUT DATA FOR THE MASS-BALANCE MODEL

The ice-flow model is forced by a numerical mass-balance
model, which is based on the energy balance of the ice/
snow surface and on the accumulation rate. As the mass-
balance model employed here is that used by Oerlemans
(1992), we refer to that paper for a description of'it.

The following meteorological input data are needed to
run the mass-balance model (Table 4): temperature and hu-
midity at standard measuring height, cloudiness and precip-
itation. Air temperature T is generated by assuming
sinusoidal shapes for seasonal and daily variations:

= A'[T == ’th = AT COS[QT((Ndﬂy — 26)/365]
— Dycos[2n(t — 3)/24]. (15)

Here, Mt is the annual mean temperature reduced to sca
level, yy is the lapse rate, N,y is the Julian day number and
t is local time in h. The precipitation rate was kept constant
through the year but was allowed to depend on altitude.

The largest uncertainty generally concerns the altitudi-
nal gradicnts of the input parameters, especially precipita-
tion. To determine the altitudinal gradient of precipitation,
we used precipitation data from the weather station of Grin-
delwald (1040 ma.s.1.), as well as measured precipitation
(from totalizing rain gauges) and accumulation data for

Jungfraufirn (from Braun and Aellen, 1990). Because of the

large uncertainty, we used this gradient as a tuning para-
meter in the mass-balance model by coupling the latter to
the ice-flow model. Tt turned out that different altitudinal
gradients of precipitation had to be taken for the main
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Table 4. Input parameters for the mass-balance caleulations.
When the values differ between the main stream and the Isch-
meergletscher branch, a” is used to indicate the main stream
and a' to indicate the Ischmeergletscher branch. The meteor-
ological input data ( temperature, humidity and cloudiness )
are from the high-altitude meteorological station of Jung-
Srawjoch. They can be found in Sehweizerische Meteorolo-
gische Anstalt (1865-1992)

Input parameter

Annual mean temperature at 3580 m () 8.3
Annual temperature range (°C) 6.7
Daily temperature range (°C) 26
Lapsc rate (Km ™) 0.007
Cloudiness (fraction) 0.6
Cloud height (m) 3200
Relative humidity (%) 70

1.3+ (h —1040) /1030;
1.3+ (h —1040) 1500
Number of grid points 29." 17l

Grid-point interval (m) 100

Annual precipitation (m)

stream and for the Ischmeergletscher branch (Table 4) in
order to yield reasonable results. In other words, reason-
able results are obtained only if the equilibrium-line alti-
tudes are different for the main stream and for the
Ischmeergletscher branch (see section 5.1). For the lapse
rate, we used a value of 0007 Km ",

The other meteorological input data inTable 4 are from
the high-altitude meteorological station of Jungfraujoch
(3580 m a.s.l), which is situated a few kilometres southwest

of the glacier’s head. The data from the Grindelwald and *

Jungfraujoch stations can be found in Schweizerische
Meteorologische Anstalt (1865-1992),

The slope and exposure at each grid point are read from
the topographic maps. The average exposure for the main
stream is northeast and for the Ischmeergletscher branch is
west-northwest. The mean slope of the main stream is 20%
and the mean slope of the Ischmeergletscher branch is 15%.

5. SENSITIVITY EXPERIMENTS WITH THE
MASS-BALANCE MODEL

5.1. Reference calculations

We now wish to explore how sensitive the mass-balance
model is to variations in model parameters. Using the in-
put parameters from Table 4, we calculated the reference
mass-balance profiles for both the main stream and the
Ischmeergletscher branch (Fig. 5). The differences between
the two curves result from the fact that the altitudinal gra-
dients of precipitation had to be unequal, as mentioned
above, in order to obtain agreement between model and ob-
servation, and from the fact that surface slope and exposure
are different for the main stream and for the Ischmeer-
gletscher branch. The main stream has an equilibrium-line

altitude of 2750 m, whereas the equilibrium-line altitude of

the Ischmeergletscher branch is 2797 m. As no mass-balance
measurements have been made at the Unterer Grindelwald-
gletscher, we cannot compare these results with obser-
vations. However, we have some confidence in the result,
because the meteorological input from the Jungfraujoch
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Fig. 5. Calculated reference mass-balance profiles for the
main stream and the Ischmeergletscher branch. The profiles
are unequal due to differences in exposure, surface slope and
the altitudinal gradient of precipitation. Parabolic Juts to the
curves are indicated by dashed lines.

station is very detailed. On the other hand, the uncertainty
in the altitudinal gradients is large, especially with regard to
precipitation.

5.2. Sensitivity of mass-balance profiles to climatic
change

There are many model constants and parameters that can
be varied but we will restrict our sensitivity analysis here to
changes in (seasonal, i.e. spring/summer/autumn/winter)
temperature and precipitation. In this context, the word
sensitivity is used to denote the change in mass balance or
equilibrium-line altitude for a certain change in climatic
conditions.

The results of a series of experiments for the main
stream, in which these quantities were systematically var-
ied, are summarized in Figure 6. The results for the Isch-
meergletscher branch are similar and are therefore not
reproduced.

It is difficult to explain all the details, because of the
many feedback mechanisms involved. Hence, we will give
a short description of the most important features. The gen-
eral impression we get from Figure 6 is that the response o a
change in a climatic parameter is more or less asymmetric
around the reference state.

Concerning temperature, it is obvious from Figure 6
that the mass balance is most sensitive to a change in sum-
mer temperature, as expected. However, sensitivities to
changes in spring and autumn temperature are also rela-
tively high, and therefore cannot he neglected. The same
applies to changes in winter temperature for the lower ele-
vations (under 2000 m), where the sensitivity is comparable
to the sensitivity to changes in spring and autumn tempera-
ture. This is because some melting takes place during the
winter at these elevations. At the higher elevations, the
mass balance does not change hecause temperatures in
winter are lower and the fraction of precipitation falling in
solid form remains the same regardless of the prevailing
winter temperature. For temperature changes in spring,
summer and autumn, the change in mass balance is small
at high elevations but increases significantly (especially for
changes in summer temperature) near the equilibrium-line
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Fig. 6. Sensitivity of the mass balance of the main stream to changes in seasonal temperature and precipitation, as indicated by the

labels. Parabolic fits to the curves are indicated by dashed lines.

altitude (due to the albedo feedback); at lower elevations,
the change in mass balance tends to decrease slightly.

With regard to precipitation, the mass balance is most
sensitive to a change in winter precipitation, as expected.
The sensitivity to a change in summer precipitation is the
lowest and is only comparable to changes in precipitation
in the other seasons at elevations above 3000 m. The over-
all precipitation picture can be described as follows. At the
highest elevations, virtually all precipitation falls as snow
and the change in mass balance simply equals the change
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in precipitation. At somewhat lower altitudes, the change
in mass balance tends to decrease until the equilibrium line
is reached. There, a (sharp) increase occurs due to the albe-
do feedback (especially for changes in spring and winter
precipitation). At lower elevations the change in mass bal-
ance decreases rapidly to (almost) zero. At elevations of
1300 1500 m, only a small fraction of the annual precipita-
tion falls as snow. At these elevations, therefore, changes in
precipitation hardly affect the mass balance.

The sensitivity of the Ischmeergletscher branch is com-
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pared with that of the main stream in Table 5. Changes in
the equilibrium-line altitude £, due to perturbations in an-
nual mean temperature, mean summer temperature and
annual precipitation are shown. The values are averages of
the positive and negative perturbation experiments. The
results for the two branches do not differ very much,
although Ischmeergletscher seems to be the more sensitive.
The mean value of dE/dT, is 50m K " which is more than
half the mean value of d E/d My (92 m K '), implying that a
change in mean summer temperature has a relatively large
effect on the change in equilibrium-line allilude compared to a
change in annual mean air temperature. The mean value of
dE/dP is 45m % . Thus, a 20% change in annual preci-
pitation has roughly the same effect on the equilibrium-line
altitude as a 1 K change in annual mean air temperature.

Table 5. Sensitivity of equilibrium-line altitude, E. with re-
spect to changes in annual mean temperature M-y, mean sum-
mer temperature Ty and annual precipitation P

dE/dMy dE/dT, dE/dP

mK' mK ' m %!
Main stream 89 46 39
Ischmeergletscher 94 54 5.0

Like Oerlemans and Hoogendoorn (1989), we conclude
that the response of a mass-balance profile to climatic
change cannot be expected to he independent of altitude.
The results in Figure 6 suggest, further, that the sensitivity
to changes in seasonal temperature and precipitation is so
large that all seasonal variables have to be included in an
expression for the mass balance. Moreover, the sensitivity
of the mass balance to annual mean temperature is found to
be highest at lower elevations. This means that the glacier
front will be very sensitive to climate change (Oerlemans,
1992). We shall investigate this point further in the next
section,

The mass-balance model is coupled to the flow model in
the following way. First, we fit the calculated mass-balance
altitude profiles with a parabolic relation, B= a,+
azh + ash?, and then fit the coefficients ay, as and a3 with
parabolic functions of a perturbation in a climatic para-
meter dpe, thus: a; = by + badp, + bydp.?. The contribu-
tions from the different climatic parameters can simply be
added for a certain coefficient. Finally, we included the
resulting expression in the ice-flow model. Thus, the feed-
back from changing surface elevation to the mass balance is
taken into account (Oerlemans, 1992). The parabolic fits to
the calculated mass-balance profiles are shown in Figure 6.

The advantage of this approach is that the mass-balance
model need not he re-run when the glacier geometry and
the climate have changed. Climatic records are needed as
input for the ice-flow model in the case of climate forcing
(section 7). A disadvantage is that the feedback from chan-
ging glacier geometry to the absorbed short-wave radiation
is not accounted for. This effect may be important but, in
view of other approximations made and the larger compu-
tation time that would be required, this effect is neglected.
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6. BASIC SENSITIVITY EXPERIMENTS WITH
THE ICE-FLOW MODEL

6.1. Steady-state length as a function of seasonal
temperature and precipitation anomalies

We now wish to explore how sensitive the ice-flow model is
to variations in input parameters, In Figure 7a, the steady-
state length of the glacier is depicted as a function of an
anomaly in the seasonal air temperature. It will be seen
that, for example, a 1 K increase in summer temperature
would lead to a reduction in steady-state length from
875km to 7.15 km. Note that the sensitivity of glacier length
to a change in summer temperature is highest and the sensi-
tivity of glacier length to a change in winter temperature is
almost zero. Anomalics in spring and autumn temperatures
affect the steady-state length in a similar way, although the
sensitivity to a change in spring temperature is somewhat
higher. This is consistent with Figure 6.
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Fig. 7. Steady-state length of the main stream vs anomalies in:
(a) seasonal mean air temperature and (b ) seasonal precipi-
lation, as indicated by the insets.

The greatest sensitivity shown in Figure 7a is to de-
creases in summer temperature in excess of 0.6 K. This is a
result of the elevation-mass-balance feedback. Since the
slope of the bed decreases significantly when the glacier is
longer than approximately 9.75 km and thus reaches the
valley floor (Fig. 8a), the very eflective mechanism of the
elevation—mass-balance feedback causes ice thickness o
grow exponentially (see also Equation (1)). Therefore, the
model glacier length shows a large increase as well.

If the extreme glacier stands in 1600 and 1970 (Tig. 3)
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Fig. 8 Simulated (1987) ice-thickness profiles for: (a) the
main stream and (b) the Ischmeergletscher branch of the
model glacier. They are compared with the observed (1987)
surface profile of Unterer Grindelwaldgletscher. Note the dif-
ference in scales.

had been steady states, it follows from Figure 7a that they
would have corresponded to a difference of 0.9 K in the
mean summer temperature.

If the steady-state length were controlled entirely by sea-

cipitation would be as shown in Figure 7h. The length is
most sensitive to changes in winter precipitation and least
sensitive to changes in summer precipitation, as expected.
The sensitivity to anomalies in spring precipitation is high-
er than to changes in autumn precipitation. This is due to
the albedo feedback: high amounts of snow in spring cause
the albedo to increase, as a result of which the ablation sea-
son starts later.

We can conclude that the sensitivity of glacier length to a
change in climatic conditions is higher when the terminus is
on a slightly inclined part of the bed (Figs 7 and 8a; Oerle-
mans, 1989). One should bear in mind that, in spite of the
high sensitivity of glacier length to a change in climatic con-
ditions, the relative changes in ice zolume are much smaller
since the bulk of the glacier is above 2500 m.

In view of the results reported in this section, it appears
that the historical variations in the length of Unterer Grin-
delwaldgletscher, which are of the order of 1.8 km (Fig. 3),
can be explained by relatively small climatic changes.

6.2. Response times

The response time, 7, is defined as the time that elapses be-
tween a perturbation and the time when the glacier reaches
a length of:

L(r) = Lo+ (1—e )AL m Ly+0.632AL.  (16)

Here, L is the initial stcady-state length and AL is the dif-
ference between the initial and the final steady-state lengths.

If one starts with zero ice volume, our modelling sug-
gests that it takes 150—450 years for a steady state to be
reached. This (theoretical) growth time is significantly
larger than the response time. This result demonstrates that
a simulation of the historical record must start at a time well
before the beginning of the observed record.

We next investigated the response time by perturbing
the reference steady state with various (abrupt) changes in
the mass balance. Figure 9 shows an example of the re-
sponse (in terms of glacier length) after various perturba-
tions in the mean summer temperature are imposed on the
flow model as step functions. The response times range from
34 to 45 years. The larger values correspond to negative
changes in the mass balance (i.e. positive perturbations of

sonal precipitation, the change in length with change in pre- temperature ).
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Fig. 9. Reaction of the glacier-front position to a stepwise change in mean summer lemperature of given magnitude; the response

fime T is given in_years.
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7. SIMULATION OF THE HISTORICAL LENGTH
VARIATIONS

7.1. Records used for the reconstruction of climatic
data

A continuous precipitation record is available from the
weather station of Grindelwald for the period from 1914 on-
wards. The temperature record from the high-altitude me-
teorological station of Jungfraujoch is available only from
1938 onwards. Therefore, the records for these locations for
the period before these dates (Fig. 10) have been recon-
structed using records from other stations and climatic
data for Switzerland based on proxy data (Pfister, 1984).
The climatic records from the Beatenberg, Grindelwald,
Jungfraujoch and Sintis stations (Schweizerische Meteoro-
logische Anstalt, 1865 -1992) and from the Basel station have
been used.

a $—® Jungfraujoch
|
[
?—_‘. Saentis
|
T 1 ® Basel
|
o - ] Pfister
— + } + } time
1530 1755 1883 1938 1992
¢ ———® Grindelwald
b
|
"—'—Ol Beatenberg
|
o € Mean of Grindelwald 1865-1978

' | | + time
1530 1865 1914 1992

Fig. 10. Records used for the reconstruction of> (a) seasonal
mean lemperatures for Jungfraujoch and (b) seasonal sums
of precipitation for Grindelwald.

7.2. Reconstruction of climatic data

221 Reconstruction of the seasonal mean air temperatures
We reconstructed the seasonal air temperatures for Jung-
fraujoch for the period 1755-1882 using the seasonal air
temperatures for Basel. We did this by calculating four line-
ar regression equations, one for each season, hetween the
seasonal air temperatures of hoth stations from the 49
years of common measurements (1938-86). The correlation
coeflicients between the Basel record and the Jungfraujoch
record are in the range 0.66 0.88. The Basel record was
used for the reconstruction because it was the longest one.
We used the data from the high-altitude meteorological
station of Sintis (2490 ma.s.l) to reconstruct the seasonal
air temperatures for Jungfraujoch for the period 1883 1937,
From the 55 years of common measurements (1938-992). we
computed regression equations between the seasonal air
temperatures [or the stations Jungfraujoch and Sintis. Our
main reason for choosing the Séntis record for the recon-
struction was that the correlation coefficients turned out to
be high (0.83-0.97),
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For the period 153301754, we reconstructed 10 year mean
values of seasonal air temperature for Jungfraujoch (ex-
tended with the reconstruction for 1755-1937) using 10 year
mean values of seasonal air temperatures for Switzerland
(Pfister, 1984). Again, four linear regression equations be-
tween the 10 year mean values of seasonal air lemperatures
for Switzerland and Jungfraujoch were computed. The cor-
relation coefficients are in the range 0.79-0.87.

Because we need temperature anomalies as a forcing for
the flow model, the mean values of the seasonal air tem-
peratures for the period 195180 were subtracted from the
(partly reconstructed) seasonal temperature records for
Jungfraujoch.

7.2.2. Reconstruction of seasonal precipitation

Itis more difficult to reconstruct precipitation records, for a
number of reasons (Greuell, 1992): precipitation is corre-
lated over much shorter distances than temperature; re-
cords are more liable to contain inhomogeneities due to
changes in surroundings and equipment, and long and
well-investigated records are scarce.

We began by collecting precipitation records from sta-
tions situated in the vicinity of Grindelwald. The precipita-
tion record of Beatenberg (1150 ma.s.l) turned out to have
the highest correlation with the Grindelwald record. There-
fore, this record was used to reconstruct the seasonal preci-
pitation record of Grindelwald for the period 18651913,
The correlation coefficients are in the range 0.83-0.91.

No measured precipitation data were available for the
period 1530 1864. Therefore, an attempt was made to recon-
struct 10 year mean values of precipitation for Grindelwald
using 10 year mean values of precipitation for Switzerland
(Pfister, 1984). However, the correlation coefficient for
annual precipitation obtained in this way was too low (0.49).
Thus, the annual precipitation during the period 1530-1864
was assumed to be constant and was adjusted until the root-
mean-square diflerence between the simulated and observed
front positions reached a minimum. The figure, obtained in
this way, appeared to be equal to the mean annual precipita-
tion for Grindelwald during the period 1865 1978,

Because precipitation anomalies are needed as a forcing
for the flow model, we calculated them using the mean
values of the seasonal precipitation for the period 1951 -80.
The anomalies are expressed in per cent relative to the
respective mean values.

Figure 11 depicts the seasonal temperature and precipi-
tation forcing functions (together with smoothed values)
that were obtained. The most striking feature of the tem-
perature curves in Figure lla is the pronounced warming
that has occurred in the present century. As far as the pre-
cipitation curves are concerned, it appears from Figure 11b
that seasonal values reached a maximum in the 1970s and
1980s.

7.3. Result of the simulation

As noted earlier, because of the long response time of the
glacier, the integration should start well before the hegin-
ning of the observed record of front variations. Thus, we
started the model in the year AD 1000 with zero ice thickness.

For the period 10001992, the model was forced with
dT; =-04K, dT, = dT},, = dTy =0K and dP =0% (all
relative to the 195180 mean). For the period 15301992, the
seasonal mean temperature record for Jungfraujoch and sea-
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Fig. 11. a. Variation in seasonal mean temperature at Jung-
fraujoch ( reconstructed from 1530~ 1937). b. Vartation in sea-
sonal precipitation in Grindelwald ( reconstructed from
1865-1913); a constant annual precipitation value has been
used for the period 15301864 ( see text). The plots also show
smoothed values.

sonal precipitation record for Grindelwald (Fig; 11) were used
as additional forcings. This yielded a steady state with a
length of 9.55 km for the period 1000-1529 (which is slightly
longer than the median of the length observations for the per-
iod 1534—-1983).

As an illustration of the type of temporal variation in the
mass balance that resulted from this climatic forcing, curves
of mass-balance anomalies for two different surface eleva-
tions (1500 and 3000 m) are shown in Figure 12a.

Figure 12b shows the result of a model simulation for the
period from 1530 onwards, with the seasonal mean tem-
perature and precipitation anomalies as forcings. From the
smooth curve fits in Figure 12a, we can deduce that the
mass-balance anomalies reach maximum values around
1840 and minimum values around 1950. For comparison,
the model glacier reached its maximum length around
1870 and its minimum length around 1980 (Fig. 12b), sug-
gesting a 30 year lag, The simulation 1s generally consistent
with the observed retreat during the late 1800s and early
1900s, with the observed interruption of this retreat by an
advance between 1920 and 1940 and with the observed ad-
vance from 1970 onward. However, there is a 1-2 decade lag
between the observed behaviour and the modelled one. The
root-mean-square difference between the simulated and ob-
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Fig. 12. a. Mass-balance anomalies for two different surface
elevations (1500 and 3000 m ), resulling from the climatic
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Smaooth- curve fils are also indicated. b. Simulation of histor-
ical variations in the front of Unterer Grindelwaldgletscher
( main stream ) compared with observations. Forcing func-
tions are seasonal temperature and precipitation anomalies.

of the main stream between 1534 and 1983 was about 1.0 km,
whereas the model calculates a retreat of 1.3 km.

On the whole, the response time of the model glacier is
somewhat larger than the response time of Unterer Grin-
delwaldgletscher (with a difference of about 10 years). An
example is the simulated maximum around 1860 which
lasts longer than the observed maximum around that time.
This is probably due to the fact that there are no records for
precipitation prior to 1865 and therefore precipitation can-
not be reconstructed. Because the model glacier has a long
response time, it does not react rapidly to the large negative
precipitation anomalies which lead to a retreat.

The magnitudes of the simulated length variations gener-
ally correspond to those of the observed front variations. One
exception is the magnitude of the simulated advance between
1570 and 1600 which is half the magnitude of the observed
advance which led to maximum lengths at the beginning of
the 17th century. Another exception is the magnitude of the
simulated advance between 1920 and 1940, which is twice as
large as that of the observed advance between those years. A
possible explanation for these discrepancies 1s that the mass-
balance reconstruction is incorrect for these periods. This
could well be the case for the first period, for which there is
a lack of detailed climatic data. The mass-balance anomalies
around 1570 are indeed smaller than the anomalies around
1840 (Fig. 12a). Another possible explanation for the poor
quality of the simulation in the second period is the occur-
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rence of ice avalanches from an isolated tributary glacier (i.e.
point 2 in Fig. 2). These ice avalanches fill parts of the gorge
and cause an advance of the tongue. Thus, they have nothing
to do with the dynamics of the main glacier. The re-advances
around 1920 and 1980 as calculated for the model may,
there-fore, overestimate the dynamic response of the main
glacier (personal communication from W, Haeberli and H.
Gudmundsson, 1996).

In Figure 8, the simulated surface elevation of the model
glacier in 1987 is compared with the observed surface eleva-
tion of Unterer Grindelwaldgletscher (1987 glacier stand 5
We are not unduly surprised to find that the simulated ice-
thickness distributions correspond well to the ohserved
shape, because the model was tuned with respect to the ob-
served surface elevation, The root-mean-square error (de-
fined by Equation (2)) is 13 m for the main stream and 14 m
for the Ischmeergletscher branch. The length of the model
glacier in 1987 is 8.25 km, which is 0.2 km shorter than ob-
served. Despite these slight anomalies, it can be concluded
that the “dynamic” calibration procedure worked well.

The simulation indicates that, on the whole, the coupled
model system, as well as the reconstructions of seasonal
temperature and precipitation, are reasonably accurate
and realistic.

8. PREDICTION OF FUTURE FRONT
VARIATIONS

In this section, we will investigate how large the retreat of

Unterer Grindelwaldgletscher is likely to be in the next cen-
tury il two different greenhouse-gas emissions scenarios are
applied. These scenarios are taken from the report of the
UN Intergovernmental Panel on Climatic Change (IPCC:;
Bruhl and others, 1990). One category of emission scenarios,
which is referred to as policy scenarios, represents a broad
range ol possible controls to limit the emissions of green-
house gases. Estimates of the change in global mean surface
air temperature due to man-made forcing were made using
a box-diffusion-upwelling model (Bruhl and others, 1990).
In this experiment, estimates of the temperature rise for
the two extreme policy scenarios BaU (Business-as-Usual )
and D (early controls on greenhouse-gas emissions) are
used.

From 1993 on, the ice-flow model is forced by the pre-
dicted temperature scenarios (values relative to the 1951-80
mean), whereas the seasonal precipitation values are set at
the mean values of 1951-80. For the period prior to 1993,
the forcing functions used are the same as those used in sec-
tion 7.3. It is assumed that the predicted temperature
scenarios refer to changes in annual mean air temperature.

As an illustration of the type of temporal variation in the
mass balance that resulted from the climatic forcing, curves
of mass-balance anomalies for two different surface eleva-
tions (1500 and 3000 m) and for the two scenarios BaU
and D (from 1993 on) are shown in Figure 13a. From 1993
onwards, the mass-balance variations are due entirely to
temperature variations, so they are larger at 1500 m than at
3000 m (in accordance with Figure 6).

The model predicts that the glacier length will continue
to increase until a maximum of 9.25 km is reached in 2017
(Fig. 13b). This initial increase is a result of the high
amounts of precipitation in the 1970s and 1980s (Figs 11b
and 13a). Note that the length response time is larger than
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Fig. 13. a. As Figure 12a, but now extended with mass-balance
anomalies, calculated from estimates of temperature rise,
based on the two (extreme) IPCC “policy” emissions scenar-
i0s BalU and D ( Bruhl and others, 1990). b. Prediction of
Juture length ( solid lines) and volume ( dashed lines ) of Un-
terer Grindelwaldgletscher based on the two different scenar-
i0s, Ball and D.

the volume response time. It is predicted that after 2017 the
glacier will show a continuous retreat. By 2100, it will have a
length of 4.95 km in the case of the BaU scenario and a
length of 6.65 km in the case of scenario D. Thus, the total
magnitude of the retreat (1983-2100) will range from 1.6 to
33 km. The total volume decrease in this period will range
from 0.57 to 1.25 km®,

Note that several assumptions have been made. Firse, it
is assumed that the enhanced greenhouse effect will not
alter the total amount of precipitation. It should be empha-
sised that most climate models show an increase in global
mean precipitation with increasing global mean tempera-
ture due to the fact that a warmer atmosphere will contain
more water vapour. However, because climate models are
still unable to predict the regional distribution of precipita-
tion and because we want to get an idea of the degree of
glacier retreat due to a temperature rise alone, we have as-
sumed here that total precipitation will not change. If the
amount of annual precipitation were to increase, this
would lead to more accumulation in the higher parts of the
accumulation zone (Fig. 6). This accumulation would then
counteract the effect of increased melting in the ablation
zone. Total retreat would therefore be less.

Secondly, it is assumed that local air temperatures will
increase by the same amount as global mean air tempera-
tures. Because the regional temperature distribution is also
unknown in the current state of climate modelling, this is
the best assumption one is able to make.
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9, CONCLUSIONS AND DISCUSSION

In this study, the variations in length of Unterer Grindel-
waldgletscher which have occurred in the past have been
simulated by coupling a mass-balance model to an ice-flow
model. As climate forcing, we used (partly reconstructed)
seasonal temperature and precipitation records. The root-
mean-square difference between simulated and observed
front positions turned out to be 0.28 km. lotal retreat was
computed fairly accurately (error of 0.3 km). Note that the
mass-balance variations themselves were nof tuned to the
resulting length variations. They were determined only by
the mass-halance model, the polynomial fits to the calcu-
lated mass-balance profiles and the climatic data. Further-
more, the simulated glacier geometry for 1987 fits the
observed geometry for that year reasonably well. There-
fore, we can conclude that the “dynamic” calibration
worked well.

Thus, the simulation of the historical variations in the
length of Unterer Grindelwaldgletscher is successtul and in
fact better than the simulations for Nigardsbreen (Oerle-
mans, 1986), Glacier d’Argentiére (Huybrechts and others,
1989) and Rhonegletscher (Stroeven and others, 1989). This
is probably due to the good quality of the climatic series and
reconstructions and the fact that the relation between cli-
mate and mass balance was handled using a mass-balance
model based on the encrgy balance of the ice-snow surface.

Furthermore, we conclude that glaciers with a compli-
cated geometry can also be modelled by calculating expli-
citly the fluxes from smaller basins into the main stream,
using a method that includes the residence time of the ice
in these basins.

Since the simulation of the historical front variations
was a success, future length and volume variations can be
predicted. The model experiments confirm that the glacier
is very sensitive to greenhouse warming. For a BaU scenario
(from Bruhl and others, 1990) only 29% of the 1990 ice
volume would remain in 2100.
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