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ABSTRACT, l\.Iod els a rc d eveloped to simul a te cha nges in perma fros t di stribution 
a nd glac ier size in mountain a reas, The mod els exc lusi\'ely consider equilibrium 
conditi ons, As a first a ppli ca ti on , th e simplified ass umpti on is used th a t one single 
pa ra meter (mean a nnu a l a ir tempera ture) is cha nging , 

Perm afi'os t di stributio n pa tt erns a re es tim a ted fo r a tes t a rea (Corva tsc h­
Furtschell as) a nd fo r th e \I'hole Upper Engadin region (eas te rn Swiss Alps) using a 
rel a ti on between perma fros t occurrence as indica ted by BTS (bottom tempera ture of 
th e \I'inte r snow cO\'e r) measurements, potenti a l dire t so la r ra diation a nd mean 
a nnua l a ir tem pe ra ture, Glac ier sizes were assessed in th e same region with d a ta from 
th e ,,"orld Glacier Im'e n to ry d a ta base. Th e si mul a ti o ns for th e glacie rs a re based on 
th e ass umption th a t a n increase or decrease in equilibrium-line altitude (ELA) would 
lead to a mass-ba la nce cha nge , M odel ca lcul a ti ons for potenti a l future cha nges in ELA 
and mass ba la nce includ e es tim a ted de\'elopments of a rea , length a nd \'olume, t-.I ass 
cha nges we re a lso calc ul a ted for the tim e peri od 1850 1973 on th e bas is of measured 
cumula ti\ 'e length cha nge. glac ier leng th a nd es tim a ted abla ti on a t the glacier terminus. 

For th e time peri od sin ce 1850, perma fros t became in active or disappeared in a bo ut 
15% of th e a rea origina ll y und erl ain by permafros t in th e whole U pper Engadin 
region , a nd mean annua l g lacier m ass ba la nce was ca lcula ted as - 0,26 to - 0, 46 m 
w,e, a I for th e la rger glac ie rs in th e same a rea , The es tim a ted loss in g lacier vo lume 
sin ce 1850 li es be twee n 55% and 66% of the o ri gin a l \'a lue. \"ith a n ass umed increase 
in mean a nnua l a ir tempera ture of +3 C, th e a rea o f supposed perm a frost occ urrence 
would possibl y be reduced by a bout 65% \I'ith res pec t to present-d ay conditi ons and 
onl y three glac ie rs wo uld continu e to pa rti a ll y ex ist. 

INTRODUCTION 

C onsequences of cha nges in th e clima te sys tem for th e 

cr yos phere a t a regiona l sca le a re of spec ia l in te res t to 
peo pl e !i\'ing in mounta in a reas . Indeed, cha nges in 
mo unta in c ryos ph eri e processes lead to mass ive la ndscape 
cha nges: no t onl y perma fros t a nd glaciers a re in vo lved , 
bu t a lso th e wa ter bala nce, snow-co\'e r cha rac teristi cs 

a nd g ro wth conditi ons o f th e \'ege tat io n which a re 

a ffec ted direc tl y as well as indi rec tl y through \'a rio us 
feed-bac k mecha nisms. There is a co rres ponding impact 
o n th e socio-economic conditi ons of peop le li ving in 
mounta in a reas, espec ia ll y concernin g to uri sm , one 0 (' th e 
m ajor sources of in come in such a reas , In additi on , 

reduced slope sta bility co uld increase th e hazard po tenti a l 

from rock slides a nd d ebris fl ow . Spa ti a l mod elling of 
glacier a nd pel'm a fros t occurrence in mo unta in a reas as a 
fun c ti on of clim a ti c p a ra meters co uld contribute to th e 
ea rl y recogniti o n of sensiti ve a nd som etimes d a ngerous 

a reas . 

between th e a tmosphere a nd mounta in perma fros t, a n 
a ttempt is mad e to mod el perm a frost di stribution a nd 
g lacie r size in hi gh m o unta in a reas , Th e a ppli ed 

pa ra meteri za ti o n is buil t on a combin a ti on of empiri ca l 
kn owled ge a nd ph ysica l consid era ti ons. 

D espi te th e still limited understa nding of th e complex 

processes involved , es pecia ll y concerning th e interac ti ons 

Inves ti ga ti ons of th e impac t of a tm ospheric wa rming 
on perm a fros t should consid er a ll th e complex in te rac­
ti o ns be twee n c lim ate, mi croclima te a nd surface tem­

pera ture. R egions in the discontinuous perma frost, with 

ground tempera tures close to melting poin t, can be \'e r)' 
sensiti ve to clima te cha nge (Thi e, 1974). A clim a te 
cha nge not onl y res ul ts in a n increase of a ir temper­
a tu re; precipi ta ti on, especia ll y va ri a ti ons in snow-cove r 
thi ckness a nd dura ti on , can a lso lead to considera ble 

cha nges in perm afros t distribution . At dep th , or jf thi ck 

ice is p resen t, th e th erma l reac ti o n of th e g ro und is 
stro ngly d elayed with respec t to cha nges in the a tmo­
sph ere so th at th e res po nse of perm afros t is slow , 
Especia ll y importa nt is th e ice con te nt in th e ground 

which d elays th e wa rming through la ten t hea t of fu sio n 

in vo lved with th e m elting or freez ing process (Smi th a nd 
Riseboroug h , 1983). Simple m od els a nd scena rios can 
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neverth eless help to loca te areas where nea r-surface 
cha nges in permafros t conditions may lead to such 
probl ems as th aw se ttl ement, rock slid es o r debris Oows. 

In th e a rea of th e U pper Engadin (eastern Swiss 
Alps), discontinuous mounta in perma fros t and (ma inly 
tempera te, but in th e a bla ti on area slig htl y co ld ) glaciers 
exist in close proximity. An a ttempt to es tima te roughl y 
the change of bo th phenomena is made by assuming step 
cha nges be twee n stead y-sta te co nditi ons as a first 
a pprox imation. 

BASIC ASSUMPTIONS 

Th e pa ra meteri za ti ons a rc based on avail a bl e knowledge 
a bout the relati on between clim a te a nd perm a fros t 
di stribution in th e Alps a nd on continuity considera tions 
for g laciers. Equilibrium conditions are ass umed through­
out , i.e ., non-sta tiona ry transitions were disrega rded. A 
simula ted pe rturba ti on was introduced with the cha nge of 
one pa ra meter onl y, in thi s case th e mea n annual a ir 
te mpera ture. Full adjustment to such a perturba ti on is 
reach ed a ft er a certa in response time. Th e response time 

for mounta in g lac iers as given by the ra tio between 
max imum ice d ep th a nd a bl a tion a t th e terminus is 
ty pi call y a few decad es (H aeberli a nd H oelzle, 1995 ) . 
The res ponse tim e for perm a fros t, on th e other hand , 
d epends on the therm al conducti vit y, ice content a nd 
th ickn ess of frozen g ro und (O sterka m p , 1983); fo r 

rela ti vely warm and thin di scontinu ous perm afros t it is 
typica ll y meas ured in decad es to centuri es (H ae berli , 
1990) . Th e mod els used in th e present stud y ta ke in to 
acco unt neith er such long-term res ponse a t greater depth 
below surface nor an y feed -bac k mecha nisms, a nd a ll 
clima ti c a nd surface para meters o ther th a n air temper­

a ture a re kept uncha nged. Such ass umptions a re quite 
unrea li sti c in nature. Th e corresponding model ca lcul­
a tions neverth eless furni sh importa nt informa tion a bout 
th e sensiti vity of the system a nd give interes ting hints of 
especia ll y sensitive a reas. 

SCENARIOS AND DATABASE 

Four different stead y-sta te conditons a re used in thi s 
stud y: two fo r the future, one for tod ay a nd one fo r the 

pas t. The future scena ri os a re based on scena rio A of the 
Intergove rnm enta l Pa nel on Clim a te Ch a nge (H oug ht­
o n a nd o th e rs, 1990 ; c r. Swi ss N at ion a l Sc ie nce 
Found a ti on, unpublished ) whi ch ass um es mean a nnu al 
a ir tempera ture in the years 2025 a nd 2 100 to be 1.3° 
a nd 3°C higher th a n today . For the pas t scena rio, a 

mean a nnu al air tempera ture 0.6°C lower tha n tod ay is 
ass um ed. Precipitati on cha nges a re not included a t thi s 
stage. 

The da ta base for th e regional exislence of perma frost 
conta ins a la rge sample (H oelzle a nd o thers, 1993 ) of 

bottom tempera tures of the winter snow cover (BTS), 
which can be used as a good indi ca tor of permafros t 
distributi on (H ae berli a nd Pa tzel t, 1983; K ell er a nd 
Cubler, 1993 ). For th e g laciers th e d a ta base is ta ken from 
a glacier in ventory in thi s region recentl y upda ted by 
Maisch (1992; cf. Muller a nd o thers, 1976) . 
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MODELLING PERMAFROST DISTRIBUTION 
AND GLACIER SIZE 

Pennafros t 

M odels developed in the Swiss Alps to es tima te di stribution 
pa tterns of discon tin uous mou n ta i n perm afrost a re based 
on empirical considera ti ons (H aeberli , 1975 ; K ell er, 1992) . 
In order to improve th e ph ysical basis for such estima tes, 
the following new model was developed (H oelzlc and 

others, 1993 ) to simula te supposed permafrost distribution 
as a fun cti on of digital terrain informa ti on. 

Th e more th a n 700 regiona ll y ava il a ble BTS meas­
urements, representing the occurrence or a bsence of 
perma fros t, a re rela ted to clima ti c fac tors. Therefore, 
mean a nnual air tempera ture was es tim a ted for each BTS 
point using climate-sta ti on reco rds toge ther with a la pse 
ra te of 0. 56°C per 100 m for the Upper Engadin and 
0.6°C per 100 m for the other a reas (C ensler , 1978) . In 
the same way, po tenti a l direc t sola r radi a ti on (ave rage 
d a il y means for the snow-free season, July- O ctober) was 
calcul a ted (Funk and H oelzle, 1992 ) on the bas is of a 
digital terra in model (DTM). The BTS meas urements 
we re then grouped into eight temperature cl asses from _8° 
to O°C wi th steps of 1°C . In thi: way , a correla ti on 
between BTS and po tenti a l direc t sola r radi a ti on (1'2 = 

0.86), but no t betwee n mean a nnu a l a ir tempera ture and 
BTS (1'2 = 0.002), was fo und (H oelzle, 1992 ) . This res ult 
emph asises th e importance of short-wave direc t sola r 

radi a ti on as th e ma in vari a ble loca l-scale energy source 
(H oelzle, 1994) and a lso means tha t permafros t ca n exist 
a t low-a ltitud e sites as well , even a t pl aces where mean 
annu al a ir tempera ture is positive if so la r radi a ti on is 
strongly reduced. From ground tempera ture measure­
ments in shallow boreholes, BTS measurements, DC 

resistivi l y a nd se ismic soundings (Bachler, 1930; Pa ncza, 
1988; Yond er MUhll , 1993; paper in prepara ti on by C . 
VV egma nn ), such low-a ltitud e perm a frost sites a re, 
ind eed , known to ex ist in the northern Swiss Alps a nd 
th e Jura mounta in '. Inclusion of such low-a ltitud e 

perm a fros t sites consid era bl y enl a rged th e a ltitude range 
of doc umented perm a fros t occurrence a nd ena bl ed the 
limit of permafrost ex istence (BTS between _2° and 3°C) 
to be desc ribed as a fun ction of the two most important 
clima ti c fac tors, i.e. po tenti a l direct sola r radi a ti on and 
mean a nnual a ir temperature (H oelzle a nd o ther , 1993; 

cr. Fig. I). Although th e relati on may, in reality, be non­
lin ea r, a lin ear mod el is used as a first approach .in the 
inves tiga ted a rea. It should be kept in mind th a t the 
sta tisti cal relation used is locall y calibra ted and needs 
furth er tes ting for applica tion in other areas. 

Th e uncerta inty with respec t to es tima tes of mean 

annu al a ir tempera ture is about i 0.5° to i 0 .6°C. Th e 
mod el obviously works well for steep slopes, bu t is less 
reli a ble a t th e foot of slopes because the effects from long­
las ting accumula ti ons of avalanche snow a re not con­
sid ered. Th e error range of the BTS measuremen ts is 
about iO.5°C. All BTS values a re corrected for a 
stand a rd snow-cover thi ckness of lm (Haeberli a nd 
Epifa ni , 1986) so th a t the influence of th e snow-cover 
va ri a bility existing in Na ture is essentia lly elimina ted in 
the mod el. Areas with snow-cover thi cknesses of less th a n 
0.8m, such as, for example, rock wa lls, a re thus probabl y 
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Fig. 1. Relation between jJotential dirert solar radiation 
( PR ) and mean anllual air temjJeratllre (,\lAA T ) at the 
limit oj /}mnajrost existence (BTS between ~2° and 
~3~ C: /}ossib le /mmafrost) . The /lumbers rejJresent the 
COUll t oj measurements . T he s)'mbols indicate mean values 
( PR and MA.'! T) in the given BTS class jor altiLude 
intelTals oj 100 Ill. DoubLe bars rejJresent the range where 
indications of jJermaji'ost /Jresence ( B TS < gaC) and 
absence ( B T S > 2°C) overla/} . 

co ld er th a n indi ca ted by th e ap pli ed rela ti o n. Th e 
simul a ti o ns a re highly sensiti ve with res pec t to th e 
resoluti on o f" th e DT\lf fo r ca lcula tin g po tenti a l direc t 
so la r ra di a ti on. Higher resolution of" th e DTi\I with more 
prec ise d e term i na ti on of th e su rf~lcc to pogra ph y leads to 

considera bl e i m pro\'em eIHs (see belo,,·) . 
For th e diffe rent scena ri os . th e fo ll o\\"ing cha nges in 

mea n a nnu a l a ir tempera ture a nd loca l limit of perma ­
fros t occ urrence were used: 

HoeL;::le and Haeberli: Simulating if/ects oj air-telll/Je1ature changes 

Scena ri o I 

Scena ri o 11 
Scena ri o III 
Sccna ri o IV 

~0 . 6 °C 

O.O°C 
+ I.O°C 
+ 3 .0°C 

- 100 m (d ecrease ) 

Om 
+ 170 m (in crease ) 
+500 m (increase ) 

DT?-.l s wi th two differen L mes h wid ths ex ist for th e 

inves tiga ted a rea. On e DTM was di gitized from a 

I : 25 000 m a p and interpola ted to a regul a r 25 m grid . 
Th e o th er one is ta ken from a DT;"I! for th e wh ole o f 
Switze rl a nd (Rimini ) with a mes h width o L 100 m. Fo r 
both DTfll s, Lour simula ti o ns were mad e with th e a bm'e­
d esc ri bed scena ri os . A com pa ri son o f' th e simula tions ,,·i th 

the diffe rent grid reso luti o ns g ives differin g results. 
Consid erin g perma frost di stributio n as a percentage of 
th e whole inves tigati on a rea, th e DT:\1s with 100 a nd 
25 m mes h width show differences be tween eac h sce na ri o, 
whi ch can reach up to 19% o L th e to ta l perm a fros t a rea 
(sce T a ble 1). Th ese ra th er la rge diffe rences can be 

ex pl a ined by th e qui te differen t prec ision of th e ca lcul a ted 

po tenti a l direc t sola r radi a ti on . S urface topog ra ph y is 
mu ch bell er represented in th e 25 m th a n in th e 100 m 
gri d. ~ l o re th a n 200 BTS measurements in the a rea sho,,' 
th a t res ults based on th e 25 m g rid a re much more prec ise 
a nd g i\'e a quite reali sti c a pproac h fo r present-d ay 

co nditi o ns (H oe lzle, 1994) . Perm a fr os t di stributi o n 

mod ell ed with th e 100 m g rid ge nera ll y tends to ove r­
es ti ma te perm a fros t occ u rrence. 

Fig ure 2 shows th e results o f' mod el simul a tions in th e 
Co rva tsc h-Furtsc hell as a rea fo r th e a bove-d esc ribed 
scena ri os l~lV based on th e DTM with 25 m mesh 

width. The in ves tiga ted a rea spa ns a n a ltitude ra nge o f 

1800 3500 m a .s.l. a nd has a n a rea l extent o f 16 km2 with 
supposed perma fros t underl ying a bout 29% of th e to ta l 
a rea tod ay . T a bl e I li sts th e res ults Lor th e different 
sce na ri os a nd th e co rres pond ing perce ntages o f th e 
supposed perm a fr os t a nd perm afros t- fr ee a r eas. In 
Fig ure 2 a nd T a ble I a n inte res ting poin t can be seen : 
it is possibl e th a t, a lth ough increased a ir tempera ture 
indu ces bo th glacier a nd perm a fi'os t melt, new p erm a fros t 
ca n d e\-e lop in form erl y g lac ie ri zed a reas. For exa mpl e, 
T a ble I indica tes th a t th e a rea with supposed perm a fros t 
is a bo ut 33% of th e to ta l a rea for sccna rio I ; in scena ri o II 
th e co rres po nding a rea is 29%, i.e. a reduction of onl y 

+%. On th e o th er ha nd , th ere is a d ec rease in g lac ier a rea 
o f' a bo ut 6% a nd mos t of thi s orig ina ll y glac ier-cm'e red 

Table I . _1reas with and without sll/J/Josed /}ermrifrost jar dijferent .Iwunios and digital terrain models. PF, sU/}jJosed 
jJermaji-ost: .\'P, no jJerlnajrost slI/JjJosed: CL , glacier area . 100% //leans the whole area oj the investigated region 

Corl'Ci/scil-FurlscheL/as basis grid 100 III mesh widllt 

Scenario 1 1850 

PF 
5 1% 

GI 
17% 

Scenario 11 1990 

PF 
48% 

.\P 
+1 % 

Corvatsch-Furlsc!zellas basis grid 25 //7 mesh width 

Scenmio I 1850 

PF 
33% 

jp 

50 % 

GL 
17% 

Scenario j 1 1990 

PF 
29% 

Gl 
11 % 

GI 
11 % 

Scenario I j j 2025 

PF 
38% 

Scenario III 2025 

PI" 
28% 

SP 
70 % 

Gl 
2% 

GI 
2% 

Scenario IV 2100 

PF 
15% 

.\P 
85% 

Scenario /I ' 2100 

PF 
10% 

j'vP 

90% 

GL 
0 % 

GL 
0 % 
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a b 

780 781 782 783 784 

c d 

Fig . 2. Supposed area without j;ermafrost ( light grey) and supposed permafrost distribution (dark grey) in the Corvatsch­
Furtschellas area , Upper Engadin, after a. scenario I (1850), with glacier area 1850 ( black) reconstructed by Ma isch 
(1992); b. scenario l! ( 1990), with glacier area 1973 ( black) close to the glacier extent of 1990 after /\tlaisch (1992); c. 
scenario 1I1 ( 2025) showing glacier area 2025 ( black), w ith glacier length calculated as described ill the text, the area 
adjusted by hand; d. scenario 1 V ( 2100), with Il O glaciers . 

terra in will change now into permafrost area. Such a 
phenomenon can exist in reality as tes ted in one area with 
BTS meas urements; permafrost can ind eed be de tec ted , 
but the permafrost aggradation could be due to th e 
ma intenance of a ski-run, inducing increased hea t loss 
thro ugh compacted snow. Subglacial permafrost may 

exist beneath the margins of sma ll er van ishing glac iers 
whi ch can be partly cold in the ab laiito n area (H ae berli , 
1975), but such occu rrences a re though t to be of limi ted 
ex tent. Concerning the region of th e Upper Engadin , the 
cha nge in permafrost area is ca lculated as - 65% between 

scena rios Il a nd IV . 
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GLACIERS 

On the basis of a pa ra meteri za tion scheme (H oelzle, 1994; 
H aebe rli and H oelzle, 1995) for a data base of62 glaciers in 
th e Upper Engadin region (catchment of the river Inn ), 
different glacier cha racteristi cs a re estimated. The da tabase 
to which the parameterization is app li ed consists of the 
following data: area in 1850, area in 1973; length in 1850, 
leng th in 1973; altitud e: maximum , median, minimum in 
1850, minimum in 1973 (see Table 2). As a first step, 
volum e deCl-ease between 1850 a nd 1973 is assessed by 

deriving a step cha nge in mass balance (8b) between two 
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T able 2. Selected gLacier dataJrom the inuelltol)' oJ ,\faiseh ( 1992) , whirh are the basisJor the glacier /)arameteri::;atiol1 ill 
t/ie L '/)/Jer Engadill region 

Glacier Area 1973 Area 1850 Lellgth 1973 Length 1850 H~ I "x 1973 H~kcl 1973 H~J in 1973 H~ li ll 1850 
.) 

km - km 2 km 

:'lo rtera tsch 16.401 19.25 1 7.00 
T sc hi e rya 6. 198 7.633 4 .75 
R oseg 8.522 11.076 4 .90 
COr\'a tsc h 0.656 1.1 97 0.95 
Trem oggia 2.498 3.407 2.50 
Fex 1. 330 2.453 1.55 
Fed oz 2.493 3.3 14 2.55 
))'.'\gnel 1. 2 18 2.355 1. 30 
Cald eras 1.1 83 1.593 1.80 

steady-sta te co nditi ons, i. e. a fter full dynamic response, 

from the incurred cumula ti'T leng th cha nge (Cl) between 
1850 a nd 1973 as d etermin ed from ae ri a l ph otogra ph y, 
fi eld im'es tiga ti ons a nd a,"a il ab le maps (:\la isc h. 1992 ), the 
mass ba la nce a t th e terminus (bt ) a nd g lac ier leng th (L): 
5b ~ 5l . bt / L . Va lues for 51 of the im"es ti ga ted glacie rs 

ra nge between 0.5 and 2.0 km. Th e m ass ba la nce (ab lation ) 

at the LO ng ue b, is determin ed by ass uming a mass-ba la nce 
g rad ien t db/ dh in the ab lat ion a rea 0["0.75 m a I per lOO m 
a nd consid ering th e ' Trtica l extent be t,,"een med ia n a nd 
minimum a ltitud e ( dh~l) : b( ~ (db/ dh) . dh~l. This para ­

meter (bd induces the la rgest uncertainty of th e est im a ti on , 

because Alpine m ass-bala nce g radi ents may vary within a 

ra nge 0[0 .4- 1.0 m a I p CI' lOOm. The erro r range of m ass­

ba lance cha nges calc ul a ted for indi,"idua l g laciers may , 
th erefore. exceed ± 30% . For th e ,"olum e change. mean 
a nnual mass ba la nce is ca lcul a ted as b = /5b /2. The respo nse 

tim e t,. for eac h g lac ier is derived from the rat io between 

km m a.s .1. m a.s. 1. ma.s.1. m a.s. 1. 

8.90 3900 3000 2100 19 10 
5.85 3980 3025 2190 2060 
6.85 3560 3060 2240 2080 
1. 95 3440 3 14·5 2820 2550 
2.90 3330 2995 2600 2400 
3. 15 3340 2795 2350 2 120 
4 .1 5 3360 2950 2500 2 130 
2.55 3 170 2945 2790 2480 
2.70 3290 3065 27 10 2530 

m a x i m u m t h i c k n e s s 0 f th e g I a c i e r (d~ laJ a nd 

b( : t,. ~ d~lax / b( U6 ha nn esso n and oth ers. 1989 ). On e 
problem conce rn s th e fact th a t th e respo nse time of eac h 
g lac ier does not exactly corres pond to th e considered tim e 
interval. Therefore. two est ima tes [o r th e mean mass 

balance 6 \l'ere calc ul ated (see T a ble 3) . The first onc 

(61) is based on a th eo reti ca l count o f respo nse times lor 

eac h g lacier sin ce 1850 . This number probably represen ts 
th e max imum number of full dynamic respo nses eac h 
g lacier co uld h,1\"e had since 1850 . In rea lit y, most g laciers 
had onl y one near-steady-state conditi on between 1890 and 

1920. H ence , the second mean mass bala nce (62) is based on 

two res ponse times onl y. D etermina ti on of mean mass 

ba lance with these t\l'O approac hes probably g ives more o r 
less the possible range of realistic mean sec ular mass 
ba la nces ror each g lac ier. 

Geodetic ph otogram m e tri c m eas urem ents coverin g 

long time periods show lh at the m ean mass ba la nce 

Table 3. Parameters calculated Jor the recollstruction collcemin,f!, some larger gLaciers in the illl1estigated area oJ the t...:/)jJer 
Engadill 

Glacier 81 b[ 5b 61 62 d~lax tr Count oJ t,. 
since 1850 

km m m m m m a 

Ivlorteratsc h 1.9 6.8 1.8 0.29 0.45 265 39 .2 3. 1 
T seh ien "a 1.1 6.3 1.4 0.18 0.36 192 30.6 4.0 
R oseg 1. 9 6.2 2.5 0.31 0.6 1 192 3 1. 2 3.9 
Con'a tsc h 1.0 2.4 2.6 0.23 0.64 53 2 1.9 j.6 
Tremoo-o- ia 

~;:, 
0.4 3.0 0.5 0.07 0. 12 106 35 .7 3.4 

Fex 1. 6 3.3 3.5 0.42 0.86 100 30 "0 4. 1 
Fedoz 1. 6 3.4 2.1 0.37 0.53 145 43.0 2.9 
D 'Agnel 1. 2 1. 2 1.1 0.35 0.28 89 76.9 1.6 
Calderas 0.9 2.7 1. 3 0. 15 0.33 75 28 .3 4.3 
\1 ea n (71, = 9) 1. 3 3.9 1. 9 0.26 0.47 135 37.4 3.7 
S.d. 0.5 2.0 0.9 0. 11 0.22 69 16.0 1.1 
:\l ea n for a ll 0.6 1.5 0.9 0. 17 0.23 62 58.2 3.2 

g lac iers (71, = 62 ) 
S.d. for a ll g lac iers 0.4 1.4 0.7 0.1 I 0.17 48 47.7 1.9 
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sin ce a bout 1880 for six Ipine glaciers varies between 
- 0.19 and 0.57 m w.e. a 1 (Finsterwa ld er and R en tsch, 
1981 ; Hae berli , 1991 ) . Ass ier ( 1993) reports a value for the 
secular mean mass ba la nce for glaciers in the Southern 
Alps of - 0.22 m w.e. a I. The mean va lue from tbe present 

inves tiga tion of 62 glaciers in tbe Upper Engadin is 6] = 
I - I 

- 0.17 m w.e. a and b2 = - 0. 23 m w.e. a . For the la rger 
glaciers in the a rea, where overall mass losses a re less 
limited by g lacier size, the ra nge is slightl y hig her, i. e. bj = 
0.26m w.e. a 1 a nd b2 = 0.46 m w.e . a I (T a ble 3). These 

calculated res ults agree quite well with the measured data . 
\ Vith the so-es timated mean mass ba la nce a nd a mean a rea 
between 1850 and 1973, g lacier mass loss in the Upper 
Engadin is es tim a ted a t 55% to 65% for the la rge r 
glaciers (T a ble 4 ), wh ich in fac t clearl y domin a te the 
sample of a ll glaciers: more than 90% of the es timated tota l 
vo lume in 1973 (62 glaciers) is contained in th e nine 

se lected la rger glaciers. 
Looking into future glacier beha viour as a reaction to 

potentia l clim ate cha nge, Kuhn ( 1990 ) in vest igated 
different parameters a nd thcir iniluencc on a possiblc 
ELA shift. This a uthor concluded that the influence of a ir 
temperature, considering also feed-back mechani sms, on 

tbe shift of ELA for a tempera ture increase of fl OC is 

a bout ± 170 m. Concerning the sensiti vity of each glacier 
with respect lO such a n ELA shift, a rough dist inction can 
be mad e between a c1imatic-regiona l- and a loca l­
topograph y (hypsograph y)-causcd pa rt. The climati c­

regional sensiti\'ity is g iven by the mass-ba lance cha nge, 

which can be ex pressed as th e prod uct of the mass-balance 

g radi e nt db/ dh and a n ELA s hift 8E LA 
ob::::; oELA· (db/ dh) (Kuhn , 1981 ). With rega rd to th c 
Cu ture ex istence/ex tinc ti on of glaciers, the ques tions m ust be 
considered whether ( I) anticipated length change for a 
give n mass-bala nce forcing exceeds the present length , a nd ! 

or (2) the ELA ma y shift over the highes t a ltitude of th e 
glacier. With ELA shifting upwa rds by 500 m, for insta nce, 
59 of the 62 glac iers in the Upper Engadin region wo uld 
di sappea r a nd only the higher parts of th e three la rgest 
glaciers (T schien 'a, Roseg and Mortera tsch) could sUr\·iw 

the 21st century, assuming scena rio IV as defin ed above. 

CONCLUSIONS 

The new model (o r simula ting permafrost occurrence 
ena bles more d etail ed calculati ons as well as th e inclusion 
of low-a I ti tude perma frost sites . H owever, param eteri z­

ation of the inventori ed glaciers is st ill based on better 

knowledge than exists wi th regard to mountain perm a­
fj-os t. A simple para meteri za tion can be reali sed with 
some re.' tri ctions for la rge glacier-il1\'entory da ta se ts. As 
an example, mean annual mass losses of th e glaciers in the 
Upper Engadin region a re es tima ted a t about - 0 .1 7 to 

- 0.23 m w. e. a I for a ll glaciers, with a tendency to hig her 
values (or larger g lac iers (-0.26 a nd - 0 .46 m w.e. a- I) . 
Such va lu es compa re favo urably with res ults from long­
term measu remen ts. 

Th e sensiti vity of the mounta in cryosph ere with 
respec t to potent.ial cha nges is inves tiga ted by a ppl ying 

Houghton and others' (1990) scena rio A with res pec t to 

mean annual air temperature. Th e simul ations show that 
importa nt loca l-sca le changes can occur in the mo unta in 
cryosp here: from 1990 to 2100, 65% of th e permafrost 
area co uld sta rt deg rading and possibl y only three our of 
62 presently existing g laciers would survi ve thi s warming 

scenario . 

The basis of such simulations needs consid erable 
improvement. In pa rti cul ar , the rela tion between the 
a tmosph ere and the perm a frost in mo untain areas should 
be better und erstood . This can on ly be ac hieved with a n 
inte nsive m eas urem ent progra mm e co nce rning th e 

energy-balance components involvecl. 
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T able 4. RecollslTlIclio l1 of the volume change Sl1lCC 1850 with the estimatioll of two different mean mass balances 

Glacier name 

M ortera tsch 
T schierva 

R oseg 

Corvatsch 

Tremoggia 
Fex 
Fedoz 
D 'Ag nel 

Cald eras 

Sum (n = 9) 
M ean 

Sum for a ll g laciers (n = 62 ) 
YIean fo r a ll glaciers 

404 

Volume 1973 

106 m3 w.e. 

932 
249 

4 16 

9 
78 
27 
77 
22 
28 

1840 

2035 

flolum e change 61 

6 3 10 m w. e. 

636 
153 
374 

26 

25 
98 

132 
77 
26 

1547 

1965 

r 'ohmle change 62 Volume change 61 f, 'olume change 62 

106 m3 w.e. % % 

1003 4 1 52 
308 38 55 
738 47 64 

73 74 89 
43 24 36 

201 78 88 
189 63 7 1 
62 78 74 
57 48 67 

2674 

55 66 
3 182 

68 73 
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