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ABSTRACT

The Rhone Glacier (Switzerland) is one of the few valley glaciers for
which the record of front variations goes back to the beginning of the
17th century. After the neoglacial maximum in the year 1602 there have
been notable advances around 1818 and 1856. Since that time the glacier
has shown steady retreat with some minor interruptions only.

In this contribution we make an attempt to simulate the historical
front variations with a numerical glacier model. It is based on the
continuity equation for ice mass, applied to the central flowline while
taking into account the varying geometry. Both sliding and deformation
are related directly to the local driving stress. The gridpoint spacing
is 250 m.

After a general survey of the basic sensitivity of the Rhone
glacier to changes in mass balance and geometry, some climatic series
(temperature, precipitation, tree-ring width) were imposed as forcing to
the model. A reasonable match of calculated and observed front positions
could be obtained, except for the retreat of the last hundred years. To
simulate this retreat, an additional 85 m increase of equilibrium-line
altitude has to be imposed to the model..

1. INTRODUCTION

It is generally assumed that glaciers are good indicators of climatic
change. A fairly good statistical relation can be established between
series of summer temperature, winter precipitation .and front position of
a group of glaciers (e.g. Lamarche and Fritts, 1971; Aellen, 1981).

However, such methods are less succesful when applied to a single
glacier, because the specific geometry can lead to substantial
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Figure 1. The Rhone Glacier viewed from Gletsch
(1800 m) in the middle of the 19th century (upper)
and recently (lower picture).
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deviations from the average response. This problem can partly be
overcome by using a dynamic glacier model to find the relation between
changes in mass balance and migration of the glacier snout. A few
studies have been carried out now in this way (e.g. Lewis Glacier:
Kruss, 1984; Nigardsbreen: Oerlemans, 1986; Glacier d'Argentiere:
Huybrechts et al., this volume).

In this contribution we present results from a study in which the
Rhone Glacier was studied with a numerical ice flow model. The Rhone
glacier has one of the best historic records. Front positions are known
from the beginning of the 17th century (e.g. Aubert, 1980). The glacier
has a wide accumulation basin and a narrow tongue, and according to the
classification of Furbish and Andrews (1984) it should react in a

sensitive way to climatic change. Several investigations have further
been carried out since Mercanton (1916) started his famous surface
velocity measurements in 1874 (see Jost, 1936; Muller at al., 1980;

Wachter, 1983).
The Rhone Glacier is situated in the upper north-eastern part of

Wallis (Switzerland). Figure 1 gives an impression of the glacier and
illustrates the recent retreat. Exposure is to the south and the total
glacierized area measures 17.7 km2. During the last four centuries the
length of the glacier varied between 10 and 12 km (see Fig. 2). The
little ice age maximum was reached in 1602. From then to the beginning
of the 19th century the glacier has been retreating slowly. Between 1800
and 1856 a new and fast advance occurred; after that time the glacier
retreated continuously.

The glacier model employed here is a simple mass continuity model,
which does take into account varying geometry (width of the, bed, slope
of the valley walls) along a central flowline. It is similar to the
model used by Oerlemans(1986) in a study of Nigardsbreen, and therefore
described here only briefly. Forcing is formulated in terms of

variations in equilibrium-line altitude E, with fixed mass-balance
gradients. E is related to climatic series like summer temperature,
winter precipitation and tree-ring width. It turns out that simulation
of the front variations is a difficult matter. A reasonable match is
obtained for the period prior to 1850. However, the retreat after that
time cannot be reproduced without additional forcing.

2. BRIEF DESCRIPTION OF THE MODEL

The model is one-dimensional (flowline along x-axis) and time dependent.
It is assumed that the ice velocity is determined by the local driving
stress (ti) only. The cross profile is of a trapezoidal shape, i.e. has
two degrees of freedom (see Fig. 3). The relevant parameters are valley
width at the base W(x), bedrock height b(x.) and steepness of valley
walls y(x). Values of y(x) for the two sides are averaged, so the model
glacier is symmetric with respect to the x-axis. Values of W', valley
width at the surface, and y were taken from topographic maps in such a
way that the area/elevation ratio is distorted as less as possible. This
means for instance that, in assigning a glacier width to a particular
gridpoint, not the width perpendicular to the flowline was taken, but
rather the length of the contour line passing through the gridpoint.
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Figure 2. Front positions of the Rh8ne Glacier since
1602 (when the Neoglacial maximum was reached). From
Aubert (1980).

Figure 3. Geometry for the glacier model.
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The model equations are:

continuity: at = -
B(VS)

+ MW'

geometry: S = H (H tang + w)
W' = W + 2H tany

ice velocity: V = f Hti3 + f*ti3/N

driving stress: ti = - pgH 8h

mass balance: M = min La (h-E); M*J

external forcing: E = C1(F(E) - C2)

(1)

(2)

In Eq. (1), S is the cross sectional area, t time, V the vertical mean
ice velocity,and M the mass balance. Inserting the geometric relations
in Eq. (2), a rate equation for ice thickness H is easily obtained. The
vertical mean ice velocity V consists of two parts: one associated with
internal deformation (first term) and one with sliding (second term).
They both increase with the third power of the driving stress ti, while
sliding is also inversely proportional to normal load N (overburden ice
pressure minus basal water pressure; however, variations in water
pressure are not considered in this study). For a general review on the
description of vertically-integrated ice flow see e.g. Budd and Jenssen
(1975), Paterson (1981), Oerlemans and Van der Veen (1984). In the
expression for the driving stress, Eq. (4), p is ice density, g

gravitational acceleration, and h surface elevation (i.e. b + H).
The flow parameters f and f* are set to 6 x 10-25 m6 N-3 S-1 and

9.5 x 10-17 m5 N-2 S-1 , respectively. These values are just outside the
range for flow parameters given in the literature (Paterson, 1981; Budd
et al., 1979; Hooke, 1981). However, by using these values the predicted
ice thickness and the field measurements match very well. No attempt was
made to introduce a shape factor to correct for the drag of the valley
walls, as has for instance been done by Bindschadler (1980) and Kruss
(1984).

The mass balance M is linear in height relative to the equilibrium
line altitude E, subject to an upper limit M*. The mass balance gradient
is denoted by a. For the period 1885-1910, Mercanton (1916) obtained an
ablation gradient of 0.008 yr-1 . More recently, MUller et al. (1980)
found a value of only 0.003 yr 1 for the period August-September 1977.
We decided to use a value of 0.006 yr 1, together with M*=2.5 m/yr.

Finally the forcing is imposed to the model by moving the
equilibrium line up and down. Equation (6) shows that two parameters are
involved (F(t) is the forcing function). C2 determines the mean value of
E, while the range of variation is essentially determined by Cl The
general procedure we applied is to adjust the parameters in such a way
that minimum and maximum glacier extent are well reproduced by the

model. As will become clear later, this certainly does not constrain the
model strongly: it is still difficult to obtain a good simulation of the
historic front variations!
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Figure 4. Map of the Rhone Glacier, with the applied
grid point contour intervals. The grid points are
shown as black dots along the central flow-line.
Note: no height intervals are indicated.

The geometric input was obtained from a topographic map (1:25000,
issued 1973, glacier stand 1969). Figure 4 shows the flowline, with
gridpoints spaced at 250 m. The boundaries of the height intervals were
determined by following isohypses midway to two adjacent gridpoints.
This was done to retain the hypsometry as accurate as possible. Some
data on the geometry are given in the Appendix. Present-day ice
thickness, necessary to obtain the bed profile, is not known everywhere.
The values used are partly based on Jost (1936) and on Wachter (1983).
This concerns the lower part of the glacier. For the upper part an
estimate of the bed slope was made by assuming constant basal shear
stress, i.e. a constant value of surface slope and ice thickness
averaged over ten times a typical ice thickness. The resulting bed
profile is obvious from Fig. 5a (next section).

The angle of the side walls was also estimated from the topographic
map. Values for both side were averaged; tang turned out to be in the
range 0 - 1.9.

3. SOME BASIC CALCULATIONS

In a first experiment stationary states were calculated for many values
of the equilibrium line altitude E (steps of 25 m in the range of

interest). It turned out that for E = 2875 m the calculated glacier
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Figure 5a. Evolution of the model glacier in an
experiment with no ice initially and a constant
equilibrium line altitude of 2875 m. In the lower
part the 1969-observed profile is also shown.
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length and ice thickness distribution correspond fairly well to the
shape of the Rhone glacier in 1969 (Fig. 5a). Although one cannot be
sure that the observed 1969 profile was close to equilibrium, it can be
concluded that the model gives a satisfactory description of the
glacier. Figure 5b shows how the equilibrium length depends on E. For a
25 m change in E, the glacier reacts by changing its length between 500
and 1000 m. The larger values occur in warmer climates (E larger than
2875 m, say). This is mainly a geometric effect. It also appeared that
the extreme glacier stands (in 1602 and 1969), when considered as steady
states, correspond to a difference of 75 m in equilibrium-line altitude.

Depending on E, it takes 250 to 750 yr before a steady state is
reached (starting with zero ice volume). Although this growth time is
certainly larger than the relaxation time, the result nevertheless
suggests that a simulation of the historic record should start with a
carefully chosen initial condition, or preferably, with an initial time
well before the beginning of the observed record. The (90%) response
time was investigated more thoroughly by perturbing all calculated
equilibrium states by a 25 m change in E. Response times than generally
vary between 200 and 300 yrs. However, when the glacier tongue is on the
valley floor (at x > 11 km), the response time is shorter, namely about
120 yr. This situation arises when E decreases from 2850 to 2825 m, and
from 2825 to 2800 m and reversed.

We have compared measured surface velocities with calculated
values. For this purpose the model was run to the 1890-profile (by
adjusting E), because Mercanton's (1916) measurements are for the period
1885-1910. The comparison is made in Table I. The model values have been
multiplied by 1.5 to take into account the fact that model velocities
are vertically averaged.

Table I. A comparison of the surface velocities calculated by the model
and the measurements of Mercanton for different grid points.

i V calculated V Mercanton
(m/Y) (m/Y)

20-38 65 100

39-42 225 250
43-47 38 25

Calculated velocities appear to differ by some tens of percent from
measured values. This is probably due to the non-equilibrium state of
the model glacier, and may also be related to underestimation of the
sliding component in the model. Also, the velocities given by Mercanton
refer to the middle of the glacier, while model values represent average
velocities over the width of the glacier. Nevertheless, the model seems
to give a.good overall description of the Rhone glacier.
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Figure 6. Forcing functions for the simulation of
historical front variations, in terms of variations
in E for optimized coefficients (horizontal lines
are the mean equilibrium line altitudes). In which:
(1) Central England summer temperature series; (2)

tree-ring width series from Trier; (3) tree-ring
width series from Spessart; (4) extended 'Basler
Temperaturreihe1; (5) Pfister's summer temperature
series; (6) Pfister's winter precipitation series,
and (7) a combination of (5) and (6).
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4. SIMULATION OF FRONT VARIATIONS

To simulate a record of historic front variations, a proper forcing
function is required. It should preferably consist of mass-balance data,
but existing series are far too short. This also applies to

meteorological parameters, although series are longer. So the only way
is to use proxy data. Another point to note is that, due to the large
response time of the glacier, the integration should start well before
the observed record of front variations begins, preferably several
centuries. All integrations discussed here start in 1000 AD with zero
ice thickness.

Several different forcing series were applied, see Fig. 6. The
first two test were done with series of tree-ring width from Germany
(from Trier and Spessart; Lamb, 1977). It is generally known that
temperature and soil moisture determine differences in tree-ring width,
provided that the tree is a stress-sensitive species. According to
Lamarche and Fritts (1971), annual ring width from trees that lived
close to the timberline (i.e. in marginal conditions) are related to
glacier fluctuations. Although the series mentioned above are from trees
from a lower altitude, we nevertheless made an attempt to use them as
forcing function. The attempt is not succesful, as is obvious from Fig.
7a. There is no correlation between simulated and observed front

positions. In particular the result, that the Rhone glacier should have
its maximum extent right now, is curious. We believe that in this case
the correlation between tree ring width and glacier mass balance is too
weak. This is somewhat in contrast with the findings in Oerlemans
(1986), where a simulation of front variations of Nigardsbreen (Norway)
works best with a tree ring series from northern Sweden. However, in
this region conditions are harder, and trees are much more sensitive to
summer temperature.

In a third experiment 10-year mean values of central England summer
temperature from Lamb (1977) were used. The result is shown in Fig. 7b.
Again, there is not much similarity between observations and
calculations. The same was found for Nigardsbreen (Oerlemans, 1986). We
have serious doubts about the representativity of the central England
temperature for central and northern Europe. The 'Basler
Temperaturreihe' (Bider et al., 1959; Burkhardt and Hense, 1985; here we
used 10-yr mean values) does only a slightly better job (Fig. 7c). It
should be noted that the Basler Temperaturreihe was extended back to
1484 by using French wine harvest data. For the period 1000-1484 we
matched it with the central England series. According to Fig. 7c, the
result is reasonable for 1600-1830, but poor afterwards. A direct
comparison of the two temperature records shows that the little ice-age
cooling appeared somewhat earlier on the continent than in England.

Finally, runs were carried out with series based on Pfister's
(1984) work, using his seasonal values of precipitation and temperature
(taken to be equally important) for Switzerland from 1525. After some
experimentation it turned out that a combination of summer temperature
and winter precipitation works best. The corresponding 'result is shown
in Fig. 7d. It is reasonable in the sense that the maxima of both 1602
and 1850 show up in the calculations. However, the predicted trend in
the 20th century is opposite again to the observation.
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Figure 7. Simulation of historical front variations.
In all cases, the lower curve represents the forcing
function (arbitrary scale). The observed front

positions are shown by the dashed line. Forcing
functions: (a) tree-ring width from Trier/$pessart;
(b) Central England summer temperature; (c) 'Basler
Temperaturreihe', and (d) precipitation and
temperature as reconstructed for Switzerland by
Pfister.
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An advance of the model glacier in the 20th century is common to all
simulations and a puzzling result. We believe that it is not related to
basic shortcomings of the numerical model, but rather to inadequate
formulation of the mass balance. It seems that the Rhone glacier (and

0 0
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other glaciers in the Alps) rather follows the mean Northern Hemisphere-
temperature trend than the local climatological conditions. One reason
could be that the mass balance of a glacier reacts more directly to
radiation variations (total melt is roughly proportional to the summer
radiation budget) than local meteorological variables like air
temperature and precipitation. So when climatological trends during the
.last centuries were initiated by global radiative changes, and
indications for this exist (e.g. Gilliland, 1982), our results would be
more understandable.

To see how large the change in mass balance has to be to simulate
the recent retreat of the Rhone glacier, some additional calculation
were done. A fairly good result is obtained when a sudden 85 m (!)
increase in equilibrium-line elevation is imposed from 1840 onwards
(Fig. 8). In this case the same forcing as in Fig. 7d was used. However,
such a perturbation of the mass balance is dramatically large. It seems
that we are not going to understand the historic glacier variations
without a renewed deep and careful investigation of how the mass balance
of glaciers is related to climatic conditions.
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Figure 8a. As in Fig. 7d, , but with an
instanteneously imposed 85 m increase in E from 1840
onwards. Figure 8b. As in Fig. 7d, but with a linear
shift of 1 m increase in E per year from 1840

onwards.
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APPENDIX

The following values were used for the height of the surface hs, height
of the bedrock b(x), ice thickness H, steepness of the valley
walls tang, and valley width at the surface.

i hs

(masl) (masl)
H
(m) (km)

1 3520 3470 0

0

3 0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

2470 0
19 2825 2480
20 2800 2510
21 2780 2550
22 2765 2540
23 2740 2520
24 2700 2480
25 2670 2460
26 2640 2420
27 2620 2380
28 2600 2350
29 2560 2325
30 2535 2300
31 2520 2290
32 2490 2265
33 2460 2265
34 2420 2220
35 2380 2175
36 2360 2160
37 2330 2130
38 2300 2150
39 2170 2140

0 0

0
42 1810 1810 0.9
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i hs
(masl)

b (x)
(masl)

tany

43 1790 1790 1.8

44 1785 1785 1.7

45 1775 1775 1.6

46 1770 1770 1.5

47 1765 1765 1.5

48 1760 1760 1.5

49 1760 1760 1.5

50 1760 1760 1.5

I
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