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ABSTRACT. The hi storical leng th va riati ons in U nterer Grindelwa ldgletscher have 
been simulated by coupling a numerical mass-bala nce model to a d y na mic ice-f1ow 
m odel. As forcing fun ctions, we u sed (pa rtly reconstructed ) local climatic reco rd s, 
which were transformed by the mass-balance model into a mas -balance history. The ice­
flow model then computes the leng th vari ati ons that have occurred over the course of 
time. 

In a model run from AD 1530 to the present, with both seasonal tempera ture and pre­
cipitation vari ations as forcing functions, the obser ved maximum leng th of the glacier 
a round AD 1860 a nd the subsequent retreat are simula ted. The obse rved AD 1600 maxi­
mum, however, does not show up in the simulation. This is probably due to an incorrect 
reconstruction of the mass balance for this period, as deta iled climatic d a ta are avail able 
only since 1865. The root-mean-squa re difference between the simulated and the observed 
front positions is 0.28 km. The simula ted glacier geometry for 1987 fits the observed geo­
metry for that year reasonably well. 

Because of the success of the historical simulation, a n a ttempt is made to predict future 
glacier retreat on the basis of two different greenhouse-gas scenarios. For a Business-as­
U sual scenario, only 29% of the 1990 volume would rem ain in AD 2100. 

1. INTRODUCTION 

For a long time, glacier variations have attracted the a tten­
ti on of people living in mountainous regions. Vari a tions in 
th e fronta l position of a number of la rge va lley glaciers 
have been reconstructed with the a id of descriptions of hi s­
torical documents, drawings and painti ngs, dati ng of end 
moraines and, in more recent times, measurements of the 
distance between the glacier fronts a nd benchmarks. Some 
long records of front positi ons of glaciers in Europ e have 
b een summari ze d in O erl em a ns (1988). Of co urse, th e 
earlie r pa rts of th e record s a re m ore uncerta in but th e 
extreme positions a re fairly reli able (due to the presence of 
trimlines and endmoraines). Th e general impression is that 
these glaciers have behaved quite similarly. The most strik­
ing feature is the la rge retreat that has ta ken place since the 
middle of the last century. In fact, glacier retreat seem s to 
have been a worldwide phenomenon for the past hundred 
yea rs or so (e.g. Porter, 1986; O erl emans, 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 flu ctu a tions over the las t three to four ce nturi es 
using numerical ice-flow models (Niga rdsbree n: O erle­
m a ns, 1986; Glacier d'Argentiere: Huybrechts a nd o thers, 
1989; Rhonegle tscher: Stroeven and o thers, 1989; Hintereis­
ferner: Greuell, 1992). In these studi es, climatic series from 
nearby sta tions a nd/or clim ati c r ecord s based o n proxy 
d ata were used as input. Simula tions for the whole p eriod 
were not very successful. However, a simulation of the va r­
ia tions in the leng th of Hintereisferner ove r the last 100 
years turned out to be relatively good (see Greuell, 1992). 

As Greuell demonstrated, fa ilure of the simula tions can-
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not be blamed on uncerta inties 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 a re not ver y reli able, and 
(i i) an inadequate description of the rela tion between cl i­
mate and mass balance leads to an erroneous mass-balance 
reconstruction. Recently, progress has been made concern­
ing thi s las t point and we now have mass-ba lance models 
avail able which are based on the energy ba lance of the ice­
snow surface (Greuell a nd O erl emans, 1986; Oerlem a ns, 
1992). 

The res ponse of the position of a glacier front to climatic 
change is the outcome of a process that consists of severa l 
steps (see, for instance, M eier, 1965; Pa terson, 1981; Furbish 
and Andrews, 1984). M odelling this response requires an ap­
proach in which the two m ain modul es, the mass-ba lance 
model a nd the ice-flow model, a re compatible. The m ass­
bala nce model should translate changes in meteorological 
conditions into cha nges in specific balance. This serves a s 
forcing for the ice-flow model, which brings about changes 
in glacier geometry in the course of time. The mass-bala nce 
model is coupled to the flow model in a simple way: a poly­
nomi a l fit is made to the calculated m ass-ba lance profil es 
and included in the flow model (section 5.2). 

The purpose of thi s study is to simula te the historical 
length variations in Unterer Grindelwaldgletscher, sta rting 
from climatic records. The main reason for choosing this 
glacier is that it has the longest-known historical record. 
Moreover, a relatively la rge amount of climate data is avail­
able, ineluding meteorological data from the high-altitude 
station ofJungfraujoch (since 1938) and from the Grindel­
wald weather sta tion (since 1914). One drawback is the com­
plicated geometry of the glacier. Another is that there a re no 
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mass-balance observations and no velocity or ice-thickness 
measurements for Unterer Grindelwa ldgletscher. The only 
way to overcome the absence of such information is by cali­
brating carefu ll y. 

In the nex t sec tion, we describe Untercr Grindelwa ld­
gle tscher. A short description of the ice-flow model follow. 
in section 3. The input data [or the mass-balance model will 
be given in sec tion 4. Some sensitivity experimenLs with the 
ice-flow model and vvith the mass-balance model will be 
prese I1led in sec tions 5 and 6. Then, we come to the ulti­
mate goal of this paper: the numerical simulation of the hi s­
torica l length var iations in sec tion 7. 't\Te conclude by 
invest igat ing the sensitivity of the g lacie r to greenhouse 
warming (section 8). 

2. UNTERER GRINDELWALDGLETSCHER 

Unte rcr Grindelwaldgletscher (Figs 1 and 2; Table I) is situ­
ated in the Bernese Oberl and, Switzerland (46 0 35' N , 
8 0 05 ' E ). The distance from the glacier 'S head and glacier 
length are taken along the Oowlines shown in Figure 2. In 
the upper reaches, the glac ier cons ists of two branches, 
ca lled Fieschergletscher and Ischmee r. Below about 1700 m, 
the g lacier consists of one branch. In this paper, wc sha ll call 
thi s bran ch lOgeth e r with Fi esche rgl e tscher th e main 
st ream. The surface slope of the main stream of Unterer 
Grindclwaldgletscher 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 Ischmeergletschcr branch is about 6.4 km. Its head is at 
a height 01'3293 m and its average exposure is west to north­
wes t. The ice flux from the I ehmccrgletscher branch into 
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Fig. 1. PllOtograjJIz of UntereT CrindeLwaLdgletscher in 1858. 
From ZumbiihL and others (/983). 

the main stream is beli eved to be sign ificant. The average 
exposure of Fiesehergletscher is east to northeast. 

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

Unterer Grindelwaldgletscher (1987) 

Gross Fiescherhorn 

Fig. 2. Map qf UntereT CrindelwaLdgLetscher showing jJresent (1987) extent, maximum (1600) length and the centraLflowLines of 
the main stTeam and the IschmeergLetschet branch with grid-point sjJacing qf/OO m. The 13 basins which deliver ice to the main 
stream and to the /schmee1gLetscher branch are indicated by ciTcLed numbers. 
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Table 1. TojJograplzy if UnteTeT Grindelwaldgletscher (data 
1987) 

Length 
Elevation of hcad 
Elevation of tcrminus 
Surface a rea 
Average slope 
Average exposure 

8.45 km 
4099111 
1250111 
21.7 km z 

32% 
l\orth 

of the presently available ice-temperature data from Alpine 
glaciers (e.g. Hooke and others, 1983; H aeberli 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 a nd 1855, a new advance occurred; 
afte r that, the glacier retreated rapidl y, a lthough there 
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Fig. 3. Observed length if Unterer Grindelwaldgletsclzerji'om 
1534 to 1983 (marked by dots). ( From ;:pmbiihl and others 
(1983)) 

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

A big di sadvantage o f basing a study on Unterer Grin­
delwaldgletscher is the absence of mass-ba la nce data and of 
ve loc it y and ice-thickn ess m easurements. The on ly data 
available are climatic d a t a from the Jungfrauj och and 
Grindelwald stations a nd topography from maps. There­
fore, it is not possible to ca librate the mass-balance and ice­
now models independently of each other; only by coupling 
the two models can a ca libration be performed. The calibra­
tion is done by adjusting unknown or uncertain parameters 
within their range of uncerta inty (Table 2). Note that time­
dependent simulations have been performed in order to 
cali brate 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 elevat ion deri ved from 1: 25000 topographic ma ps, 
issued in 1980 and 1987, has been minimized. The advan­
tage of thi s "dynamic" ca libration is that no assumption of 
steady state has to be made in order to compare simulated 
a nd observed surface e levat ions. In add ition, the root­
mean-square difference b e t wee n th e s imul a ted a nd 
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Ta.bLe 2. Tuning jJarameters in the coujJLed modeL system 

TlIn i llg /Jara llleler 

Flow parameter it 
Flow parameter .12 

Basal stress Tb 

Bed topography 
Altitudinal grad iel1ls of'precipita­

tion for the main stream and for 
the Ischmeerglc tscher branch 

Annua l precipi tat ion before 1865 
(assumed to be constam) 

Constant mass-ba lance anomaly 
for the whole period 

Range 

10 25 10 21m6s IN -~ 

10- 17- 10 "' m5 s- 1 N 2 (scc also 

section 3.3) 
0.5- 2.5 bar (see al so sect ion 3.1) 
See section 3.1 
See secti on 4 

See seClion 7.2.2 

See section 7.3 

observed front positions has been minimized by adjusting 
the annual precipitat ion before 1865, which was ass umed to 
be constant, and by perturbing the mass bala nce with a 
constant value for the whole period. 

A second di sadvantage of choosing Unterer Grindel­
waldgletscher is that its geometry does not resembl e that of 
an ideal "model glacier": it has a large variety of surface 
slopes and many basins that deliver ice to the m ain stream 
and to the Ischmeergletscher branch. Thus, it is questionable 
whether a one-dimensional ice-flow model can adequately 
describe its now. 

However, since the ice-flow model and m ass-balance 
model have been tested thoroughly for other glaciers, for 
which more measurements a re available (see, e.g., O erle­
mans, 1992), it is worth trying to simu late the historical 
front positi ons 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 centra l Ilowline. The model is sim il ar to the 
flow models used by Oerlem a ns (1986) and Greucll (1992). 

The model involves: (I) parameterization of the three­
dimensional geometry; (2) the continuity equation; (3) cal­
culation of ice velociti es; and (4) calcul at ion of flu xes from 
the Ischm eergle tscher bra nch into the main st ream and 
from the smaller basins into the m ai n stream a nd the Isch­
meergletscher branch. 

3.l. ParaIlleterization of the three-diIllensional 
geolYletry 

The model is basically one-dimensional (nowline a long the 
x ax is) but the three-dimen sio na l geometry is implicitly 
taken into accoun t by the parameterization of the cross- sec­
tional geometry at each grid point. The cross-sectional pro­
file is assu med to be trapezoida l. It is determined by four 
parameters (Fig. 4): the bedrock height b, the width of the 
vall ey bottom Tiff, and the complements of the slope angles 
on the right (aR) and left (aL ) sides of the valley. The para­
meters aR, aL a nd the valley width at the surface Ws 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 thi ckness H. Because there are no 
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Fig. 4. Parameteri;::ation of the cross-sectional geometl). 
( AdajJtedji-om Greuell (1992)) 

measured ice-thickn ess profil es for Unterer Grindelwald­
glet cher, a prelimina ry ice thickn ess was estimated assum­
ing a consta nt basal stress Tb : 

dh 
Tb = - pgH d x = 1.5 bar. (1) 

Here p is the ice density (900 kg m \ 9 is the accelerati on of 
g ravity a nd h is the surface elevation. The la tter was a lso 
ta ken from th e topographic maps. The bedrock height b 
then can b e computed by subtrac ting th e es tim a ted ice 
thi ckness from the observed g lacier-surface he ight at each 
grid point. 

T he ass umption used in Equati on (I) is tha t the product 
of" ice thickness and surface slope is consta nt; thi s would be 
truc ifice deformed as a perfec tly plas tic mate ri a l. The value 
of 1.5 ba r was found a ft e r a tuning procedure, w ith the 
mode l. In th e tuning procedure the ro o t-m ea n- squ a re 
value fY was minimized: 

(2) 

H ere, he is the calcul ated heig ht of the mod e l g lac ier sur­
face, hl is the obse rved (1987) surface height ( read from the 
topographic m a ps), i is th e index of the grid points a nd N is 
the tota l number of grid po ints. 

H owever, the constant basa l shea r-stress ass umption is 
problemati c. H aebe rli and Schweize r (1988) showed with 
numeri cal calcul ati ons, using hi torical da ta fro m Rhone­
gletsche r, th a t stresses must genera ll y be high e r in steep 
zones th a n in fl a t a reas in o rder to enabl e ba la nced Oow. 
Therefore, it is just ifi ed to adjust the bed rock in the follow­
ing way. The bed rock was smoothed by using a fi ve-point 
filter and the smoothed bedrock was then adj us ted furth er 
manua lly until the model produced a glacier surface close 
to the 1987 pro fi le. T his reduced fY further. 

Ex pressio ns fo r the width of the valley bo ttom W and 
the cross-sec tiona l a rea of the glac ier S are: 

W = 1111,; - (tan(aR) + tan(ad)H (3) 

S = [W + 0.5(tan (an)+tan(ad)H ] H . (4) 

3.2. The continuity equation 

Th e dynamic behav iour of th e g lac ier is desc ri bed in terms 
of changes in ice thi ckn ess. These have to be calc ul a ted from 
a continuit y equa ti on. The ice density is take n to be con­
stant, so a conse rvation equa ti on for ice volumc ca n be used: 

(5) 

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

and B is the a nnua l mass ga in . Thus, the first term on the 
ri ghthand side represents the divergence of the volume flu x 
and the last term sta nds for net accumul ati on at the surface. 

Substitu tio n o f Equati on (4) into Equation (5) y ields: 

aH - 1 

at W +2f-LH 

[(W + fiR ) a(~:) + UH ! (W + {iH )] + B (6) 

where {i = 0.5(tan(an) + tan(ad). 

3.3. Calculation of ice velocities 

The depth-ave raged ice veloc ity (U ) is determined by inter­
nal deformation (Ud ) and sliding (Us). For the calcula tion of 
U, the foll owing equations are used (Budd and othe rs, 1979; 
Paterson, 1981): 

3 

U = Ud + Us = h f/Td
3 + 12~ (7) 

pgH 
dh 

Td = - pgH dx . (8) 

H ere, Tcl is th e driving stress a nd fl a nd 12 a re flow p a ra­
meters. Note th a t th e contributi on tha t the basa l wa ter pres­
sure makes to thc effective basal normal stress is neglec ted in 
thi s stud y, a ltho ugh it is recogni zed that thi s pressure can 
a ffect the sliding velociti es, pa rtic ul a rly in summe r (e.g. 
H odge, 1976; Budd a nd others, 1979). H owever, in the light 
o f other approx im a tions made, a m ore refined treatment 
was not attem p tcd. 

The fl ow pa ra m e ters !J a nd h a re not know n acc u­
ra tely. T hey depe nd on bed conditions, debri s content and 
crys tal structu rc of the basa l ice layers. Therefo rc hand 12 
haye been used as tuning para me ters. The values a d opted 
here are: 

Il = 9.51 X 10- 25 m 6 8 - 1 N- 3 

12 = 2.51 X 10- 16 m5 8-1 N- 2 . 

T hese values fo r th e Oow pa ramete rs a re within the ra nge of 
the values used in simila r stud ies (e.g. Budd and o thers, 1979; 
di scussion in G re uel l, 1989). 

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

On the vall ey wall s of nterer G rindelwaldgletscher (a bove 
the ice streams) there are 13 ice basins, which del iver ice to 
the main stream a nd to the Ischmeerglctscher branch (Fig. 
2). Their contribution has to be ta ken into acco unt, as these 
b as ins g radu a ll y a dd pa rt of th e il- vo lume to the m a in 
stream. To calc ula te the mag nitude of the cont ributio n, the 
fo llowing algo rithm was de\'eloped. 

First, the ice volume of the bas in V)",,(t) is calcul a ted 
acco rding to: 

cld;a, = (~ A(hdB( hk)) - ~:a, . (9) 

H ere A(hk ) a nd B(hd a re res pec ti ve ly the a rea a nd the 
mass balance of th e elevati on interva l (100 m in thi s study) 
cent red around hA:; k is the nu mber of the elevati on interval. 
Th e first ter m o n the rightha nd side thus represents t he 
"volume gain" o f the basin (per year ). Furthermore, a cha r­
ac teri st ic t imc-scale for th e ice fl ow (t*) has been intro­
duced. The reaso n for thi s is tha t the mass flu x due to ice 
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flow from the slopes may take severa l years. The time-scale 
for the ice fl ow is defined as follows: 

• L t =-. 
u* 

(10) 

H ere, L is a characteri stic length scale which is chosen to be 
half the length of the tributary basin and u* is a ch a racter­
istic ice veloc ity which depend s on the mean ice thickness 
and the mean surface slope of the basin (analogous to Equa­
tion (7)). Therefore, the value for t * differs from basin to 

basin. Here, it vari es from 2 years for a short basin with a 
large mean surface slope to 32 years for an oblong bas in 
with a small mean surface slope (Table 3). Note tha t a rea, 
length, mean ice thickness and m ean surface slope o f the 
tributa ry basins are taken from topographic maps (perfect 
plasticity is ass umed in order to derive ice thickness; Equa­
tion (I)). The second term of Equation (9) therefore rep re-

Table 3. Parameters jor the calculation of the ire volume in the 
basins. T he elevation interval is 100 m. T he basin numbers 
rifer to the numbers in Figure 2 

Basin kma. .... hmin (k = 1) T o/al area t* 

number 

m km2 year 

I 8 3050 1.2 6.3 
2 2550 1.2 31.7 
3 I 2850 0.3 6.3 
4 9 2750 1.1 9.5 
5 12 2450 2.4 15.8 
6 15 2350 3.7 31.7 
7 6 2550 0.1 6.3 
8 12 2650 2.4 12.7 
9 7 2950 0.5 9.5 
10 3 3350 0.3 2.2 
11 I 3350 0.4 12.7 
12 6 2850 0.5 9.5 
13 10 2550 1.2 19.0 

se nts the vo lume loss of the bas in (per yea r ) due to the 
mass flow from the basin into the m ain stream. 

Equation (9) can eas il y be put into an incremental form 
following a forward differention scheme: 

(11) 

Here, n is the number of the time step. From Equation (1 1), it 
is clear that the volume loss of the basin, t1 Vbas, due to the 
mass flow from the bas in into the m ain stream is: 

t1t 
t1Vbas = - t111;nain stream = - Vbas[n- 1]-. (12) 

t * 

The volume added to the main stream t1 Vmain stream has to 
be converted into added ice thi ckness t1H at a certain grid 
point according to (Fig. 4): 

t1 Vmain stream = t1Sjfll (13a) 

with t1S = [Ws + 0.5( tan(aR) 

+ tan (arJ )t1H]t1H. (13b) 

H ere, t1S is the change in cross-sectional area at a certain 
grid point, j is the number of grid points minus 1, over which 
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the added volume has to be divided, and fll is the grid point 
interval. It may be obvious that the dete rmination of the 
value of j is subjective. 

Now, we introduce the ice flu x CP, which is defin ed as: 

cP = US = UH (W + jiB). (14) 

The ice flu x from the Ischmeergletscher branch into the 
main stream is treated as follows. The ice flu x between the 
two las t grid points of the Ischmeergle tseher branch is cal­
cul a led according to Equ ation (14). \Ve ass ume thi s is a 
good a pprox im atio n o f the ice flu x from the Ischmeer­
gletscher branch into the main stream. This flu x is multi­
plied by t1t to yield the ice volume tha t is added at ever y 
time step. If the elevatio n of the glacier surface is higher in 
the Ischmeergletscher branch than in the m ain stream, the 
volume will be added to the main tream. 

Again , the volume added to the main stream has to be 
converted into added iee thickness flH a t a ce rtain g rid 
point according to Equa tions (13). An alogous a rguments 
hold fo r the (equa l) ice volume that is remo ved from the 
Ischmeerglelscher bra nch. 

3.5. NUlllerical details and stability of the schellle 

In the flow model, a staggered grid is used to eva luate the ice 
flu x di ve rgence d<I> / dx a long the fl ow lin es. The ice-flow 
model uses an explicit scheme for time integration, imply­
ing th a t the time step has to be rather sm all. \lVe have deter­
mined experimenta lly the max imum time step for which 
the scheme is stable a nd the solution is accurate (i. e. inde­
penden t of the time step ). The max imum time step is of the 
order of 10 2 yea r. In this stud y, 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 icel 
snow surface and on the accumul ation rate. As the mass­
bala nce model employed here is tha t used by O erl em a ns 
(1992), wc refer to that paper for a de cription of it. 

The {ollowing meteorological input d ata a rc needed to 
run the mass-balance model (Table 4): temperature and hu­
midity at standard measuring height, cloudiness and precip­
ita ti o n. Air temp e r a ture T is ge ne ra ted by ass umin g 
sinusoidal shapes for seasonal and daily va riations: 

T = Nh -1'1] h - A T cos[27r(Nday - 26)/365] 

- DTcos[27r(t - 3)/24]. (15) 

H ere, 1\1fT is the annu a l mean temperature reduced to sea 
level, ,1\] is the lapse ra te, Nday is theJulian day number a nd 
t is local time in h. Th e precipitation rate was kepl constant 
through the year but was allowed to depend on altitude. 

The largest uncerta inty generall y concerns the altitudi­
nal g radients of the input parameters, especially precipita­
tion. To determine the a ltitudinal gradient of precipita tion, 
we used precipitation d a ta from the weather station of Grin­
delwa ld (1040 m a .s. !'), as well as measured precipita tion 
(fro m totali zing ra in gauges ) and accumulation da ta for 
Jungfr aufirn (from Braun and Aellen, 1990). Because of the 
la rge uncertainty, we used this gradient as a tuning pa ra­
meter in the mass-bala nce model by coupling the latter to 

the ice-flow model. It turned out tha t different altitudinal 
gra di e nts of prec ipita ti o n had to be ta ken [or the m a in 
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Table 4. In/JUt jJarameters for the mass-balance calculations. 
r Vhen the values differ belween the main stream and the Isch­
mee1gletscher branch, a' is used 10 indicate the main stream 
and at to indicate the Ischmeergletscher branch. The meteor­
ological input dala ( temperature, humidiLJ! and cloudiness) 
are from the high-altitude meteorological station if Jung­
ji"aujoc/l. Th ey can be found in Schweizerisclte A/eteoTOlo­
glsche Anstalt (1865- 1992) 

In/ml /Jarameter 

Annualmca n temperature at 3580 m (Q C ) 
Annual tempera ture range ( C) 
Dail y temperature range (Q C) 
Lapse rate (K III I) 
C loudiness (fract io n) 
C loud height (Ill ) 
Rela tive humidity (o;() ) 
Annual precipi tation (m ) 

:-lumber of gr id points 
Grid-point interval (Ill ) 

8.3 
6.7 
2.6 

0.007 
0.6 
3200 
70 
1.3 + (h - 10+0) 11050;" 
1.3 + (11, - 104·0)/1500t 

29;" 17t 
100 

stream and for the Isehmeerg letscher branch (Tabl e 4) in 
order to yield reasonable resul ts. In other words, reason­
able results are obtained onl y if the equilibrium-line a lti­
tude s a re diffe r e nt [or th e main st ream and for the 
l schmeergle tsche r bra nch (see sec ti on 5..1 ). For th e lapse 
rate, we used a va lue of - O.007 K m 1 

The other meteorological input data inTabl e 4 are from 
the high-alLitude meteo rologi cal sta tion of Jungfraujoch 
(3580 m a.s.!'), which is situ ated a few kilometres southwest 
of the glacier 's head . The da ta from the Grindelwald and ' 
Jung fr aujo ch station s 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 i northeas t and for the Ischmeergletscher branch is 
west-northwest. The mean slope of the main stream is 20% 
and the mean slope of the Ischmeergl etscher branch is 15 % . 

5. SENSITIVITY EXPERIMENTS WITH THE 
MASS-BALANCE MODEL 

5.1. R efer ence calculations 

'Ve now wish to explore how sensiti ve the ma ss-balance 
model is to variat ions in model parameters. Using the in­
put parameters from Table 4, we ca lculated the reference 
mass-ba lance profil es for both the main st ream and the 
Ischmeergl etscher branch (Fig. 5). The differences between 
the two curves result from the fact that the a ltitudinal gra­
di ents of precipita tion had to be unequal , as mentioned 
above, in order to obtain agreement between model and ob­
se rvation, and from the fact that surface slope and exposure 
are different for the main strea m and for the I schm eer­
gletscher bra nch . The main stream ha an equilibrium-line 
a ltitude of 2750 m, whereas the equilibrium-line a ltitude of 
the Ischmeergletscher branch is 2797 m. As no mass-balance 
measurements have been made at the Unterer Grindelwald­
g letscher, we cannot compare these res ult s with obser­
vation . H owever, we have som e confidence in the result , 
because the meteo rological input from theJungfra uj och 

E 
Q) 

" 2 
:.-= 
Cii 

4500 

4000 --- Main stream 

3500 --- Ischmeer 

3000 

2500 

2000 

1500 

1000 
-15 -10 -5 0 5 

specific balance (m yea(l) 

FIg. 5. CalcuLated Tiference mass-balance profiles for the 
main stream and the Ischmee1gletsc/zer branch. The profiles 
are unequal due to differences il1 exposure, swface slope and 
the aLtill/dinal gradient ifjJJecijJitation. Parabolic fIts to the 
CI/TUeS are indicaled by dashed lines. 

station is very detai led. On the other hand, the uncerta inty 
in the a ltitudina l g ra dients is large, esp ecially with regard to 

prec i pitation. 

5.2. Sensitivity of tnass-balance profiles to clitnatic 
change 

There are many modcl constants a nd pa rameters that can 
be varied but we will restrict our sensitivity analysis here to 
changes in (seasonal , i. e. spring/summer/autumn/winter ) 
temperature and precipitat ion. In thi s context, the word 
sensitivity is used to denote the change in mass balance or 
equilibrium-line a ltitude for a certain change in climatic 
conditions. 

Th e res ult. of a se ri es of experiments for the main 
stream, in which th ese quantities were systematica lly var­
ied , are summari zed in Figure 6. The results for the Isch­
meergle tscher bra nch a r e simila r and are therefor e nol 
reproduced. 

It is difficu lt to expla in a ll the de tails, because of the 
many feedback mechanisms involved. H ence, we will give 
a short description of the most importa nt features. The gen­
eral impression we get from Figure 6 is that the response to a 
change in a climatic parameter is more or less asymmetric 
around the reference state. 

Concerning temperature, it i obvious from Figure 6 
that the mass balance is most sensitive to a change in sum­
mer temperature, as expected. Howeve r, sensitivities to 
changes in spring and au tumn temperature a re a lso rela­
tively high, and therefore cannot be neglected. The same 
appli es to changes in winter temperature for the lower ele­
vations (under 2000 m ), vvhere the sensitivity is comparable 
to th e sensitivity to changes in spring and autumn tempera­
ture. This is because some melting takes place during the 
winte r at these elevat ions. At the higher elevations, th e 
mass bal a nce does not cha nge because tempera tures in 
winter are lower and th e fraction of precipitation falling in 
so lid form remain s th e same regard less of the prevailing 
winte r temperature. :For temperature changes in spring, 
summer and autumn, the change in mass balance is small 
at high elevations but increases significantly (especia ll y for 
changes in summer temperature) nea r the equili brium-line 
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Fig. 6. Sensitivity of the mass balance qfthe main stream to changes in seasonal temjJerature and precijJitation, as indicated by the 
labels. Parabolicfits to the curves are indicated by dashed hnes. 

altitude (due to the albedo feedback ); at lower elevati ons, 

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 a ll precipitation falls as snow 

and the cha nge in mass bala nce simply eq ua ls the change 
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in precipitation. At somewhat lower a ltitudes, the change 

in mass balance tends to decrease until the equilibrium line 

is reached. There, a (sharp ) increase occu rs due to the a lbe­

do feedback (especia lly for changes in spring and winter 

precipitation). At lower elevations the change in mass bal­

a nce decreases rapidly to (almost ) zero. At elevatio ns of 

1300- 1500111, on ly a small fraction of the annual precipita­

tion falls as snow. At these elevations, therefore, changes in 

precipitation hard ly affect the mass balance. 
The sensitivity of the Ischmeergletscher branch is com-
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pared w ith that of the m a in stream in Ta ble 5. Changes in 

the equilibrium-line a lt itude E, due to p erturbations in an­

nua l m ean temperat ure, mean summe r temperature a nd 

annua l precipitation a re shown. The va lues a re averages of 

the positi ve and negati ve p ertu rbatio n experiments. The 

res ul ts fo r th e two bra n ch es do not di ffe r ve ry mu c h , 

although Ischmeergletsch er seems to be the more sensitive. 

The mea 11 value of dE / dT, is 50 m K 1 which is more than 

ha lf the mean value ofdE/ dJ\h (92 m K I), implying tha t a 

change in mean summer tem perature has a relatively la rge 

effect on the change in equilibriulII-line altilude compared to a 

change in annual mean a ir temperature. The mean value of 

dE/dP is 4.5 m % I. Thus, a 20% cha nge in annual preci­

pita ti on has roughl y th e same effect on the equilibrium-line 

a ltitude as a I K change in annual mean a i r temperature. 

lilble 5. Sensitivily qf equilibrium -line altitude, E, with re ­
spect to changes in annual mean temperature J\IT, meansu77Z­
mer temjJerature T.s and annual jJrecijJitation P 

d E / dlifT clE/ clT:, clE/ cl? 

Ill K ' Ill K ' 111 % I 

~I a in strcanl 89 46 3.9 
Ischlllecrglelschcr 94 54 5.0 

Like O eriemans a nd H oogendoorn (1989), wc conclude 

t ha t t he response o f a m ass-ba lance pro fil e to clim a ti c 

change cannot be ex pec ted to be indep e ndeht of a ltitude. 

The results in Figure 6 suggest, furth er, tha t the sensitivity 

to cha nges in seasona l temperature a nd precipitati on is so 

la rge tha t a ll seasona l va ri ables have to be ineluded in a n 

ex press ion for the mass b a la nce. 1\10reover, the sensitivity 

of the mass balance to al1 11 11 al mea n tempera ture is found to 

be highes t at lower elevations. This means that the glacier 

front w ill be very sensitive to climate ch a nge (Oeri emans, 

1992). We sha ll inves tigate thi s point furth e r in the nex t 

section. 
The m ass-balance model is coupled to the now model in 

the fo ll owing way. First, we fit thc ca lcu la ted mass-balance­

a ltitud e pro fil es with a para boli c rel a ti o n, B = a l+ 
a2 h + a3h2, and then fit the coeffI cients ai , a2 and a3 with 

pa rabo lic fun ctions o f a p erturba ti on in a clim atic pa ra­

me te r dpc, thus: a l = b1 + b2dpc + b3dPc2 Th e cont r ibu­
ti ons from the different climati c parame ters can simply be 

added fo r a ce rt a in coefficient. Fin a lly, we incl uded the 

res ul t ing ex pression in rhe ice-now model. Thus, the feed­

back fro m changing surface eleva tion to the ma. s balance is 

taken into account (O erl emans, 1992). The pa rabolic fits to 

the calcul ated mass-balance pro fi les are shown in Figure 6. 
The adYa lllagc of this a pproach is th a t the mass-balance 

model need not be re-ru n when the glacie r geometry a nd 

the clim ate have cha nged. C limati c records a re needed as 

inpu t for the ice-now nl.odel in the case of cl imate forcing 

(section 7). A disadvantage is that the feedback fi'om cha n­

ging g lac ier geometry to the absorbed short-w3\'e radi ation 

is no t acco unted for. Thi s effec t may be important but, in 

view of o ther approx im a tions made and the large r compu­

tati on time that would be required, this effec t is neglected . 

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 w ish to ex plore how sensitive the ice-Oow model is 
to vari ations in input pa ra me ters. I n Figure 7a, the steady­
state leng th o f the glac ier is d epicted as a fll nction of a n 
anomaly in the seasona l a ir te mperature. It will be seen 
that, for exampl e, a I K inc rease in summ er temperature 
wo uld lead to a reductio n in steady-sta te le ng th from 
8.75 km to 7.15 km. Note tha t the sensitivity of g lacier length 
to a change in summer tempe ra ture is highes t a nd the sensi­
ti"ity of glacie r length to a ch a nge in winter te mperature is 
almost zero. A nomali es in spring and autumn temperatures 
affect the stead y-state leng th in a simila r way, a lthough the 
sensitivity to a change in spring temperature is somewhat 
higher. This is consistent with Figure 6. 
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Fig. 7. Stead), -state lenglh qfthe main stream vs anomalies in: 
( a) seasonal mean air temjJera lu re and ( b) seasonal jJrecipi­
tation, as indicated b)' the insets. 

10 

The g reates t sensiti vit y show n in Fig urc 7a is to de­
creases in summer tempera turc in excess of 0.6 K . This is a 
res ult of th e e levati on- m ass -ba lance feedback. Since the 

slope of th e bed dec reases sig nifi cantl y whcn the glacier is 
longe r th a n a pproxim a te ly 9.75 km and thus reaches th e 
vall ey noor (Fig. 8a ), the ve r y effec tive mecha nism of the 
eleva tion- m ass-ba lance feedbac k ca uses ice thi ckn ess to 
g row expone nti a ll y (see a lso Equati on (I)). The refore, the 
model glacier length shows a la rge increase as well. 

If the extreme glacier sta nd s in 1600 a nd 1970 (Fig. 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. ThC)1 are compared with the observed (1987) 
suiface prqfile qf Unterer Crindelwaldgletsclzer. Note the dif­
ference in scales. 

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

If the steady-state leng th were controlled entirely by sea­
sona l precipitation, the change in leng th with change in pre-

cipitation would be as shown in Figure 7b. The length is 
most sensitive to changes in winter precipita tion and least 
sensitive to changes in summer precipita tion, as expected. 
The sensitivity to anomalies in spring precipita tion is high­
er than to changes in autumn precipitati on. This is due to 
the al bedo feedback: high amounts of snow in spring cause 
the albed o to increase, as a result of which the ablation sea­
son starts later. 

We can conclude that the sensitivity of glacie r length to a 
change in climatic conditions is higher when the terminus is 
on a slightly inclined part of the bed (Figs 7 a nd 8a; Oerle­
mans, 1989). One should bear in mind th at, in spite of the 
high sensitivity of glacier length to a change in climatic con­
ditions, the rela tive changes in ice volume a re 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 vari ations in the length of U nterer Grin­
delwa ldgle tscher, which a re of the order of 1.8 km (Fig. 3), 
can be expla ined by relatively small climatic ch anges. 

6.2. Response tiInes 

The response time, T , is defined as the time tha t elapses be­
tween a p erturbati on and the time when the g lacier reaches 
a length of: 

L(T) = L o + (1 - e-1 )6.L :::::: Lo + 0. 6326.L. (16) 

Here, Lo is the initial stead y-sta te length and 6.L is the dif­
ference between the initial a nd the final steady-state lengths. 

If one sta rts with zero ice volume, our m o delling sug­
gests tha t it ta kes 150- 450 yea rs for a stead y state to be 
reached . This (theo retica l ) g rowth ti me is sig nificantl y 
larger than the response time. This result demonstrates that 
a simula tion of the historical record must start at a time well 
before the b egin ning of the observed record. 

vVe next investigated the response time b y perturbing 
the reference steady state with various (abrupt ) changes in 
the mass b a la nce. Figure 9 shows an example of the re­
sponse (in terms of glacier length ) after var ious perturba­
ti ons in the mean summer temperature are imposed on the 
now model as step fun ctions. The response times range from 
34 to 45 years. The la rge r va lues correspond to negative 
changes in the mass balance (i. e. positive p erturbations of 
temperature ). 
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7. SIMULATION OF THE HISTORICAL LENGTH 
VARIATIONS 

7.1. R ecords u sed for the reconstruction of climatic 
data 

A continuous precipitation reco rd is available from the 
weather station of Grindelwald for the period from 1914 on­
wards. The temperature record from the high-a ltitude me­
teorological station ofJungfraujoch is available only from 
1938 onwards. Therefore, the records for these locations for 
th e p eriod before th ese dates (Fig. 10) have been reco n­
structed using rec ord s from ot her stations and climatic 
d a ta for Switzerl a nd based on proxy data (Pfister, 1984·). 
The climatic reco rd s from the Beatenberg, Gr indelwald , 
Jungfraujoch and Santis stations (Schweizerisehe M eteoro­
logische Ansta lt, 1865- 1992) and from the Base l station have 
been used. 
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• Pfister 

time 
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Fig. 10. Records usedJor the reconstruction cif: (a) seasonal 
meantemperaturesJor]ungfi·aujoch and (b) seasonal sums 
qf precipitation Jar Grindelwal d. 

7.2. Reconstruction of climatic data 

72.1. Reconstruction qf the seasonal mean air temperatures 
We reconst ructed th e seasona l air temperatures forJung­
fr a ujoch for the per iod 1755- 1882 using the seasonal a ir 
temperatures for Base l. We did this by calc ulating four line­
a r reg ression equa tions, one for each season, between the 
seaso na l air temperatures of both stations from th e 49 
yea rs of common meas urements (1938- 86). The correlation 
coeffi cients between the Basel record and theJungfrauj och 
reco rd a re in th e range 0.66- 0.88. The Base l reco rd was 
used fo r the reconstruction because it was the longest one. 

We used the data from the high-a ltitude meteorological 
sta tion of Siintis (2490 m a.s.l.) to reco nstruct the season a l 
a i r temperatures for J ungfraujoch for the period 1883- 1937. 
From the 55 yea rs of common measurements (1938- 92), we 
computed reg ress io n equations betwee n th e seasonal a ir 
temperatures for the sta ti onsJungfra Luoch a nd Siilllis. Our 
main reason for choosing the Siintis record for the recon­
struction was that the correlation coefficients turned out to 
be high (0.83- 0.97). 

For th e period 1530- 1754, we reconstructed 10 year mean 
valu es of seasona l a ir temperature for Jungfraujoch (ex­
tended with the reconstruction for 1755- 1937) using 10 year 
mean values of seasonal a ir temperatures for Switzerland 
(Pfister, 1984). Again, four linear regress ion equations be­
tween th e 10 year mean values of seasonal a i r temperatures 
for Switzerl and andJungfraLuoch were computed. The cor­
rela tion coeffi cients are in the range 0.79- 0.87. 

Beca use we need temperature anomalies as a forcing for 
th e Oow model, the m ean values of th e seasonal air tem­
peratures for the period 1951- 80 were subtracted from the 
(pa rtly reconstructed ) seasonal temp e rature record s for 
Jungfraujoch. 

72.2. R econstruction qfseasonal precijJitation 
It is more difficult to reconstruct precipitation records, for a 
number of reasons (Gre uell , 1992): precipitation is corre­
lated over much shorte r di stances than temperature; re ­
co rd s a re more li able to contain inhomogeneiti es due to 
cha nges in surroundin gs a nd equipme nt , a nd long and 
we ll-inves tigated reco rds a re scarce. 

\ Ve bega n hy collec t i ng prec ipitation records from sta­
tions situated in the \·icinity ofGrindelwald . The prec ipita­
tion record of Beatenbe rg (1150 m a.s. l.) tu rned out to have 
the highest correlat ion w ith the Grindelwald record. There­
fore, this record was used to reconst ruct the seasonal preci­
pita tion reco rd of Grind elwald for th e pe riod 1865- 1913. 
The correla tion coefficients a re in the range 0.83- 0.91. 

No m easured precipi tati on data were avai lable for the 
period 1530- 1864. Therefore, an attempt was made to recon­
struct 10 yea r mean \·alues of prec ipitat ion fo r Grindelwald 
using 10 yea r mean \·alues of precipitation for Switze rland 
(Pfi s te r, 1984). Howeve r, the cor relat io n coe ffi cient for 
annua l precipitation obta i ned in this way was too low (0.49). 
Thus, the a nnual prec ipi tat ion during th e period 1530 1864 
\Vas assumed to be consta nt and was adj usted until the root­
mean-sq ua re difference between the simula ted and observed 
front pos iti ons reached a minimum. The fi g ure, obtained in 
thi s way, a ppeared to be equa l to the mean a nnual precipita­
tion for Grindclwald during the period 1865- 1978. 

Because precipitation al70malies are need ed a a forcin g 
for the Oow model, we calcul ated them u. ing the mean 
\·alues o f the seasonal pree i pitation for the period 1951- 80. 
Th e a no m a li es are exp res cd in per cent relatiH to th e 
res pec tive mean \'a lues. 

Fig u re 1I depicts th e seasonal temperature and precipi­
tati on fo rc ing fun ction s ( toge ther wit h smoothed values ) 
that were obtained. The most striking fe ature of the tem­
perature curves in Fig ure Il a is the pronounced warming 
that has occurred in the present centur y. As far as the pre­
cipitat ion cun-cs are concerned, it appears from Figure Itb 
that seasonal va lues reached a max imum ill the 1970s and 
1980s. 

7.3. Result of the simulation 

As no ted ea rli er, because of the long response time of the 
glac ier, the integration should start we ll before the begin­
ning of the observed reco rd of front \·a l-ia ti o ll s. Thus, we 
sta rtedlhe model in the year AD 1000 wit h ze ro ice thi ckness. 

For th e per iod 1000- 1992, the model was forced with 
elT, = - 0.4 K , elT,p = dT,U1 = clTw = 0 K and clP = 0% (a ll 
relative to the 1951- 80 mean ). For the period 1530- 1992, the 
seasona l mean temperature record forJull g fraujoch and sea-
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Fig. ll. a. Tlarialion ill seasonallllean tem/;erature at J llllg­
J rauj och ( reconstructedfrom 1530- 1937). b. Varialion in sea­
sonal p recijJi tation ill CrindeLwaLd ( reconslnutedjrom 
1865- 1913); a constant annuaL precipitation vaLue has been 
usedfor the jmiod 1530- 1864 (see tell). The plots also show 
smoothed valll es. 

sonal precipita tion record [o r G rindelwald (Fig. 11) were used 
as additiona l forcings. Thi s y ielded a stead y sra te \\'ith a 
length of 9.55 km for the period 1000 1529 (w hich is slightly 
longer tha n the medi an of the length observati o ns fo r the per­
iod 1534- 1983). 

As an illustration of the ty pe o[ temporal vari ation in the 
mass balance rhat resulted from this cl imaric fo rcing, cun'es 
of mass-balance anoma lies for two dif1'ere11l surface eleva­
tions (1500 and 3000 m) a re shown in Figure 12a. 

Figure 12b shows the result of a model simulation for the 
period from 1530 onwa rd s, w ith the seaso na l mean tem­
perature a nd precipitati on a noma li es as fo rcings. From the 
smooth c urve fits in Fi g ure 12a, liT ca n d educe that the 
mass-balance anomali es r each maximum \'allles a round 
1840 and minimum \'a lues a round 1950. For compari son, 
the mod e l g lac ier reac hed it s max imum le ng th a round 
1870 and its minimum leng th a round 1980 ( Fig. 12b , sug­
gesting a 30 year lag. The sim ulation is gener a lly consistent 
with th e obse rved retreat during th(' late 1800s and ra rly 
1900s, with the obse n 'ed intelTupti on of t hi s retrea t by a n 
advance between 1920 a nd 1940 and with the observed ad­
vance from 1970 onward. However, there is a 1- 2 decade lag 
between the observed beha\ 'iour and the mod ell ed one. The 
root-mean-square difference betw('en the simul ated and ob­
served front positions is 0.28 km. The observed total retreat 
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dj/-state mass -baLance values Jar the period 1000- 1529. 
Smooth- curvefits are aLso indicated. b. Simulation rif histor­
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(maill stream ) comjJared with observations. ForcingJl.l nc­
tio/lj are seasonal lellZjJeratll re and jJrecijJilatioll anomalies. 

of the main stream between 1534 and 1983 was ab o ut 1.0 km, 
whereas the m odel calculates a retreat of 1.3 km . 

On the whole, the response time of the model g lacier is 
somewhat la rger than the resp onse time of U nte rer Grin­
de lwa ldgletsche r (with a differen ce of ahout 10 yea rs). An 
example is the simul ated m ax imum a round 1860 which 
lasts longer tha n the observed m ax imum around that time. 
This is probably due to the fact th at there a re no records for 
precipitation prior to 1865 and therefore prec ipita ti on can­
not be reconstructed. Because the model glacier has a long 
response time, it does not react ra pidly to the la rge negative 
precipita tion anomalies which lead to a retrea t. 

The magnitudes of the simul a ted length vari ati ons gener­
ally correspond to those of the obser ved front I'a ri a ti ons. One 
exception is the magnitude of the simulated advance berween 
1570 and 1600 which is ha lf the magnitude of the obsen 'ed 
ach'ance which led to maximu m lengths at the beginning of 
the 17th century. Another exception is the magnitude of the 
simulated advance between 1920 and 194·0, whieh is twice as 
large as tha t of the observed advance between those years. A 
possible explan a tion for these disc repancies is tha t the mass­
balance recon structi on is incorrec t for these p eriods. This 
could well be the case for the first peri od, for which there is 
a lack of detailed climatic da ta. The mass-bala nce a nomalies 
a round 1570 are indeed small er than the anoma lies arollnd 
18+0 (Fig. 12a ). Another poss ible ex planation for the poor 
qualit y of the simul ation in the second period is the occur-
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rence of ice a\'alanches from an isolated tr ibuta ry glacier (i. e. 
poi11l 2 in Fig. 2). These ice avalanches fill pa rts of the gorge 
and cause an advance of the tongue. Thus, they have nothing 
to do with the dynamics of the main glac ier. The re-advances 
a round 1920 and 1980 as calculated for th e model may, 
there-fo re, overestima te the dynamic respo nse of the ma in 
glacier (p ersonal communication from W. H aeberli and H. 
Gud m u ndsson, 1996). 

In Fig ure 8, the simul a ted surface elevati on of the model 
glacier in 1987 is compared with the observed surface eleva­
ti on of U nterer Grindelwa ldgletscher (1987 glacier stand ). 
" re are n ot unduly surpri sed to find that the simulated ice­
thi ckness di st r ibutions co rres pond well to the obse rved 
shape, because the model was tuned with res pec t to the ob­
se rved surface elevati on. The root-mean-squa re error (de­
fined by Equation (2)) is 13 m for the main stream and 14 m 
for the Ischmeergletseher branch. The leng th of the model 
glacier in 1987 is 8.25 km, w hich is 0.2 km shon eI' th an ob­
served. D es pite these sli ght a nomali es, it can be concluded 
that the "dyna mic" calibra tion procedure wo rked well. 

The simul ation indicates that, on the whole, the coupled 
model sys tem, as we ll as th e reconst ruction s of seasona l 
tempera ture and prec ipitation, a re reaso n a bl y acc ura te 
and reali stic. 

8. PREDICTION OF FUTURE FRONT 
VARIATIONS 

I n thi s sec tion, we will investigate how la rge the retreat of 
Unterer Grindelwaldg letsch el- is likely to be in the nex t cen­
tu ry if two different g reenhouse-gas emiss ions scenari os a re 
a pplied . These scena ri os a re ta ken [ro m the repon of th e 
UN T nte rgovernmenta l Pa nel on Climatic Cha nge (IPCe; 
Bruhl and o thers, 1990). One category of em ission scena rios, 
which is re fer red to as policy scenmios, represents a broad 
range of p oss ible controls to li mit the emi ss io ns of g reen­
house gases. Estimates of the change in globa l mean surface 
air tempera tu re due to m a n-made forcing were made using 
a box-diffusion-u pwelling model (Bruhl a nd o thers, 1990). 
I n thi s exp e riment, es tim a tes of th e tempe ra ture ri se for 
the two ex treme policy sce na rios Ba U (Business-as-Usua l) 
a nd D (ea rl y controls o n g reenhouse-gas emi ss ion ) a re 
used. 

From 1993 on, the ice-fl ow model is fo rced by the pre­
dicted temperatu re scenarios (va lues relative to the 1951 ~80 
mea n), whereas the season a l precipitation va lues are set a t 
the mean va lues of 1951 ~80. For the period prior to 1993, 
the forcing [unctions used a re the same as those used in sec­
ti on 7.3 . I t is ass um ed th a t th e predi c ted tempera ture 
scena rios refer to changes in annual mean a ir temperature. 

As a n ill ustrati on of the type of tempora l vari ation in the 
mass ba la nce that resulted from the climatic fo rcing, curves 
of mass-ba la nce anomalies for two different surface elenl­
ti ons (1500 a nd 3000 m ) a nd fo r the two sce na rios Ba U 
a nd D (from 1993 on) a re shown in Figure 13a. From 1993 
onwa rd s, the mass-ba la nce va r iati ons a re due entirely to 
temperature \'ari a ti on , so they a rc larger a t 1500 m than a t 
3000 m (in accordance with Fig ure 6). 

The model predicts that the glacier leng th wi ll continue 
to increase until a maximum of 9.25 km is reached in 201 7 
(Fi g. 13 b ). Thi s initi a l in c r ease is a r es ult o f the hi g h 
a moun ts o f prec ipitati on in th e 1970s and 1980s (Figs lIb 
a nd 13a). No te that the leng th res ponse time is la rge r tha n 
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th e volume res ponse time. It is predicted that after 201 7 the 

g lacier will show a continuous retreat. By 2100, it will have a 

le ng th of 4.95 km in the case o f the Ba U scena ri o a nd a 

length of 6.65 km in the case of scena rio D. Thu , the total 

mag nitude of the retreat (l983~2 100) wi ll range from 1.6 to 

3.3 km. The tota l \ 'olume decrease in this period will range 

from 0.57 to 1.25 km 3
. 

Note that seve ra l assumptions have been made. Fi rc ~, it 

is ass umed tha t t he en hanced g reen house effec t wi ll not 

alter the tota l a mount of precipita tion. It should be em pha­

sised that mos t climate models show a n increase in globa l 

mean precipita ti on with increas ing globa l mean tempera­

ture due to the fact that a wa rme r a tmosphere wi II con tain 

more water vapour. H owever, because climate models a re 

sti ll unable to predict the region a l d istr ibution of precipita­

ti on and because we want to ge t a n idea of the degree of 

g lac ier retreat due to a tempera ture ri se alone, we have as­

sum ed here th a t total precipita ti on wi ll not cha nge. If the 

a mount o f a nnu a l prec ipita tio n we re to inc rease, thi s 

would lead to more acc umu lation in the h igher pa rts of the 

acc umulation zone (Fig. 6). This accumul ati on would then 

counterac t the e ffect of increased m elting in th e a bl a tion 

zone. Tota l retreat would therefo re be less. 
Second ly, it is assumed that local air tempera tures wi ll 

increase by the same amount as g loba l mean a ir tempera­

ture .. Because the regional tempera ture di stribution is a lso 

unknown in the current state o f clim ate modelling, this is 

the best assumption one is able to make. 
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9. CONCLUSIONS AND DISCUSSION 

In thi s study, the variations in length of Unterer Grindel­
waldglet cher which have occurred in the past have b een 
simulated by coupling a mass-balance model to an ice-flow 
model. As clim ate forcing, we used (partly reconstructed ) 
seasonal temperature and precipitation reco rd s. The root­
m ean-square difference between simula ted and observed 
front positions turned out to be 0.28 km. Total retreat was 
computed fairl y accurately (error of 0.3 km ). Note that the 
mass-ba lance variations themselves were !lot tuned to the 
resulting length variations. They were determined only by 
the mass-balance model, the polynomial fits to the calcu­
lated mass-balance profil es and the climatic data. Further­
more, the simulated glacier geometry for 1987 fits the 
observed geometry for that yea r reasonabl y well. There­
for e, we ca n co nclude th a t th e "dynamic" calibration 
worked well. 

Thus, the simulation of the histori ca l var iations in the 
length ofUnterer Grindelwaldgletscher is successful and in 
fact better than the simul ations for Nigardsbreen (Oerle­
m a ns, 1986), Glacier d'Argentiere (Huybrechts and others, 
1989) and Rhonegletscher (Stroeven and others, 1989). This 
is probably due to the good quality of the climatic series a nd 
reconstructions and the fact that the relation between cli­
m a te and mass balance was handled using a mass-balance 
model based on the energ y balance of the ice- snow surface. 

Furthermore, we conclude that g laciers 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 simula tion of the historical front variations 
was a success, future length and volume var iations can be 
predicted. The model experiments confirm that the g lacier 
is very sensitive to greenhouse warming. For a BaU scenario 
(from Bruhl a nd others, 1990) only 29% of the 1990 Ice 
volume would remain in 2100. 
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