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ABSTRACT, L a rge re trea ts \I'e re re \ '(',li'ed [o r m os t g lac iers in Pat ago ni a, So uth 
Ameri ca , b y a n a l ~ 'z in g sa telli te images and a ir ph otogra ph s, Fo r exa m p le , Glac ia l' 
O'Higgins re trea ted 13 km durin g +1 yea rs fi'o m 19+5 to 1986 a nd G lac ia l' Lpsa la 
ret rea ted a bo ut 3 km be t\l'('e n 1968 a nd 1990, During th e + 1 Yea r, fo rm e r pe ri od , 
hO\I"(:' \ 'e r, th e sou th e rn LO ngue orG lacia r Pio ~T ach-a nced b \ ' up to 8 ,5 km a nd Glac ia l' 
.\IO l'cno re m a ined a lm os t in a stea cl , ' sta te, Consid erab le iCl,- thinnin g ra tes, fi 'o m 3 ,0 to 
11111 a I , \1 '(' 1'(' m eas ured b y sUr\'ey(n g surf'acc pro fil es in th c a ll la ti o'n a reas or T yncl a l1 
a nd Upsa la g lac iers, res pec ti \'(' ly, durin g the period [i'o m 1985 lo r 1990 ) to 1993 , Th e 
ice thi ckn ess of G lac ia l' :\ [o re no , hO\I"('\ 'e r. has cha nged \ '(' 1'\ ' li t ti e, 

.'\ume ri ca l cx perim cnts us ing a simple m ass-ba lan cc m od el sho \l' th a t a 100 m rise 
in th e cquilibrium-line a ltitucl e cl ue to clima ti c cha nge \\'(l uld res ult in a bo ut a 200 
350 m rise in th e f'ro nt a l a ltitu de a t Gl ac ia l' L psa la corrcs po ndin g to a re trea t o r 
.5 8 km , \\'hile it \I-o uld ca usc o nl y a bo ut a 70 l OO m ri se at G lac ia l' :\[o rc no , Th e large 
d ilk rencc be twee n th esc t \\'o neig hbo urin g g lac iers res ults li 'o m th e dilkre nee in 
contributions o f' th e caking amo unt to thc tota l m ass ba la nce, as \\'Cll as th c, diffe re nce 
in th e a ltitudin a l di stributi o ns or dra in age a reas, 

INTRODUCTION 19S7 I , stud ie, of', 'a ri a ti o ns a nd cl\ 'na mi cs o r caking g lacie rs 
arc g rea tl y needed , 

'1'\ \ '0 \'as t ice-co\'e red regions ex ist in Patagon ia, the 

so uth e rn pa rt of'S ou th Ameri ca, T he la rge r o ne is Hi clo 

P a tago ni co Sur (HPS; sou thern Pa tago ni a ice li c lcl ) \\ 'ith all 
a rea of l 3 000 km 2

, a nd th e sma ller onc Hielo Patago ni co 
i'\o rte (H P:\ ; no rth e rn P a tago ni a ice fi c ld J co\'C rin g 

+200 km 2 ( Figs I a nd 2 , .-\ nu mbe r of g lac iers d isc ha rge 

rad ia ll y fi'o m th e ice fie ld s, ,\I os t o l' t he o utl e t g lacie rs ca k e 

in to fj o rd s 0 11 ' th e \I'es tern sid es of th e ice fi e lds a nd in to 

la kes o n th e eas tcrn sides , Altho ug h no d e ta iled qu a ntita

ti \'(' es tim ates ha\'!" bee n g i\'en as to th e entire mass ba lancc 
o r th e ice fi e lds a nd g lac iers, Patago n ian g laciers a rc seen as 
rcprese ntin g t)-pi ca l temperate cha racte risti c" \\' ith la rge 

a mo unts o f acc umul a ti on , m elling a nd ca king thro ug ho ut 

th e yea r. :\To t o nl y in th c tcmpcra le, but a lso in po la r 

rcgions, numero us tid e-\I'a tc r g lac iers te rmi nate in th c 

ocea n \\-ith caking or icebergs, S ince t he cycl ic aCh -a lltTS 
a nd retreats o r g ro un ded tid e- \\'a te r g lac iers arc not re la ted 
to clima ti c flu c tu a ti o ns in a d irect ,\-a \ :-Icier and Pos t. 

Before 1980, g lac io log ica l resea rc h in P a tago ni a 

co nsis ted or prc limin a r y s tudi es o r in\'e ntory \\ 'o rk 

( Llibou tl'\ ', 1956; Be rto ne, 1960 ) , Gl ac ia l' Pi o Xl (o r 
Brtiggc n I in HPS has bcc n no ted [o r [j-eq ue n t II uc tu a ti o ns 
01' its Il 'ont a l pos itio n a nd \I 'as stu d ied rece ntl y b y Ri\ -e ra 

1992 ,I n t he , u m m ers 01' 1983 8+, 1985 /86, 1990 /9 1 a nd 

1993 /9+, ex tensi\-e g lac io log ica l a nd m e teo ro log ica l 

, t udi cs \ \ ' (T C ca n 'ied o ut o n o utl e t g lac iers 0 [' HPN a nd 

HPS as join t proj ec ts o rJ apa n with Chile a nd Argc ntina 

r :'\ a kajima. 1987: :\a ruse a nd Ani,'a, 1992 I , 

This pa per prese n ts recent , 'a ri at io ns o f' o u ti el g lac iers 
ob tained from th ese g ro un d sUlyeys a nd fi 'o m a na lys is of' 

sa telli te im ages an d a ir photogra ph s ta ke n durin g th e las t 

50 yea rs, \\'h cn \\ 'e d isc uss the role o r g lac iers in dri\'ing 

a nd rcspon din g to g lo b a l ch a nge based o n fr o nt a l 

\ 'a riat ions a nd o r th ic kn ess cha nges in Pa tago ni a , \\'(' 
sho ul d C\-a lu <l tc th e con tributi o n orca h-in g amo unt to th e 
m ass ba la nce of' a g lac ier a nd es tim a te th e c ha nge in 
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Fig. 7. Hielo Pa/agolllro . \ '01'/1' ( 1-1 P. \ ") and all/le/ glaciers . 

eah ·ing ra te as th e glac ier Ouctuates. Therefore, in o rd er 
to make clear the cha rac teri stics of ca king g lac ie rs a nd 
the sensitil 'it ), o r th eir I'ariations, numeri ca l experim ent s 
were cond ucted 011 fron ta l va ria ti o ll s of U psa la a nd 

1\[o reno g laciers w ith a simple mass-ba lan ce model, a nd 

th e res ults a re given. 

DATA SOURCE AND SURVEY METHOD 

Remote-sensing data 

For HPS th e mos t com plete se t o r sa tellite d a ta ror th e 
purposes o r th e present stud y a re La nd sa t Ti\l Images 
ta ken o n 14 J a nua ry 1986; th ese clea r! y show a ll th e 
outl e t g lac iers a round HPS with few clo uds. F or th e 

north ern half of HPS, L a ndsat .\'1 SS data ta ken on 25 

Febru ary 1976 a re a l'a il a ble without c loud s. These d ata 
are supp lemented by th e Salyut-6 (1978 ), La ndsa t RBV 
(1979), SPOT HRV ( 1987 ) a nd SPOT P (199 1) im ages. 

For o th er periods and a reas than those listed abolT, 
data utili sed incl uded U.S . trimetrogon a ir photog ra phs 

taken in J 944- 45 , a nd \"Crtical air pl~otographs taken 

be tween th e late 1960s and earl y 1980s by Argentin e a nd 
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47'30'5 

Ch il ea n o rgani za tion s. Obliqu e a ir ph o togra phs were a lso 
ta ken a ro llnd th e periph ery orHPN in 1985 /86 a nd 199 1/ 
92 by Aniya (1988, 1992a ). Us ing th ese d a ta, li mits of 
o utl e t g laciers of HPN and HPS were d ig iti zed. By 

superimposing one im age of a g lac ier on another from a 

different yea r, \'a ri a ti o ns of th e front position and surface 

area lITre measured (Ani ya and o th ers_ 1992 ) . 

Glacier surface elevations 

Surface eJe\'ations of bare ice III a bla tion areas were 

measured on fo ur g lac ie rs in Pa tago ni a using cOI1\ 'en
(iona l sunT)" me th ods with a n e lec troni c distance mete r 
durin g th e per iod 1983- 93 . Surface pro fil es were 
d e te rmin ed a long a 1. 5 km long medi a l mora ine in th e 

lower pa rt of Glac iar Soler; a 5 km long trans\"Crse line at 

15 km from th e front of G laciar T ynda ll ; a 1.5 km long 

tranS\'erse line nea r th e front of G lac iar Upsala; a nd a 
3 km lo ng cross a bo Llt 5 km [i-om th e front of G lac ia r 
:'IJo rcno (:~ aruse a nd An i ya, 1992 ). From a pa i r of 
eleva ti on d a la measured in different yea rs rela lil"C lO the 
sa me contro l sta ti on on (he ba re roc k, changes 111 Ice 

thi c kn ess II-e re obtained (Aniya a nd Naruse, 1987; 

Kadota a nd others, 1992 ). 

https://doi.org/10.3189/S0260305500015974 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500015974


_-.r-.:r--r==-==r---:----;c..-w-----•• ·sl 

1-:::::.:::·:'·;,:':1 

Ice 

~ 
Sea 

§;3 
Lake 

Bedrock 

Fig. 2. Hie/o Patagonico SlIr ( HPS) alld ollt/et g/arier.l . 

RECENT GLACIER V ARIA TIONS 

Frontal variations 

n ·w 

From th e a na lyses of rem o te-se nsing data, ha lf' of' the 28 
o ut le t g lac iers in H PN ( Fig. I ) were fo und to have been 
ca king int o fj o rd s or lakes in th e ea rl )' 1940s. a nd th ese 

a rc rega rd ed as caking g lac ie rs in this pape r. thoug h 

so m e or th em ha\'e since re trea ted, a nd their present 

fronts arc rar from water . 
V a ri ations in th e fronta l pos itions of' th e 1"1- caking 

g laciers between 1945 a nd 1990 arc sho\V n in Figure 3 
(Ani>'a, 1992 b ) . Except fo r R eic he r, San R a fae l and 

Cachet g laciers, the tend enc ies or the \ 'a ri at io ns a re \ 'ery 

simila r . \I 'ith g radu a l re trea ts oro.s 2 km during th e la s t 

ha lCcentury. G lac ial' San Rafael. th e o n ly g lac ie r in HPN 
th a t is at pre'Se'nt cah'ing into a fj o rd. has retrea ted 3 .4 kill 
during th e last 16 years . ;'\l o ad nln cing g lac ie rs exist in 

HPN. 
Am o ng 19 m aj or o utl e t g lacie rs o f' HPS ( Fig. 2), nine 

a t present ca k e into fjord s a nd te n into la kes . Analyses 

\I-ere m ade oC nin e la rge r g la c iers. a nd \'ariations in th eir 
front positions be tl\'e'e n 1945 and 1990 are sho\\'n in 
Fig ure 4. A co nsidera b le re trea t is o bse lyed for Glacial' 
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h j;.3. r·ariatioll.l inji-onta! /Josition.1 oJ rah'illg glariers ill 
Hielo Pa tagollico c \ ·orle. Positil'l' gmdie!lt 0/ e(lrh line 
.1/tOll '.l (Ill adl'{lI/ce. alld lIegalil lf a relreal. (;Iaciar Sail 
R(UrII'I at/l'e:, illlo ajjord ( i .e. i.1 a lide-l('aler glacier ) alld 
lite oilier 13 glacier.1 (j i"e.lh-ll 'aler) ({{/r 'P illto lake.l. 

O ' H iggins. a no rtheaste rn ou ti e r g lac ie r which sholl'ed a 

13 km re trea t durin g th e las t + I years, th e mean re trea t 
rat e being 330 m a I . Th is is about o nc o rd er la rge r than 
the mea n ret rea t rate in H P:'\ (abo ut 30 m a I ,. Th e ot her 
three g lac iers in th e north o f' HPS. J orge .\Io ntl. 

O cc id ent a l a nd \ ' iedm a, have bee n re trea tin g gradu a ll\' 

at th e sa m e ra te as in HPN. Upsala a nd T yndal l g lac iers 

in th e south or HPS ha \T re treated a t hi g her rates. 
i\' o tell'onh y is the peculiar behal 'ior o f th e ach 'anc ing 

G lac ia l' P io X I which ca h 'es int o a fjord . Th e so uth ern 
tongue of th e g lacier had adl-a nced 9 km during 3 1 years 

sin ce 19+5 a nd th e northern tongue is still ach-a ncing . 

G lacial' "- 10 re no has been a lmos t in a stead y state ane! 

reac hes th e oppos it e ba nk \I'ith a dra inage tunn el at 
prese n l. 

Thickness changes 

Thic kn ess c ha nges a"naged on' r th e sUI'\'e\' line o n each 
glac ier a rc sho\\' n in Fig ure 5 . It is [o und that G lac iar 
.\Io re no is in a stead y slate . II' hile Glacial' Lpsa la has 
thinn ed co nsid e rab h- a t a rate of' 11 m a I. Compared 

with th e thi c kn ess-chan ge data o n 28 g lac ie rs compil ed by 

H ae berli a nd H oe lzle (1993 ), tht' thi ckn t'ss-c ha nge rate o f' 

Glacial' L psa la is a m ong th t' larges t, and o ne ord er of' 

m agnitud e la rger th a n th e mea n rate of reced ing g lac iers 
\I 'o r ld wide . 

D e ta il ed resu lts of thickness c ha nges \I'ith n O\l ' speeds 
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mcasured in 1993 a t U psala, i\ lo reno a nd T ynd a ll 
g laciers a re to be publi shed sep arate ly (p ape rs in 

prepara tio n by R. :\1a ruse a nd oth ers; K . N ishida a nd 

others; P. Sb 'a rca and o thers) . 
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MASS-BALANCE MODEL OF CALVING GLACIER 

T o examine th e cha rac teri sti cs a nd sensitivity or fron ta l 
\'a ri a ti o ns or cah 'ing g lac iers, num eri cal ex perim ents a re 
ca rri ed out ror U psa la a nd :'Jo reno g lac iers using a m ass
ba la nce mod el. U psa la a nd ~Io re no g lac iers discha rge 
eas twa rd s from HPS a nd calvc in to th e wes tern ends or 
cha nnels of Lago Argentino a t a n eleva tion of a bo ut 
200 m a .s. l. Th e height or th e caking rron t or Glac ia l' 

U psa la is seve ra l tens of metres a bo\'e th e la ke le\'C1 
(Ani ya a nd Sha rca. 1992 ), a nd tha t o f Gl ac ia l' ~lo re no 

ra nges rrom 55 to 75 m (Na ruse a nd Aniya , 1992 ). Figure 
G illustra tes a lritudin a l distributions orth e S Urf~1CC a reas or 
th e two g laciers. Eq uil ibrium-lin e a ltitud e (ELA ) was 
es tima ted a t 11 50 m a.s.! . a t bo th neighbo uri ng g lac iers. 

based on surface rea tures recognisa b le on a ir photogra phs 
a nd topogra phic ma ps (Ani ya a nd Sh a rca, 1992 ) . Th e 
remarkab le difference in di st ributi on of g lac ier a reas 
be twee n th c t\l'O may a ffec t the d ifferent ma nner o r 
fi 'onta l re t rea r due to a rise in ELA . 
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Fig. 6. Alliludinal distributions oJ glacier areas al all 
fleNllioll intaNd of 50111, of UjJsala and .\Joretlo glaciers. 
The /JI' fSent F;L 'I is shown by a thill broken lille at 
1.15kl7la .s./. 

A m ass-ba la nce equ a ti o n or a ca lving g lacier IS 

exp ressed as 

A - B - C = L a. L'lSj - L b. L'lSj - C = 0 (1) 

\\h ere A (a nd B ) is th e total a nnu a l ne t acc umu la ti o n 

(ab la ti o n ) in t he acc umul a ti o n (a bla ti o n ) a rea, C is the 
a nnll a l cahing a m o un t, a (a nd b) is th e a nnua l ne t 
acc umu la ti o n (a bl a ti o n ) ra rc m eas urcd in wa te r 
eq uin d e nt in rh e acc um ul a ti o n (a bla tio n ) a rea , and 
L'lSj is the glac ier a rea a t a n interva l o r a unit e!c\ 'a lio n 

(F ig . 6). 
H ere, we introdu ce two ass umpti ons. First, the ra te a 

https://doi.org/10.3189/S0260305500015974 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500015974


(a nd b) in creases (d ecreases ) lin ea rly with th e d e \ 'a ti o n h 
(a, s, l. ) : 

a = a(h - E) 

b ={3(E - h ) 

h >E 

h <E 

(2) 

(3) 

\I'he re Cl a nd !3 a re pos iti\T co nstalHs, a nd E is th e ELA 
whi c h ya ri es acco rding to clim a ti c cha nges , 

Secondl y, beca use th e ca king ra te is co nsidered to 

d epe nd lin ea rl y on the w a tCl' d epth a t th e fi"ont (\Ie ier 
a nd Pos t, 198 7; Pe lto a nd \\'arre n , 199 1). th e ca king 
a m o un t C d ec reases linearl y \I ' ith th e e ln 'a ti o n o r th e 

g lac ie r fro nt H , H e nce . 

C = Co(500 - H )/300 . 200 < H < 500m (4) 

\I'he re Cu is th e present ra te o r cah-ing , This equa ti o n is 

introdu ced beca use th e surfa ce ele\ 'a ti o ns abo ut 8 km 

Cro m th e prese n t [i"o n ts of U psa la a nd l\ Io rcn o g lac iers Cl re 

a bo ut 3 0 0 m hi g h e r th a n th e la ke lc\T I, a nd ice 
thi c kn esses a rc ass um ed to be 300 m \I'ith th e d OIl'nh ill 
bed rock slopes, 

S ext, to d e te rmine the para m e te rs !3 a nd a. \IT 

es tim a te th e a nnu a l am o unts o f a bla ti o n and a cc umula

ti o n a t th e t\I'O g lac ie rs, I n th e summe r o f 1993 /9+. 

a bl a ti o n during II 0 cl \I'as m easured a t G lac ia l' ,\Io re no 
350 m a ,s,I. , as 7.0 m ice th ic kn ess , Us in g a d egree-d ay 

m e th od lI' ith thi s \ ',du e a nd a ir-te mpcTa tulT chta a t 
Ca la fi te (Sta t io n Lago Argcntino ). th c a nnual ab lat ion 

ra te a t 3.50 m d e\'a tion is es timated to be 11. 2 m \I'.e , a 1 

{pa pe r in p re pa ra ti o n b y R. S a ru se a nd o th e rs . Based o n 

th ese numbe rs, (3 is fo und to be 0.01 5 a I , This \ 'a lue is 
used in a ll calcul a ti o ns fo r bo th g lac iers. 

Information o n th e annlla l precip itati o n and net 

acc umulatio n o n g lac iers is mu ch m o re scarce , Althoug h, 

fro m a n a na lys is o f a surface rirn core, 1, 2 m a t \"as 

re po n ed as th e net acc umulat io n ra te a t 2680 m a.s ,l. nea r 

t he to p o r th e Gl acia l' ,\lo re no drainage (Arista rain a nd 
D elm as, 1993 ) . \I 'e do not co nsid er thi s rate to he 
re prese nta tin' lo r th e HPS plateau since it is too sm a ll 

to m a inta in th e Ill ass ba la nce o f a g lac ier in Pa tago nia, 

On th e o th er ha nd. prec ipit a ti o n m a ps in Chi le ha\'e bee n 

, \ (trim alii! u/lier.l : Caiz'illg glaciers ill Pa/agollia 

publi shed b y th e Direcc ic)Il Genera l d e ,\ g uas ( 1987 ). in 
\I 'hi ch an isolin e oC 8 m a 1 was d ra\1 n O\T r th e hi g h H PS 

pl a tea u . Based o n thi s. \1 '(' first ado pt (/ = 8 III a 1 a t an 

cle\ 'a ti o n o f 2 km a.s ,1. in t h e hig he r p a rrs o f th e 

acc umula ti o n a reas o f th e [\1'0 g lac ie rs. \I 'hil t 0 is ta ken 

to be 0, 0 I a I , Froll1 ca lcu lati o ns 0 [' \I 'a ter bal a nce w ith 
th e di sc harg e data ::u ri\Tl's in Pa rago ni a. a m ean 
prec ipitati o n O\'e r th e ea s te rn ice-co\T rcd a reas o f H PS 

\I'as es tim a ted as 6.+ m a 1 unpubli shed info rm a ti o n (i 'o m 

F, Escoba r, 1992 . T a king this \ '<du e as th e m ea n n ('[ 

acc ulllul a ti o n rat e in the acc umul a ti o n a reas o r bu th 
g la ei c rs, ()' is fo u nd to Ile 0 ,01 5 ai , \ \ . e use th ese t l\"Cl 

\ 'a lues o r Cl as co nstant pa ra m e te rs in th e calcul a ti o ns fil r 
bu th g la c ie rs. Estim a ted presc nt a m o unt s o r m ass-bal a nce 

term s. E, A . C(= Cl - E ) a nd C I A a rc shO\I"Il in T a b le I , 

The \ 'a lues of C g i\'e n in th e ta bl e a rc used [() r Co in 

Eq uati o n +, 

C a lcul a ti o ns were cl o nc b\' th e fo ll owing procedure , 

\\ ' he n E ri ses a li ttl e due to so m e c lim a ti c c ha nges . th e 
di stributi o n o r a d ecreases acco rding to Equ a ti o n 2 . and 

th e to ta l S in th e acc umula ti o n a rea a lso decreases. so 

th a t A d ec reases , Th en. ]] is calculated Ll sin g Equ a ti o n 

(3 ) sta rtin g fro l11 t he equilibriul11 lin e to th e d Ol \"ll strea m 

a reas until Equ a ti o n ( I ) is sa tisfi ed , H is o bt a ined a, a 
res ult. a nd C dec rea ses acco rdin g to Equ at io n + in th e 
n ('x t step, 

CALCULATED FRONTAL V ARIA TIONS 

Fig ure 7 shO\I's th e \ 'a ri a ti o ns in li 'on ta l e ie\ 'a ti o ns o r 
Gpsa la a nd ;\I o l'en o g la c iers, ca ll seci !J \' ri ses in th e EL.\ 
calcula ted usi ng d iffe re III \ a l Ue'S o f Cl. A sma lI e r n t! ue o f' Cl 

yields a sm a lle r a m o unt o r cah 'ings C. so that th e re trea t 

ra tes L I a nd ,\11 a re 111 0 re se nsiti \,(, LO. a nd l11 0 re 

e nh a nced b y , cha nges in th e EL.-\. In bo th cases, Gl ac ia r 
Gpsala re trcat s three o r f() ur times 111 0re th a n Gl ac ia r 
i\l o reno, . \ t G la cia r Cpsa la . a n up\I';\ rcl shirt o f the J<:L:\ 
b y l OO m w o uld cause a bo ut a 200 350 m ri se in th e 

fro nta l e le \ 'a ti o n. \\'hi c h co rres po nds lO a fi 'onta l re trea t 0 1' 

5 8 kill , \I'hil e a t Glac ial' '\I o re no it ca ust's o nl y abo ut a 

70 100 III ri se in the [i"Olll, During th e las t 45) ea r". 
Glaeia r Gpsa la has rc trcated "~km ( Fig , -~ ) , A retrea t o r 
a bo ut 5 8 kill within se\T ral d ecades is Jloss ible f(l r a slll a ll 

clima ti c c ha nge. i, e , a n increase in a ir te mpera ture hy I 

o r 2 c:. 

T able I . . JIIIU IIII Is 0./ Ihe jJrfSPlI1 mass-balallce lerllls C({/w/alt'd H'illi j)arallleler.1 (\ alld 13, j)aralllelt' rJ i!/ a/lillldilla/ 

di,llribulioll I!! (1I1111{(i/ nel ab/alioll alld a({lIl17u/a/ioll rail',) ( C = A - E) 

Para me/er T o/al Parameter 
ab/alioll 

(3 B (1 

km 'I 1 a a a 

Gl ac ia r 0 .010 

U psa la 0 ,0 15 1. 52 0 .0 1.5 

Glacia l' 0 .0 10 

.\l o reno 0.0 15 0 ,59 0 .0 15 

T o/a/ 
({(( II I17I1/a/ioll 

A 
km I a 1 

1.99 

2.99 

1.1 3 

1.70 

T o/al 
[a/l'illg 

C 
kill :! a 

0 .4 7 

1.47 

0.54 
I. I I 

1 

Ca/l'illg 
ratio 
C I A 

0 ,2+ 

0.49 

0 ,48 

0,G5 
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ELEVAT ION OF EQUILIBRIUM LINE (km) 

Fig . 7. Resufls of 1Il1llzeri(([/ e.\perillZenis 011 varialio/ls ill 
tIle frolllal elevation callsed b IIj)lJ.'aul shifts qf tlte 
elel·atioll oJ Lite equilibriulII line (ELA ). Lines with 
lIumbers J alld 2 aI/ached la letters U ( UjJsaia) and AI 
( Jllorcllo ) illdicate results oJ calCIIlailoll wIllt parameters 
Cl! al 0.0 I and 0.015 ( a I), resjJeCtive0i. T he presenlfrollls 
and ELA s of lite Iwo gLaciers are focated al abou t 0.2 kill 
a/ld 1.15km a.s./., TeJ/Jeclive£JI. Appro.\ Ima le dlsla/lce.!rom 
the jJresent glaCier )i'OlltS is showll in tlte righl ordlnaie, 
being deril>eC1 )i'om t/ie jJresen t mean slllJace sLopes ill the 
lower /Jaris oJ the Lwo glaciers. 

DISCUSSION 

Features of glacier variations 

In HPS , some outl e t g lac iers have behaved in diffe rent 

ma nners a nd with diffe rent magnitudes of varia ti ons (Fig . 

4 ) . H oweve r, n o clea I' diffe rence was o bsen 'ed in 
te ndencies of \'aria ti ons between th e wind wa rd (wes
tern ) a nd leeward (eas te rn ) sid es o f HPS. I n [ac t. twO 
neighbo urin g g laciers calving into fj o rd s, O cc id enta l a nd 

Pio XI , show considera bl y diffe rent behav iours, as d o a 

se ri es o f fo ur eas t\\'a rd o utl e t g lac ie rs, O ' Hi gg ins, 
Yiedm a, U psala a nd 1\ Ioren o. Th erefore, we canno t 
a ttribute th e re trea tin g ph enomena of mos t g lac ie rs in 
Pa tago nia simpl y to th e recent "globa l wa rming" . 

Th ere a re no meteo rological sta ti o ns in th ese g lac ie r 

a reas. L ong-term meteo rological d a ta a re ava ila ble from 

Punta Arenas, a bout 250 km 'o uth of th e south ern end of 
HPS , a nd from Cala fa te a bo ut 60 km eas t of Gl ac ia l' 
\i[ o reno. Altho ugh th e la tter sta ti o n is loca ted not too fa r 
('rom glac iers, th e mean a n n ua l prec i p i ta ti on d u ri ng 
198 1- 90 was a mere 123 mm a 1 (pe rso na l communi ca

ti o n fr o m Se rvic io l\Ieteo ro l6gico N acio nal , 1993 ), 

indica tin g a ve ry a rid clim a te quite different fro m th a t 
in g lac ie r reg ions. Th erero re it is no t easy to disc uss ca uses 

302 

o r mec ha ni sms of recent g lac ier \'a ri a ti ons sole ly on th e 

basis of th ese meteoro logical d a ta. 

For poss ibl e m ec ha ni sms, wc sugges t two hypo th eses 
here. On e is re la ted to loca l meteoro logica l conditi ons, 
na mely recent cha nges in sno \l' acc umul a ti on a nd /ot· 
incid ent so la r ra di a ti on due to cha nges in th e pred om i

na nt wind d irecti on a nd /or in c1 oud-co\ 'e red a reas . A 

slig ht cha nge in th e wind reg im e m ay ca use la rge 

differences in acc umula ti on be tween adj acent dra inages. 
Alth o ug h \IT ha \'e no qu a ntit a ti ve d a ta, o ur o\\'n 
ex peri ence a nd th a t o f loca l inh a bita nts sugges t th a t 
a bl a ti on a reas o f eas tern o u tlet g lac ie rs a r e loca ted 
a round a bo und a ry be tween th e \'e ry humid , sto rm ), 

conditi ons on th e ice fi eld a nd th e dry, \\'a rm clima te to 
th e eas t. A sli g ht shift of th e norma l pos itio n of th e fro n t of 
thi ck clouds co uld res ult in consid e ra b le cha nge in th e 
melting ra te of ice . 

Ano th er possib le mecha nism is rcl a ted to g lacier 

d yna mics. At Glacia l' Sol er in HPN , th e la rges t OO\\' 

speed \\'as mea ured as a bo ut four times th e sma llest in 

summ er (Naruse and o th ers, 1992 b ). From thi s, th e 
co ntributi on of basa l sliding to th e tota l now was 
es tima ted at abo ut 75% . If such a co ntributi on \'a ri es 
du e to a cha nge in hydra uli c conditi ons a t th e bed , th e 

g lac ie r may sta rt to ach'a n ce o r retrea t even under a 

stead y-sta te surface mass ba la nce . If th e ra te of ca h 'ing 
\'a ri es as th e res ult of cha nges in th e level , tempera ture or 
current o f wa ter, a nd cha nges in frac turing in th e ice, th e 
g lac ie r beha\' io ur co uld a lso cha nge. A la rge thinning ra te 
of 11 m a 1 a t Glacia l' U psa la may be due to such a 

cha nge in th e glacier d yna mics . 

Effect of calving 

\\'e now examin e whe th e r th e prese nt m odel ca n pro perl y 
simul a te th e current conditi o ns 0 [' th e g lac ie rs, by 
es tima ting a pproxim a te cah 'ing a m o unts at Upsa la a nd 

M o reno g lacie rs ind epend entl y 0 [' th e m ass-ba la nce 

ca lcul a ti on. No m eas urem ents o f ice thi ckn ess have been 
ma d e a t th ese g lac iers. H oweve r, in th e a bla tio n a rea o f 
Glac ia r T ynda ll (S km wide), a thi ckn ess of 620 m was 
meas ured a t a point 3 km from th e ma rgin (Casassa , 

1992 ) . Conside ri ng th e d imensions a nd topogra phies o f 

th e g lac iers, it may be a ppropri a te to suppose th a t th e ice 

thi ckn e.'ses near th e fronts ra nge from 300 to 500 m a t th e 
4 km wide Glacia r U psa la a nd from 200 to 400 m a t th e 
3 km wid e Gl acia r i\l o reno . 

At G laciar Upsala, a n a nnua l mean now veloc ity 0 [' 

a bo ut 700 m a 1 ( 1.9 m d I) was measured on th e medi a n 

lin e a bo ut 4-5 km from th e front (Ani ya a nd Skva rca, 
1992 ) . The prod uc t of th ickn ess, wid th a nd a nn ua l speed 
g ives a n a nnu al ca k ing a m ount C o f O.S- I .4 km 3 a I . At 
th e calving front or Gl aciar Nl o reno, a now speed o r 
4.4 m d 1 was measured in November 1990 (N a ruse a nd 

o th ers, 1992a ). Th e a nnua l mea n speed is estim ated as 

a bo ut 800 m a I , being h a lf th e summ er speed (as in th e 

case of G lacia r U psa la on which a speed of 3.6 m d 1 was 
meas ured in N ove mber 1990) . Th en C is fo und to be 0.5-
1.0km:l a I . Th ese es tim ated cah 'ing a mo unts a t bo th 
glac iers a re \\'ithin th e ra nge o f C in T a bl e I . 

The g rea t contras t in re trea t ra tes be twee n U psa la 

a nd i\[ o reno glac iers seen in Fig ure 7 res ults prim a ril y 
(I-o m th e diffe rence in dra inage a reas. In additi o n to this. 
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due to a la rger calving ra tio C/(B +C) a l Gl ac ia l' 
1\loreno (T a ble I ), a ri se in th e ELA th a t ca uses a 
dec rease in A ca uses less of a dcc rease in th e a bla ti on 

a moun t' B. Conseq uentl y, th e tend ency of th e [ron ta l 
re trea t is m ore mod era te until th e ca king a mo unt 
becomes ze ro a t 500 m a.s .1. \ \' e can furth er suppose th a l 
the cah 'ing a m ount wo uld in crease, either lin ea ri v or non
lin ea rl y, with the ex tensio n of the glacier to ng ue inlO 

deeper wa ter, a nd vl'ould d ec rease " 'ith th e recession of 

the to ng ue. Th erefo re. in a n ad\·ancing slage, calving has 
th e eflec t of modera ting th e , 'a riation of a glac ier front. 
O n th e other ha nd , in a retrea ting stage, th e effec t is 
progress ively weakened , so th a t the frontal va ri a tion 
becomes more sensiti ve to a clim a ti c change. 

CONCLUSIONS 

( I ) A mong 22 ca h ·ing glac iers or HPN a nd HPS 
studi ed , 20 were fo und to halT been in retrea ting 
stages during the las t ha lf century. The re trea tin g ra te 
is mo re modera te in HPN th a n in HPS, with the 
max imum rate o f 330 m a I at G lacia r O 'Higgins 
(HPS ) . H owel'er , a n excepti ona l glacier, G lac ia r P io 
Xl (HPS ). has been ad va ncing conside ra bly. 

(2) R etrea ting G lacia l' Upsala (HPS ) has thinn ed 
recen tl y a t a la rge ra te of llm a I, while the ice 

thi ckn ess o f nea rl y sta bl e Gl ac ial' i\Io reno (HPS) has 
rem a in ed unchanged. 

(3) Th ese g lac ier vari atio ns a re not consid ered to be 
d uc to recen t g loba l clim a ti c cha nge a lone; th ey may 
a lso ha"e res ult ed fro m so m e cha nges in loca l 

m eteo rological conditi ons a nd /o r in glac ier d yna mi cs . 

(4 ) Du e prim aril y to the difTerence in drainage a reas, 
G laciar U psa la re trea ts three o r fo ur times fas ter th a n 
Glacia r 1\loreno. For example, a ri se or 100 m in th e 
EL A a t G lac ial' U psa la m ay res ult in a ri se o r 200 

350 m in th e fi'o n tal eleva ti on , corresponding to a 

fro nta l re treat of 5-8 km . 

(5 ) Cah 'in g p heno m e na a ffec t sig nili ca ntl y th e 
behal' iour of a g lac icr, es pec ia lly by modera ting th e 
,'a ria ti on of' th e fro n t in a n ad\'ancing stage. 
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