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ABSTRACT, D etailed sUr\ 'e \'s of ~l cCa ll Gl acier in th e Alas ka n Arc ti c re\'eal 
cha nges from 1972 to 1993 , Th e fce surface dropped e\'e ry\\, here, b\' a mo unts ra ng ing 
from a bo ut 3 m in th e hig hes t c irques to n~ o re th a n 42 111 nea r the present te rminus, 
The to tal vo lume loss was 5.5±0.2x 107 m3

, res ulting ill a n average mass ba la nce of 
- O,33+ 0, Olm a I . Th e terminus has re trea ted b\' a bo u t 285 m a t a ra te of 12,5 m a I , 

Res ul t;" from pho togra mmetry for an ea rli e r pe ri od , 1958 7 1, \I'ere 1. 16 x 107 m :; a nd 
- 0 ,1 3 m a 1 for vo lum e cha n!pe a nd m ass ba la nce, respec ti\ 'e ly; th e mea n terminus 
ret rea t ra te was th en 5 ,7 m a ,The cha nges hm'e to be seen in th e contex t o f' :d cCa ll 
G lac ie r's lo \\' mass-exc ha nge ra te; annua l acc umul a ti on a nd a bla ti on , a \'e raged O\'e r 
the yea rs 1969- 72 \I'e re on\\- + 0 ,1 6 a nd 0,3 m a I , C ross-profiles in th e a bl a ti on a rea, 
surveyed a t interva ls of a fe\\' yea rs, sho\\' a n inereased dro p rate sin ee th e la te 19705. 
Th e \'olume-cha nge d a ta sugges t a clim a te \I'a rming in th e earl y 1970s, Enh a nced 
thinning o f th e 10\l 'C r a bla ti on region a nd accelera ted terminus re trea t seem to lag this 
clim a te cha nge by not more th a n 10 yea rs, This indica tes a react ion tim e of :'-.l cCa ll 
Gl acier th a t is consid era bly shorte r th a n its th eo reti c res ponse tim e of a bo ut 50-
70 yea rs, 

INTRODUCTION 

Greenho use wa rming of'th e a tm osph ere sho uld a ffec t th e 
Arcti c reg ion s first a nd m os t stro ng ly , Th e la rge 
Ouc tu a ti o ns o f a nnu al wea th er ma ke it difTi c ult to 

d e tec t a n ongo ing clim a te cha nge [rom m eteo ro log ica l 
reco rds a lo ne. J n thi s paper we prese nt recent cha nges in 

surface e le\'a ti o n a nd \'olume o f' ~l cCa ll Gl ac ier in 

Arc ti c Alas ka . 

(i) C ha nges in clim a ti c \'a ri a bles such as prec ipita ti on , 

so la r radi a ti o n a nd tempera ture must no t ca nce l in th eir 

com bin ed effec t on th e mass ba la nce oC a glacier. On 
~l cCall Glacier, a ge nera l wa rming thro ugho ut th e yea r 
\I'ould increase summer melt. but winter clim a te is too 

K ell ), a nd o th ers ( 1982 ) give a good summ a ry o[ th e 
cha nges in seasona l a nd a llnu al a ir tempera tures in th e 
.-\rc ti c from 188 1 to 1980 , W a rming a fte r 1890 culmi­
nated in th e 19305 \I'ith winters a nd summ ers being 

\I'a rm er by a bo ut 2.5° a nd 1, 3°C , respec ti ve ly, th a n 

during th e 1880s, Th e lI'a rming sta rted in th e Ba rents a nd 
K a ra Seas a nd becam e mos t pronoun ced in th e northwes t 
Greenl a nd region, Th e Arc ti c cooled in th e 1950s a nd 
stayed co ld during the 1960s, with a nnual tempera tures 
a bou t 0.85 C less th a n in th e 19305. \\' a rming began to 

a ffec t th e Arc ti c a new in th e 1970s, aga in sta rting in th e 

Ba rents a nd K a ra Seas a nd spreading Ives tward , In 
contras t \I'ith th e 1930s, the \\'a rming is mos t pro nounced 
in th e Al as ka n regions \I'here a nnu a l tempera tures rose by 
a bout I C (Fi g , I ) , Th e o\'e ra ll wa rmin g [rend since th e 
end oCthe 19th ce ntury is c lea rl y ex hibit ed by th e glac iers 

in Arc ti c Al as ka; th ey ha \'C re trea ted by 150- 700 m fro m 

th eir "Little I ce Age" mora ines (H a mil to n. 1965 ; Calkin , 
1988) , Our goa l is [0 id entify mo re recent cha nges in 
clim a te against thi s background. by using hig h-reso lution 
d a la [rom :\IcCa ll G lac ier. 

T o link clim a te ch a nges to glac ie r cha nges two thin gs 

ha \'e to be consid ered: 
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cold and dr y for winte r precipita tion to JI1 c rease 
significantl y. This makes M cCall G lacier a sensiti\'e 
indi ca tor of climate wa rming. 

(ii ) Ad\'a nce!retreat o r thinning/thickeni ng of the 
glacier snout is greatly ampli(i ed by ice nux but lags the 

original mass-balance change in a n intricate wa y (Nye, 
1965;J6hannesson and others, 1989 ) . M easuring th e total 

\'olume change of a g lac ier, by photogrammetry or 

sun'eying, is more difficult th a n obsen'ations near the 
terminus. Th e ad\'antagc is that a m ass-balance change 
ca n be readil y d etec ted by a correspond ing vo lu me 
cha nge without time lag. 

McCa 11 Glacier is located at 69° 18' N. 143°48' \\' in 

the northern most cha in of the Rom anzof Mountains, 

northeastern Brooks R a nge, Alaska (Fig. 2 inse t) . Th e 

718 

Mt HUbley 

MC'CALL GLACIER 

1 km 

Fig. 2. Map of M cCall Clacier, showing 1972 pole posilions resurveyed in 7993 ( black dais ) ; conlrol monumenls 
(triangles); 1993 mass-balance slakes (open circles); lI/J/xr and lower detailed-transverse /HoJiles; and position oJ /993 
ca mjJ (cross) . 
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glacie r occ upi es a north-bcing va ll ey . Tt is a bout 8 km 
long, has a n a \ 'e rage wid th 0[,640 m a nd cove rs a n area of 

7 . ..J.km2 Th e ice ori g inates in three eirqu es (referred to, 
[I'om east to wes t, as upper , middle a nd lower c irqu e) and 
ex tends from more tha n 2700 m on th e nonh face of 
~dount Hubley to th e terminus a t 1350 m . The g lac ie r 
surface forms a se ri es of bu lges and treads with slopes of 
up to 15" a nd as low as 30: th e (\\'e rage ice slope is 7.5 . 

Fig ure 3 is a \·ie,,· of th e 10\\'er a bla ti on a rea, a bout 1.5 km 
up-glac ier of th e te rminus, lookin g towa rds the connu ence 
o r the three cirqu es. 

Rabu5 and others: Recellt changes oj ,1/cCaU Glacier 

Benson , 1986) . !\laximum a bla tion a t th e te rminus was 
2.lm a I in 1957 /58 and 1.6- 2 m a I in th e 1970s. (All 

mass-ba lance "alues a re given as wa ter equi\·a lcnt unl ess 
no ted. ) On f\l cCa ll Gl ac ier a ll th e a bla tio n and a bo ut 
75% of th e acc umula ti on occur during June- September. 
Intern a l acc umula ti on acco unted fo r up to 54%, a nd 
superimposed ice fo r up to 5%, of th e tota l acc umula ti on 

(Tra ba nt and Benson. 1986 ). f\ I cCa ll Glacier has a lo \\,­

m ass-excha nge ra te; a nnu a l acc umul a tion a nd a blati on , 
a \'e raged from 19 70 to 19 72 , were + 0.1 6 a nd 0. 3 m a I, 

res pec ti, 'e h-. The mean equilibrium-line a ltitud e from 

Fig. 3. Lookillg IIp-glacierjrol7l the lI/J/le1' detailed-trallsl'use /JI'ojile . • " ote " H anging" Glacier to the left and snow-cap/led 
M Ollnt il fcCal! in the right backgroulld. 

MEASUREMENTS PRIOR TO 1993 

l\I cCall Gl acie r is th e onl y g lacier in the U .S . Arc ti c with 
a g lac iologica l record of several d ecad es . Sho n er records 

exi st for some of th e small c irque glaciers of th e centra l 

Brooks R a nge (Ca lkin and o th ers, 1985 ). :"IcCa ll Glacie r 
\I'as studi ed during th e Inte rn a ti ona l G eoph ysica l Year 
(I CY ) in 195 7/58, a nd fr o m 1969 to 1975 as a 
con tri bu ti o n to the Internati ona l H ydrologica l D ecad e 
(l HD) . As part of th e IGY fi e ld prog ra m , a photogram­
m etri c m a p of scale I : 10000 was prod ueed (Brand en­

berger. 1959) . Obse lTa ti o ns of th e IGY tea m on th e 
eq uili bri um a nd fi rn-line pos i rion a re a lso com piled in 
this m a p. Ano th er photog ra mmetri c mi ssion IVas ca rri ed 
o ut in 19 71 by D orrer a nd \\'endl er ( 19 76 ). 

K eeler ( 1958) ma pped mass ba la nce o n lo \\'er f\l cCa ll 

Glacie r during th e IGY. :" I ass-bala nce ma ps orrh e whole 

g lacie r exist [or th e balance yea rs 1968 /69 , 1969/70, 1970/ 
71 a nd 19 71 /72 (\\'endl er a nd orhers, 1972; Tra ba nt a nd 

1969 to 1972 was 2050 m ; mounra in shadowin g a nd 
preferred snow d epos i [io n on th e wes t side o f th e o' lac ier 
ma ke the equilibrium line run no rma l to to pogra phi c 
contours o\ 'e r a n ele" a ti on range of 350 m (W end ler a nd 

Ishika \l'a , 1974 ) . 

Th e cxtensi\'e mass-ba la nce ne t\l'o rk of rh e 19 70s was 
sun'eyed each yea r, gi\ 'ing good d efiniti on of rh e ice 
s urf~lce and th e surface ve loc it y fi eld a t th a t tim e 
(unpubli shed inform a ti o n fro m Trab a nt , 1969 72 ) . 
~I aximum a nnua l ,"clocity was a bout 16 m a I. Two 

d e ta iled tra nsec ts of th e ice surface in rh e lower ablat ion 

a rea (Fig . 2) were surveyed fo r se\'era l yea rs sta rting in 
1969 (unpublished inform a tion from Benson , 1969- 75) , 
Th e upper pro fil e was resun'eyed in 1987. M a ps o r a 
perennial a ufeis field below M cCa 11 Gl ac ier show th e 
o utline a nd ele\'a tion contours of rh e rerminus in 1970. 

Th ese d a ta se ts give a ccura te base lines for measuring 

cha nges in g la cier volume a nd rerm i n us posi ti on. 
1\ le teoro logica l obsen 'a rions we re ca rri ed o u t in th e 
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upper cirq ue a t a bou t 2300 m during 1957 /58 (On'ig, 
196 1) . An a u to mated weath er statio n o pera ted from 1969 
to 1972 o n the rock rid ge between upper and middle 
cirque. Spa rse d a ta we re obta in ed during th e winters. 
Compa rison with weather sta ti o ns of interi o r Alaska a nd 

th e Arctic coas t re\'ealed a di stinc t mo untain clima te 
domin a ted by the proximity o f' th e Arctic front in th e 
region of \lcCall Gl ac ier (\\' endler a nd others, 1974 ). 
Approxima te mean a nnu a l tempera tures we re a bo ut 

12°C a t 1700 m (Tra ba nt a nd o thers, 1975 ). Annual 
prec ipita ti on ave raged O\'e r th e g lacier was estim a ted as 
500 mm a I. During summer, winds a re ma inl y from th e 
south wes t (W endler a nd oth ers, 1974) . 

A poly therm al tempera ture regim e is sugges ted for 
:'lcCall Glacier. In the acc umul a ti on zo ne th e glac ier is a t 
a bo u t - 1°C througho u tits thi ckn ess (Orvig a nd 1\J aso n, 
1963 ), whil e th e a bl a ti on zo ne is co ld a t the surface ( 8°C 

a t 10 m depth ) bu t is proba bl y underl a in by a laye r of 

tempera te ice a t the bed (Tra ba nt a nd others, 1975 ) . 

1993 FIELD WORK 

The da ta presented in thi s pa per were ga th ered from 26 
June to 10 August 1993 as pa rt of' a 3 yea r st ud y of recent 
cha nges of 1\lcCall Glacier. Sun'ey ing the glacier surface, 
using optica l methods a nd a irborn e a nd ground-based GPS 
methods, was the key too l for defIning the glacier surface in 

1993. The new da ta set a llo\\'s compa rison lVith pas t sun'eys 

in 1958 and th e 1970s. ~vlos t of the control monuments used 
for th e 1970s survey were recove red , and th e more sta ble 
ones were se lec ted for th e 1993 survey . A GPS base line 
a bout 15 km long ti es the glacier-control network ro a 

sun'ey benchmark tha t is fi xed to the United Sta tes Coas tal 

Geodetic Survey network of north ern Alas ka . 
Fro m th e 1972 survey of th e IHD mass-ba la nce 

netwo rk 55 reli a ble pole coordina tes we re selec ted (Fig . 
2). On th e g lacier a person was itera tive ly direc ted into 
the kn own ho rizon ta l posi tion using a theod olite wi th a n 

elec tronic di sta nce measurer. l\los t hori zonta l coordina tes 

were recovered to within 0.1 m radiu s, a nd th e cha nges in 
\'( rti cal coordin a te ,dZ since 1972 \",ere reco rd ed . At some 
positions, sta kes lI'( re drill ed in to the ice fo r mass-ba la nce 
a nd ve loc it y m eas urem ents. Th e uppe r a nd lower 
d eta iled cross-glacier profiles (Fi g . 2) we re resur\'eyed in 
1993 using th e bedrock ma rk ers of th e pre\'io us sur\'eys . 

A complete center-line pro fil e was o btained using 
g round-based stop-a nd-go kinema ti c GPS from nea r th e 
pass of the upper cirqu e down to the terminus. A d eta il ed 
outlin e a nd eleva ti on profil e of the 1993 terminus up to 

a bo ut 150 m up-g lacier were determined both opti ca ll y 

a nd by kinem a ti c GPS methods. 

Th e mos t importa nt co rrec ti on to th e ele\'a ti on­
cha nge da ta cam e from the different da tes of th e surveys 
in 1972 a nd 1993. Fro m readin gs of a ll 1993 mass-ba la nce 
stakes (Fig. 2), we interpola ted ice a nd snow a bla ti o n fo r 
the peri od 29 J une- 5 August 1993 as a fun cti o n of 
eleva ti on (see Fig . 4a inset) . Lower a nd upper cirque 

have somewha t different abl a ti on , possibl y due to non­
unifo rm mo unta in sc reening. Th e m ax imum \ 'a lue of the 
a bl a ti on co rrec tion was 1. 38 m a t sta ke 2 a bo ut 550 m 
from the terminus; the a verage fo r a ll po ints was a bout 
- 1.0 m. R ep etiti ve surveys a bout a month a part of severa l 

234 

1993 mass-ba la nce sta kes ga \'e hori zo nta l a nd ve rti ca l 
\'elociti es . The \'e rtica l movement between 29 June a nd 5 
A ugust is small er th a n + 0.01 m a nd ca n be neglec ted. 

The 1993 \'erti cal coo rdinates were co rrec ted fo r 
refrac ti on a nd ea rth curva ture. T hi s co rrec tion increased 

th e 1993 eb'a ti ons by less th a n 0 .2 m for most base lines 
( < I .7 km ). A few exceptiona l I y long base li nes had la rge r 
co rrections (0 .63 m for th e lo nges t base line of 2 .8 km ) . A 
simila r co rrec ti on was also ca lcula ted fo r th e 1972 \'erti ca l 
coo rdina tes . Du e to shorter base lines, howe\'e r, it was 
sma ller tha n th e inh eren t erro r of the 1972 survey (a bou t 
0 .3 m ). The fin a l error in the 1993 ele\'a ti on d a ta is 
± 0.05 m ; simil a r acc uracy exists in th e ho ri zonta l 
coo rdin a tes . Th e error in th e eleva ti o n cha nge from 
Aug ust 1972 to Aug ust 1993 is d omina ted by th e 
acc uracy o f the 1972 sUr\'ey whi ch \I'as 0. 3 m in ve rti ca l 
a nd 2 m in hori zonta l. 

In the contex t of a future long-term mo nitorin g 
progra m th a t includ es glac iers from a ll O\ 'e r Alas ka, 
center-line eleva ti on profil es o f 1\IcCa ll Glac ier and two 
o ther glac iers in the northeas tern Brooks Range - Ese tu k 
a nd Okpilak Glaciers, a bout 20 km south eas t a nd 15 km 

so uth , res pec tively - were obtained using a li ghtweight , 

a irborn e- lase r ra nging sys tem. Th ese d a ta will be 
presented elsewh ere. 

CHANGES IN ELEVATION, VOLUME AND 
TERMINUS POSITION 

Figure 4a c illustra te eleva ti on cha nge ri'om 1972 to 1993 . 
The surface dro pped eve rywhere from a minimum of 1 m 
a t th e head of middle cirque to O\ 'e r 42 m near th e 

terminus. The 1 m minimum is exception a l; th e a \ 'erage 

drop in the accumul a tion a reas of the three cirques is 
more like 3- 3.5 m. This can bes t be seen from Figure 4a , 
where th e eleva ti o n c ha nge, ,dZ, fo r a ll a \'ail a bl e 
pos itions is plotted aga inst 197 2 eleva ti on , Z , regardless 
of th e hori zonta l coo rdina tes . The sca tter represents 

\ 'aria ti o ns in ,dZ both ac ross the glac ier a nd between 

different cirques . Figure 4 b shows eleva tion change for 
se lec ted lranS\'e rse profil es. C ross-g lac ier \'ari a ti on of ,dZ 
ra nges fro m a bo ut 0. 5 m a t th e tra nsec ts nea r th e 
conflu ence of th e cirques (Fig . 2) to a bout 5 m a t th t" 
lower deta il ed-tra nsve rse p ro ril e. This cross-g lac ier va ri a ­
ti on is a bo ut 10% of the mea n surface drop for each 

profil e. No cl ea r large-sca le pa ttern , such as th e glacier 's 
sides dro pping more than the center, is evid ent. f\/l ean­
d cring surface strea ms which incise cha nnels a few meters 
d eep into th e ice a re a ubi q uitous fea ture on ~IcCa ll 

Glacier. Some of th e recovered pole loca tions [i'om 1972 

were in or near such streams in 1993, indica ting th a t a 

shift of the surface drainage network may be respo nsibl e 
for cross-g lacier vari a tions in eleva ti on cha nge, 

Th e ice surface along th e two d eta iled tra nsec ts on th e 
lower g lac ier is shown in Fig u re 5 for a n UI11 ber of yea rs. 
The surface to pogra phy is a lmost uniforml y 10\I'ered 
betwee n successive d a tes, ma king tra nsve rse va ri a tion of 

eleva tion cha nge compara ti ve ly sm a ll. Th e cha rac teri sti c 
indenta ti on in the middle of th e upper profil e is presen 'ed 
ri'om year to yea r. A second interes ting detail in Fig ure 5 
is th e constant a ng le of th e sid e-mo rain e slope as th e 
a ppa rent width of th e glacier dimini shes O\ 'er tim e. Direc t 
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Fig. 4, EleN/lion challge, 1972- 93: a. 1'5 eleN/lion . b, 
cross-gLacier 1'arialion. c. ('on/ali I' map , 

obsen'a lio ns sho \\' th a 1 th e sid e m o ra i nes a re ice-co red , 

Th e ove rl ying till slid es d own a l so m e a ng le o f re pose 

I", hen th e g lacier thins, pro tecting m o re g lac ie r ice from 

a bl a ti o n . Th e bedroc k I'all ey wa ll s a re much stee pe r th a n 
th e co nsta nt a ng les o f rep ose re\'ea led b >' Fig ure 5 , 

Ave rage elcl'a ti o n d ra p of th e upper pro fi le as a 
fun c ti on of time is plo tted in th e inset o f Fig ure 5a , Arou nd 

1975 th e drop ra te increased from a bout 0,3 to a bo ut 

Im a I , The elel'a ti on drop of th e uppe r d e ta il ed tra nsec t 

[ro l11 1972 to 1993 prol'id es ani nd e pend en t c hec k o f th e 
el e\'a ti on cha nge obla ined a t th e 1972 po le positi ons, A 
pol e pos ition about 20 m up-g lac ier from th e uppe r 
d e ta il ed tra nsec t has a n ele\'a ti on drop of 21,1 m while 

th e nea rb y pa rt of th e uppe r tra nsec t dropped 20, 9 m, 

A m a p of eleva ti on cha nge ri'om 1972 to 1993 h as bee n 

co nstru c ted b y smoo thin g a nd interpo la ti on (Fig , 4c ). 
T o ta l \ 'olum e cha nge was 5,5±0.2 x 10 7 m 3 of ice , Th e 
error was es tim a ted from th e in terpo la tion sta ti sti cs a nd 

th e 0,3 m er ro r in elel 'a li on cha nge of th e 1972 locations. 

?lIean m ass ba la nce (i'om 1972 to 1993, i. e. I'o lume loss 

di\'ided by m ea n g lac ier a rea, \\ 'as - 0,33 ± 0,0 1 m a I , 

COMPARISON OF THE PERIODS 1972-93 AND 
1958-72 

D on'er direc tl v compa red stereo-photo p a Irs from 197 1 
a nd 1958 to d educe \'o lum e loss during thi s peri od 
(D o n 'e r , 1975; D orrer a nd \ \ 'endler. 1976), Due to th e 
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Fig. 5. Time evolution of ice sllIjace along a. upper alld b. lower detailed-transverse profile. 

d ifferent illumina ti on, sca les a nd snow cO\'e rage plT\'ail­
ing during th e two photogrammetric missions, elevation 
cha nge co uld be obtained for on ly three regions in the 

a bla ti on area , a round 1500, 171 5 and 1900 m eleva tion . 
!\1ean eleva ti on cha nges in these regions were 4.5 ± 0.4, 
2.9 ± 0.6 a nd 2.0 ± 0.4 m, respec tive ly. I n Figure 6, mean 
annu a l thinning ra tes [o r th e periods 1958- 71 a nd 1972-
93 a re com pa red. In both cases a suitab le ex pon entia l was 
fitt ed to the d a ta (er. W eidick , 1968; Don'er and W end ler , 

1976 ). Two fea tures a re immedi ately obvious: (i) in the 
ea rli er period the acc umula ti on a rea is only \'e ry slightly 
a ffec ted II'hil e in th e la ter period it is cha rac terized by a 
noticeable surface drop; and (ii ) the d ifTe rence in mean 
ann ua l e\e l'at ion cha nge between th e two period s 
in c reases drasti ca ll y down -glac ier. Extra po la tion of 
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D orrer's curve to the region close to the te rminus gil'es 
rise to rath er large unce rtaint ies. According to his error 
bars, a nnua l th inn ing of the ice th ere was between - 0.5 
a nd - 0.85 m a I during 1958- 71 , while from 1972 to 1993 
the termina l region thinn ed by almost 2.4 m a I (2 .1 m a I 
w.e. ). a value in excess of the maximum a bla tion a t the 
terminus du ri ng th e 1970s. J\1.ean mass balance d uring 
1958- 71 was - 0.13 m a I as compared to - 0 .33 m a I for 
the p eriod 1972- 93. 

E leva tion change between 1958 a nd 1972 can a lso be 
calcul a ted by loca ting the 1972 pole po itions on the 1958 
I CY ma p. The res ult is shown in Figure 6: surface d rop 
from 1958 to 1972 based on the ICY map differs g rea tl y 
from Don"e r' s es tima te. Mean annual ba lance wou ld be 
- 0.45 m a- I, which is more than three times Dorrer's value. 
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from Doner and Wendler (1976) . Positions along the 
cellter Lille oJ t/ie glacier are connected b), lines. 

Strong thinning would occur not onl y close to the terminus 
but a lso about 1. 5 km up-glacier. This irregul a r pattern of 

eleva tion change and two furth er a rgum ents make us 
belie\'e tha t there a re sys tema ti c errors in th e 1958 ma p 
considerably exceed ing the expec ted error of ± 2,5 m, 

Th e first argument is based on the tim e hi story o[ 
eleva tion a long th e upper d eta il ed trave rse (Fig, 5a 

inse t) , Eleva tion ca n be ex trapolated for 1958 using th e 

ICY map , a nd the thinning rate there from 1958 to 1972 
is then a bout lma I, just as from 1975 to 1993 , This 
im p li es th e resea rch period in the 1970s was cha rac ter­
ized by exce pti o na ll y low a blation ( th i nn i ng rate 
0.3m a I), In contras t, mass ba lance ca lculated by 

Don-e r a nd \\' endler (1976) from weather reco rds of 
Barte r Isla nd , 11 0 km north a t th e Arcti c coas t, indi ca tes 
th a t during the period 1969 75 the g lac ier thinn ed at a 
higher annua l ra te th a n th e mean ra te during the 19605, 
A thinning ra te of 0.3 m ai , on th e oth er ha nd , would 
g ive a surface drop of3,9 m for the 13 yea r period 1958-

71, This is very close to \\,hat Dorrer's cun'e sho\\'s for an 

e\el'a ti on of 1600 m , the 1972 eleva ti on of the upper 
d etailed trave rse , Second ly, Tra ba nl a nd Benson (1986 ) 
menti on se\'e ra l IG Y mass-balance sta kes that reap­
pea red in 1969 a nd 1972 after they had a ppa l'ently 
crossed th e mean equilibrium line , Th e mea n equili­

brium line reconstructed in thi s \I'ay coincid ed bes t with 
the 1972 equilibrium lin e, making th e 1972 ba la nce of -
0, 19 m a 1 a crude es timate of th e mea n ba la nce in th e 
period 1958- 72 , D orrer's value of - 0,1 3 m a 1 for th e 
mean ba lance is within th e error range of this es timate 
while the \'alue of - 0,45 m a I d educed from the ICY 
map is not. 

TerIninus retreat 

Fig ure 7 sho'vl's reconstruc ti o ns oC the 1958, 19 70 a nd 
1993 te rmini loge th er \\'ith th e yo unges t end moraine 

I 
>-

14500 

14000 

Rablls and others: Recellt challges oJ J!cCal/ Glacier 

moraine 

lower transverse 
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13500 ~------------~-------------L--------~ 
8000 8500 9000 

x [m] 

1500 lower transverse profile 

~ 1450 

7200 7400 7600 7800 8000 8200 

centerline distance from upper cirque [ml 

Fig, 7. The terminus oJ .I!ceal! Glacier Jor t/ie ) 'eaJ'.) 
1993, 1970 alld 1958, and before the retreat ]rom itJ 
" L illle l ee .'lge" 171(lIil11l1l11 (jJreJllmab(J' arol/lld 1890). 

th a t outlin es th e maximum extent oC the g lac ie r 
a ro und 1890 (li chen d a te ) , T erminus a ltitud es \\'e IT 
1354 m in 1993, 1327 m in 19 70 a nd about 1320 m in 
1958, Changes of re treat rate a nd surface d e\'a ti o n at 
th e terminus were d e ri\'ed fro m direcl o bse n 'ation 
a nd geom etri c consid era li o ns, trea ti ng the te rmi n us 

up to th e lower d e ta iled profile as a \\'ed ge \\'ith 
co ns ta nt surface a nd bed s lo pe (sec T a bl c I ) , 

Impli catio ns a re : (i) T erminu s-I'e treat ra te m o re 
th a n d o ubled be tween th e tim e periods 1958 70 
a nd 1970 93 , (ii ) Thinning ('Will 1958 to 1970 is 
faster th a n D o rrcr's curve sugges ts (o r thc te rminus 

(Fig , 6 ) but still within th e exp ec ted e rro r ran ge , (iii ) 
The thinning ra te from 1970 to 1993 is less than th e 
2.4 m a 1 inte rpolated Cro m Fig ure 6; it is a lmost 
cons ta nt d own -g lacier oC th e lo\\'e l- d e ta il ed trans­
\ 'e rse. sugges tin g a s tagna nt. passi\'el>' melting 
le rminu s fo r most of that period, ( i\ ') SUl'\'eys Crol11 

1970 to 1972 of th e lo \\'e rm os t m ass-balance sta ke 
(a bo ut 40 m from th e 1970 te rminus) imply th a l 
thinning o f th e te rminus acce le l-a ted more g ra duall y 
cO lllpa l-ed to th e step-like in c rease in thinning rate' 
a rou nd 1975 documented at th e uppe r d e ta iled­
tra nsve rse pro ril e. 
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Table 1. Retreal rate Dj the lerminus jar difjerent time /Jeriods; Ihinning rale at terminus position cones/JOnds 
10 the end oj each lime period 

SUIJace slo/le Bed sto/le Terminus Retreat Thinning at 
terminus 

m 

Thinning 
rate retreat 

n n m 

1890 '- 1958 300 
1958- 70 14.41 cl 6el 68 cl 

1970- 71 12.8 ,cl 0- 6 6- 12 
1971- 72 

1970-93 14.01 cl 5.3 cl 285 cl 

rale 
1 m a 

4.4 
5 .7 

6- 12 

12.5 

10 
1.3 cl 

1.4 cl 

41 

1 m a 

0.8 
1. 3 
1.4 

2.0 

cl Direct obsen·a ti ons from surveys or phoLOgrammetry. 
1 Average su rface slope measured from terminus to lower transverse pro fil e. 
, Average surface slope meas ured from terminus to abo ut 50 m up-glac ier. 
r Lichen date. 

INTERPRETA TION - EVIDENCE FOR RECENT 
CLIMATE CHANGE? 

A signifi ca nt climate cha nge within the total obsen·ation 
period 1958- 93 is strongly implied by the avail a bl e data. 
l\l ean mass ba lance ca lcul a ted from vo lum e cha nge 
became more negative by a factor of abou t two between 
the periods 1958 - 71 and 1972- 93. If Dorrer's es tima te of 
0 . 13 m a 1 for the 1958 71 mean mass balance is 

acc ura te, thi s fac to r would be 2.5; a \·a lue of - 0.2 m ai, 
which is consid ered a minimum , would redu ce th e factor 
to a bou t 1.7. The difference in mean mass balance 
between these t\,·o periods co rresponds ro th e stepwise 
cha nge in tempera ture in the 1970s (Fig. 1) . 

The term inus has doubled its retrea t ra te from 1970-

93 as compa red to 1958- 70. Data from the earl y 1970s 
(las t column of T a ble I) fa\'or a steadier increase in 
retrea t rate beginning aro und 1970 rather th an a step 
cha nge. Th e similar relative increases of terminus-retreat 
ra te, thinning rate of the lower abla ti on a rea and mean 
mass balance imply that all three a re indicative of the 

same cl ima te change . 

Reaction and res pons e tilTles of McCall Glacier 

J 6hann esson and oth ers (1989) d esc ribe th e d elayed 

adjustment of a g lacier' terminus to a change in mass 

balance by a response time TV ~ (h) I ( -bT) where (h) is 
mean glacier thi ckness and bT mass-ba lance rate a t the 
terminus. For a step cha nge in mass balance this is 
approxim a tely the tim e .it ta kes the glac ier to cha nge its 
volume by I - l ie ~63% of th e to ta l \·o lume difference 

between the initial and fin a l stead y states . T empera te 
va lley glac iers ha\·e a TV of 10- 100 a (e.g . McClung a nd 
Armstrong, 1993 ). Application of the formula to McCall 
Glacier, bT = 2 m ai, (h) :::::: 150 m, gives TV = 75 a, much 
longe r than lhe observation record of M e Call Glacier. On 
the o ther ha nd , the cha racteristics of th e recent changes 

suggest that the amplified reaction of the lower a bl ation 
region of l\IcCall Glacier lags the original c1ima te cha nge 
b y not more than 10 yea rs. As reac tion time we define the 
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time after a mass-ba la nce change wh en th ere is a strong 
increase or decrease in the rates of eleva tion cha nge and 
terminus retreat. If the glacier was in stead y state before 

th e mass ba lan ce was disturbed the reac tion time 

corresponds to th e tim e of max imum retreat or ad\·ance 
of the terminus. J 6hannesson a nd others (1989) descri be 
th e time evo luti on of the ratio f = average thi ckness 
change /thickness cha nge a t th e terminus. Th ey find a 
ra pid decrease of f from its initia l value of I to its long­
term value of about t1bl (- bT ) where t1b is the di s­
turbance of the mass balance. Th is step-l ike change in f, 
which seems to occur a l about 20- 30% of TV 06hannesson 
and oth ers, 1989, fi g . 6), presumably defin es the above 
reaction lime of the g lacier. In acco rd ance with our 
findin gs for NlcCall G lacier , Sigurosson and J 6nsson 
(1995 ) observe reaction tim es of I celandic glaciers to be 
much shorter than th eir res ponse times. 

Th ere is a lso a pronounced asymmetry between 
ad\·a nce a nd retrea t of the g lac ier terminus which is 
often ove r looked. If glacier ice were perfec tl y pl as ti c, i. e. 
ice ve locity scaled with a power n -t 00 of th e basal 
shea r stress u"-'(TITyieldyn+l, a positive mass-bala nce 

disturba nce would lead to instanta neous advance of th e 
terminus, while the retreat ca used by a nega ti ve mass­
bal ance disturbance would never be by ac ti ve moye­
m ent of the ice but only by melting of th e stagna nt 
terminus in finit e tim e. Acco rding to sugges ted law. of 

ice d efo rma tion a nd basal slid ing, n shou ld be in the 

range of a bout 2- 3 (e.g. Paterson , 198 1, p. 87 , 116) . 
Both advance and retreat ra tes of the termin us are then 
finit e. but tel-minus retrea t sti ll d epends on passive 
meltin g. Therefore, mos t theo ries of glacier response 
stri ctly a pply only to positive m ass-bala nce disturba nces 

and terminus advance. In a stead y sta te, ice n ux a t the 
te rminu s equ a ls ab lation losse there. A unifo rm 
n egative mass-balance di sturbance therefore ca uses a n 
initia l retreat I-a te db / tan (asurrace - ,8bccl). Complete 
stagn a tion of th e terminus leads to a maximum retrea t 

ra te bT I tan(asurfacc - ,8bed) . Fo r YlcCall G lacier, mini­
mum a nd maximum retrea t rates a re a bout 2 a nd 13-
14m a I, respecti vely, th e la tter being close to the 
retrea t rate actuall y observed . 
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CONCLUSIONS 

(I) The increase in the rate of \'o lume wastage by a 

factor of more than two from the ea rli er to the la ter 
tim e period indi ca tes a se\'e re change in m ass 
balance, most likely nea r the border or the periods, 
i.e . in the early 1970s. 

(2) Th e observed mass-ba lance cha nge is probably 

m a inly du e to higher summer temperatures . 

(3) The step-like in crease in surface-drop rate of th e 
lower ablation a rea between abo ut 1975 and 1980, 
and the in crease in terminus-retreat ra te, a ppear to 

be correlated wi th the recen t clim a te cha nue. Th is 

sugges ts a fast reaction Lime of ~1cCa ll Glacier of less 
than a d ecade . 

(4) How representa tive the d etected climate change is 
for the reg ion cannot be decided at the moment. 
Limited d a ta from oLher Brooks R a nge glaciers and 
an approach to modeling th e mass balan ce of 

l\IcCa ll Glacier from atmospheric d ata \I·ill be 
employed to answer thi s question in the future. 
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