
Anllals oJ G'lac/olog)' 2 1 1995 
© Inte rn a ti ona l Gl ac io logical Soc ie ty 

Change in position and altitude of a sInal1 outlet glacier 
during the period 1943-92: Leverett Glacier, 

West Greenland 

FRAi'\K G.?\f. \ 'A,\ T.\TE,\I IO\ 'E, 

( rJiJrll Ceograjisrlt ell B odelllklll7dig LabowloriulII , L '1I1z 'er"ileil NlI/ . 1 m,l/erdatl/ , , \ 'ielllt 'I' PrillsfIIgradll 130 , 1018 I '':: . Ilmlerdalll. 
T lte , \ 'e llt er!allds 

CHRI S M. RO ELFSEr.lA, GEERT BLO\I\IERS X\D A:\TO:\ \ '. \ i\' V O ORDE:\ 

Fawlleil Geodesie, T edlllisclte C llil'eI"sileil Delji . T luj.ISfll'eg 11. 2600 (;.-1 D elji. Tlte , " ellterlalld.1 

ABSTRACT, Fluc tu a ti ons in th e pos iti on a ncl surface a ltitude o r Le\'e tTlt G lac ier , 
a small outl e t g lac ie r a t th e wes tern m a rgin o r th e Greenl a nd ice shcc L a re d etermined 
from a pho rog ra mmetri c a na lys is. During th c Greenl a nd Ice-\largin Experim ent 
(G I'\ IEX ) 1992 ex pediti o n , six contro l points \I 'ere meas ured on th (' ex posed rock 
su rro unclin g Le\ 'c'!'e tt Gl ac ier , using a dista ncemeter (AG A 220 GcodilllCle r ) a nd 
th eocl o lite (\ \ ' ild T2 ), Ph o togra mm etri e meas urements \I'C re ca rri ed o ut on a n 
a na lyti ca l pl o tte r (Z e iss Pl a ni com p C IOO), Th e a ltitud e of points co uld be 
pho tog ra mmetri ca lly measured ",ith a maximum error of 0 ,86 m , 

The d a ta on th e a ltitud e cha nges o r LC\'e re tt Gl ac ier presented he re a re th e first in 
W es t Gree nl a nd th a t spa n a time peri od of nea rh- 50 \'Ca rs. During th e peri od 19+3 68 
th e rate of a ltitud (, cha nge was 0. 6 m w, e , al. Th e thi ckenin g rate during th e peri od 
1968- 85 was + 1, 2 m\l',e , a I , Thi ckenin g co ntinu ed during th e periud 1985 92 a t a 
ra te of + 0 .4 m w.e , a I , This rece nt thi ckenin g is signifi cant \I'hen compa red to yea r
to-yea r \'a ri a ti on in a bl a ti on, Trends in a ir tempera ture li'om th e nea rb y c lim a te 
sta ti o n a t K a nge rluss uaq a re consistent \\' ith th e poss ibility th a t obsen 'ed cha nges ill 
th e a ltitud e of th e g lac ier surface a re th e rcs ul t of loca l cha nges in meteo rologica l 
cond i ti o ns d etermi ning a bl a tion ra tes . 

INTRODUCTION 

Le\'c rett Glacier in " 'es t Gree nl a nd is a sma ll outl e t glac ie r 
dra inin g the m a in ice shee t ( Fig. I ) , It s a rea is 
a pprox imate ly 20 km 2

, \I'ith a bout 7 km 2 surround ed by 
mounta ins \I 'ith a max imum altit ude of 562 m (Fig, 2 ). In 

the in\'enlor\' of W es t Gree nl a nd g laciers, Le\'e rell Gl ac ie r 

has been coded lDG03002 (\\' eidi ck a nd o th ers, 1992 ), 

Th ere a re ae ri a l ph o togra phs a \'a il a ble fro m th e 
19405, 1960s and 1980s of th e wes tem ma rg in o f th e 
Greenl a nd ice shee t. In th e L C\'ere tt a rea, p ho togra phs 
were ta ken in 1943, 1968 a nd 1985 , Us ing th ese, a 

d e ta il ed reco ns tru ct io n o r g lac ie r flu c tu a ti o ns a nd 

cha nges in ice-ma rg ina l mo rph ology is poss ible . 
The aims of thi s paper a re to d e termin e cha nges in 

s url~lce e le\'a ti on du ring th e las t 50 yea rs in the ice
m a rg ina l a rea of\\ 'es t Gree nl a nd a nd to es ta bli sh a n ice

ma rg in a l a rea that can be used as refe rence fo r remotely 

sensed a ltitud e d e termin a ti ons, R es ults on th e a ltitudin a l 

a nd positi ona l cha nge of Leve ren Gl ac ie r pro \'id e a n 
esse nti a l g lacio log ica l fra me\l'o rk fo r stud>'ing th e pro
cesses of cha nge in ice-m a rg ina l geo mo rph ology , 

FIELD SURVEY 

In 1992 th ere \I'as a g lac ia l geo logica l ex pedi ti o n to 
Le\'C rc tt Gl ac ie r, This \l'as pa rt o f th e Dutch resea rch 
e flo rt in \\ 'es t Gree nl a nd , kn own as th e GD! E:\' proj ec t 
(Greenl a nd Ice-:-f a rg in Experim ent . 

A geod e ti c nc t consisting o f six na tura l control po int s 

\l'as m eas urcd a ro und L e\'e lT ll Gl ac ie r using a di sta ncc
mete r (AGA 220 G eodim cte r ) a nd th eod o lit c (\\' ild T 2 ), 
P os itio nin g o f th e cont ro l points \l' as based o n th e 
identifi ca ti o n o f cha rancristi c po ints o n eac h set of ae ri a l 
ph o tog ra phs (sce Fi g u re 2 [o r th e loca ti o n of th e po i n ts ). 

Th e m ax i mum sta nd a rd d e\' ia ti o ns o f th e pos i ti o ns o f th e 

control po illls (based o n repeated le\'c lling ) a re 3 cm in 
th c ho ri zo nta l d irec ti o n a nd 10 cm in th e \'t' rti ca l. 

A long itudin a l a nd tra ns\'(' rse profil e o n the g lac ier 
a nd 15 points o n ice-m a rg ina l m o ra in es \I '(' re sUr\ 'Cyecl 

\I 'ith th e sa me equipment. Th e pos itio ns of th ese points 

a rc less acc ura tc th a n th ose o r th e control points. but a re 

es tim a teclto be m ore acc ura te th a n th e m os t di sta nt point 
on th e lo ngitudina l pro file . The max imum sta nd ard 
d C\ 'ia ti on in th e pos iti on of thi s point ( ± 1500 m ri'om 
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1'(/11 Talmhol'e alld olhers: Change ill posilioll alld altilllde of Lel'erell Glacier 
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Fig. I. Lo(alioll of Levmlt Glacier, !1"allgerlllJSlIaq, 
Sisimiul alld sile:, ll, /iere tliicklles:, challge has beell 
delnlllilled .from /J/lOlogramml'lrir meaollrelllenls or re
pealed lel'ellillg. 

co ntro l po int I ) is 5 cm in th e ho ri zo nt a l a nd 11 cm in th e 

l'Crt ica l. 

PHOTOGRAMMETRIC PROGRAMME 

Ph otogra mmetri c m C'as urem en ts \I'e IT ca rri ed out on a n 

a na ly ti ca l stereo p lo lle r (Ze iss P lani comp C IOO) a t tb e 
Fac ult y o f' Geod esl ' o f' the T ec hnica l U nil'C rsit y in D e lft , 
T he Ne th e rl a ncls. Th e al titu de o f' coo rcl in ates co ul d be 

m easured \\'ith a n acc uracy of d z < 0 .86 m , wh ere d z is 
th e squ a re roo t o f th e sum o f'th e squa red residu a ls di l' icl ecl 
by th e number o f' co nt ro l points. The res iclua ls refe r to the 

d iffe rences bet\ITe n the te rra in m easurem ents a nd th e 

ph o togra mm e tri c ste reo m odel , a nd includ e e rro rs 

introdu ced by identifi ca ti on of contro l points on th e 
ae ri a l ph o tog ra p hs. fi lm ci e fo rm a ti o n, lens d isto rr io n, 
m easurin g erro rs a nd e rro rs in terres tr ia l m easure lll.en ts 
(see T a b le I ) . \\' hen subtrac tin g a ltitud e m easurem ents o f' 

di ITeren t yea rs, \IT ass um e th a t erro rs in e le\'a ti on a rc 

Table 1. IlIjormalioll aboul aaial p/wlogra/Jhs oj 1943, 
1968 alld 1985 and acruml)' oj \.)' and ~ ruordinales 
oblailled wilh pholograllllllell), 

1943 1968 1985 

Cam era re po rt no yes yes 
a l'a ila h le? 

Ph oto scale I : 39 700 1: 47400 1: 16 1 700 

Base/heig h t ra ti o I : 1. 5 I : I 1: I 

Flig ht a ltitud e 5670 6920 13340 
(m ) 

Foca l le ng th 152.40 152.52 87 .72 

( 111111 ) 

Ol e r lap !%) 57 34 62 

D a te 0[' ? Junet 17 Aug ust 7 September 

ph otogra ph y 

Es/ ill7{[/ed ([C(lIra!), 0./ /J/iologr{/II/II/e/rir l17eaSllrelllfl7/j' 

m m m 

dx 2.66 1.56 2.70 

cl y 3.47 2.92 3 .0 1 
d z 0 .86 0. 16 0.40 

0'0 3 .98 2.47 3.00 

t Th e exac t d a te is no t kn own. \\·e cs tim a le th at th e 

photogra ph was ta ken befo re m id-sul11m er a nd a lte r 
~la re h Apri l since la ke ice is brea king up il nd sno\\' is 
a lmos t a bsent. 

I I 

I / 
/ / 

\ 4 "31 

1. 5 4 0 

FI~f5 . 2. Delai/erlll/a/) oj Ihe SIIOll/ of Lel'erell Glacier alld ilj surroulldings. 1. COII /rol poillls o./geode/ic lIel ; 2. /Joints 
measured 011 laleral alldFolllal 1II0raines; 3. 10llgitudinal alld tranSl'I'ISI' jJrojile ; 4. cross-sed ion ofsupraglaciat depressioll 

( Fig. 5) . Area ll'ithill rectallgle is disj)/rl)'ed ill Figllre </ . Coordillates ill eT. If (lUll). 
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r'all T almho1'f alld olhers : Challgl' ill jiosiliol/ al/d allilllde !i/ / ,l'l'erl' lI Glacier 

ind epend ent and ra nd om . so th a t th e re la li w' un ce rt a int'· 
fo r altitude cha nge ca n be calc ulated fi ·om 

(1) 

,,·here i a nd j represe nt th e subseque nt ,·cars. 

Th e lo ng itudina l a nd tranS' T rse profiles arc measured 

on the aerial photographs using th e .r and y coordinates 

determ ined from th e fi e ld SLlnT)" in 1992. 

To st ud y th e spa tial pattern of el e,·a tion change. 
d ig i tal e ln'a ti on m ode ls (U E:\ Is ) "TIT co nstruct ed based 
o n regu lar g rid m eas uremen ts. r t was d ec id ed to use a 

grid spac ing of 25 111 x 25 m. In e,·e r), stereo model 

approximately 5000 po ints lIT re m easured. ,,·ith +0 0/ 0 

on the surro undin g ice-free surfaces. Some of th ese ,,·CIT 

used as a n ind epen d ent chec k on the acc uracy of" the 
altitudcs o btain cd afte r int e rpo la ti o n to id enti ca l .r a nd y 
coo rdin a tes. During th c short time period undn co n

sid erat ion, the rock surfaces do no t cha nge in eln·ation, 

and diffe rences in altitude ma,' be attributed to 

interpo lat ion errors and in co nsisten t photog rammetri c 

mcasurcments, Fo r a s teep 27 ) a rea west or th e g lacier 
sno ut Fig. 2: a rea C ) the difkrcn ces in a ltitude a re - lA , 
lA and 0.0 m for the periods 1 9 -~ 3-68. 1968 85 and 19+3 

85. respecti'Tly. Th ese dine rences a rc \"C ry sm a ll cons id

ering th a t a small pl a nim c tri cal error a t th ese loca ti o ns 

res ults in la rge difl(.' rcnces in altitudc. 

T o exam ine th e e ffec t o f micro-reli e f CIT,'asseS I at 
th e g lacier surfalT o n th e a lti tude measu remc n ts fi-o m 
regular g rid meas urem ent s. " T selec ted t\\'o a reas, onc 
,,·ith o ut micro-relicf ' Fig . 2; area A ) and onc " ' ithin Cl 

hi g hl y c IT,·assed regio n Fig, 2; a rea B . On th e 1968 

photographs, "T measured 23 1 po ints in area A a nd 2 11 
points in a rea B. Af"ter interpo lat io n to a 5 m X 5 m g rid 
using kri g ing as interpo la ti o n m ethod, a nd <1nTaging to 
the regu la r 25 m x 25 m g rid measurements, ,,·c 

compared tlte detai led m cas u remen ts wi th reg u lar g r id 

, · ~du cs. Fo r area .\ , th e diffe rence be tween th e regular 

g rid and th e denser m eas urcments ,,·as 0 .5 1 ± 0 .10 m 
(number o r 25 x 25 ce ll s, 'f7 = 12 ) ancl for a rea B 
0 .02 ± 0. 15 m ( n = 32 ) . I n a I-ca B, th c a bso lute 

d iiTi:' IT nccs arc mu ch larger than in the 10"· reliel~area 
.\ arca B: minimum 2.2 111. max imum + 1.2 Ill: area 

A: minimum 0.3 m, m ax imum + 1. 2 m ), but th e sum of 

the dil1e ren ccs is a pprox im ate ly zero clue to spacing o f' 

cre,'asses. \\ 'e ca n th c refo re assul11e' th a t th e g lac ier 
morph o logy is "Tll represented b y the 25 m x 25 III 
g r id . 

CHANGES IN ALTITUDE, POSITION AND 
SURFACE FEATURES 

From til e tranS'Trse a nd longi tudinal profiles Fig . 3 and 

th(' DEi\ls (Fig. +, a ltitucl e changes are calc ulat ed ' Tabic 

2 Bot h methods sho ,,· simi la r changes. The cha nges are 

sma ll est a long tlt e trans,·crse p rofile, probabh- because thi s 

is no t direct " · innucnced by frontal changcs (T a ble 2 
.~\I titud e changes are calc ul ated ft) r balan ce >Ta rs ri ·om 

approximately September to ,\ ugw,t. The 19+3 photo

grap hs " '(Te tak en in spring bd()IT th e s ta rt of" th e 

ablation season (Table 11. ThercfcJre, th e a ltitude or the 

g lac ier sur!'ilce is 3 .2 III ,,·.c. LOO hi g h compa rt'd to the 
situatio n at th e cnd o r th c a bla ti on season . 

dz Im ice] 
40 ,-----------------------------, 

30 

20 

10 

O ~-~----------

-10 

-20 

-30 

-40 __ ~---.-~~,----~--._--~--J 

0 .0 0 ,2 0 ,4 0.6 0 ,8 1.0 1.2 1.4 

distance Ikml 

l~--- 68-43 

+ 85-68 

.... 92-85 

Fig. 3, ,i llilllr/I' difjcrell ces bellL'eell .I I/b sequ flll )'forS I or 
Ih e /1Jl/gill/dil/al /JroJlle (f)osilioll FOIII i.1 II:Ji il/ Ih e 
jigllre) , 

T({ble 2 . . l!tllude challge alld Ihickmil/g or Ihilllllllg rail's, Lfl'mll (,'lacier 19..f.3 92 

19+3 68 1968 85 
dH dFII clt dH 

m ,,·,e. m w.e . a m ,,·,e . 

DD! ' 16.3 ± 0.1 0.6 ± 0.00+ + 20.3 ± 1.1 
1 13.1 ± O.I )t ( 0.6 ± 0.00+ t 

Lo ng itudinal 17.5 ± 1. 2 - 0 .7 ± 0 .05 + 17.3 ± 1.1 
profi le'l 14.3 ± 1. 2)! ( 0.6 ± 0.05 )t. 

Trans'Trse 1+.5 ± 0.8 - 0 .6 ± 0 .0+ + l -~ . I ± 0.7 

profile 11. 3 ± 0 .8 )! ( 0 .5 ± O.O+ )! 

* :\ [ean of a ll points " 'ilhin a rea o utlinecl in Figu re 2. 
t Fronlal ± 300111 are exc lud ed from ca lcul a ti ons, 

~ \ 'alues co rrccted for meas urin g time in J unc 1943. 

* Correctccl , 'a lues; s('e text lo r d etails. 

dH l ell 

m " ·.c. a 

+ 1. 2 ± 0 .0 1 

+ J.O ± 0.06 

+ 0.8 ± 0.05 

1985 92 
cUI 

m ,,'.c. 

+ G.--I- ± 0 .5 

+ 3.+ ± 0.5 * 
+ 5.8 ± 0 .5 

elH I ell 

III " . . t'. a 

+ 0.9 ± 0.06 
+ 0.5 ± 0.06 1* 

+ 0.8 ± 0.07 

+ 2 .8 1 ± 0.5 * 1 + 0.+ ± 0 .07 * 
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/ 'all TatenhOl'1' alld other.l: Challge ill positioll alld altilllde oI Lel'erett Glacier 

During th e pe ri od 1943- 68 th e a \'Crage a m oun t of 

" 'as ted ice on L e\'tTe tl Glacier " 'as - 16.3 ± 0.1 m \I'.e. 
( 13.1 ± 0 . 1 m w.e. a i'te r correction fo r th e rim e or the 
1943 ph otograph y). The ent ire sno ut th inn ed unifo rml y. 
Thinning " 'as la rges t at the front, d ec reasing up-g lacie r. 

The south ern pa rt of th e g lac ie r front shO\\'s rh e la rges t 

\'a lues of a ltitude d ec rease with a maximum of47 m of ice 

in areas ,,·here ice completel y disappeared (Fig. 4 ). 
A thi ckenin g of 20 .3 ± 1.1 m " ·.e . ,,"as measured for the 

peri od 1968 85 . The spa tia l pattern is sim il a r to th a t or th e 
pre\' ious period, but o r opposite sign. Th ickening continu ed 

during th e peri od 1985- 92, " 'hen the a\'C rage a ltitude 

incrcased by 6.4 ± 0.5 111 " ·.c. (3 .1 ± 0.5 m w. c. after co r

recti on; sec be low). Up to 1985, these Il gures are based on 
th e D£:-'1s and a rter 1985 on the longitudina l profile. 

The associated nuct uations of th e ice margin a rc a 
re trea t of 200 350 m during the peri od 1943 68; an 

adnl nce of 150 200 m from 1968 to 1985: a nd an aell 'a nce 

of about 175 m from 1985 to 1992. The ael\-a nce has 

eroded a nd ol'e rridden recess iona l (ice-co red ) mora ines 
depos ited in th e period 1943- 68. Pa rt orthe thi cken ing in 
th e rrontal a rea is th e refo re not th e res ult oran in crease in 
ice thickness , but o["mo re c1el 'a ted basa l topograph>·. The 

res ista n ce to now offered by th e moraines and fj"eezing o f 

th e g lac ie r sole to th e frozen subsrrare res ulted in th e 
c!cl"elopmen t or a (i'on ta l bulge. The 1992 profi lc (Fig. 3 ) 
sugges ts th a t th e ach 'ance or L el "(' l"C tt Glacier may 
co ntinue. 

Large supraglacial fCa tures can be studi cd ,,·ith th e use 

or th e DE~ I s . Onc of these, a supraglac ia l depress io n, is 

located in th e north ern pa rt o r th e g lac ie r sno ut. The 
,,·idth or this d ep ress io n is approximate ly 300 m, a nd its 

-48 
- 42 

- 36 

-30 

-24 

-18 

-1 2 
-6 

o 

d eprh compa red to the su rround ing hi gher ice surraces is 

a pproxima te ly 15111 (Fig. 5 ) . Th e dep ression is the su rrace 
expression 0 [" a su1Jg lac ialmeltwa ter stream. Th e a mou nt 
of me ltwa ter transported w ithin th is channe l is est imat ed 
to be 100- 150 m 1

5 I, \\'hi ch is about 2- 3 tim es th e 

a m o unt o f m eltwate r OO\\'in g fr o m nea rb y Ru sse ll 

G lacier (Va n d e \ \'a l and R usscl l, 1994 ). Such a n 

amo unt o r m eltwate r cannot be produced loca lly , 
ind icat ing th at the stream drains a large area compared 
to that or th e ou tl et g lacier. Th e outlet of th e stream is a t 
the north side o r th e front where a large tunn el del"Clops 

during th e summer. Probab ly, th e supraglac ia l depression 

is genera ted by enhanced basal melting du e to th e 

[j'iction a l heat and the ice now relatedlO th e closure of th e 

350 ,----------------------------------, 

340 

330 

320 

310 

300 
-1943 

+ 1968 

.... 1985 

290 4------.------.------.------,-+---~ 

11075 11175 11 275 11375 11475 11575 

Fig. 5. Sll/Jraglacial de/Jressio1l ill the liar/hem /Jart oI the 
glacier SlIolil. The /JrQjile location is illdicated ill Figllre 2 
( J 1075 is sOllth alld ] 1575 lIorth). 
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Fig. +. Digital eleMtion models Ior tlte SlIout of /,fl'erett Glacier ( tojJ ) alld sl)(ltial 1)(lttnll oI altitllde change (bottolll ) . 
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I'all Talfllliol'l' alf(/ olher.l: Challge ill /)o.lilioll alld a/lilude oI Lanell G/acier 

co nduit. \\ 'e ha ' T no info rm a tio n o n th e fo rm of th e 

c ha nn e l. Based on geoel ecr ri ca l soundings in fi 'o J1l o f" 

LCH' lT tt Glacier . sediment thi c kn ess is a t leas t ·~5-65 III 

( Ph .D . th es is in pre pa ra ti o n by F. \ 'a n T a te nI1O'T ). A 
subg lac ia l c ha nnel w ith a g ra " e l-bo uld e r bed is th ere fo re 

a like ly possibility . Fro m a n eb 'a ti o n of 325 m a nd h ig her 

(in 1985 ), th e 10" Ts t point o f" th e d e press io n shift ed 25 

50 m to wa rd s th e so uth co nt emporaneo usly with c ha nges 
in ice thi c kn ess ( Fig . 5 ) . Des pite thcse c ha ngcs in ice 
thi c kn ess. th e fo rm of th e d e press io n d oes no t change 
sig ni fi ca nil y . The pos iti o n o f th e subg lac ia l c ha nn e l seem s 

no t 'Try sensiti'T to cha nges in ice thi c kn ess . This co uld 

refl ec t th e mo re reg io na l suppl y ofm e!t"'a ter to this o utl e t 

as a lread y sugges ted by \ 'a n d e " 'a l a nd R usse ll ( 199-+ ). 

IS THICKENING IN THE 1985-92 PERIOD REAL? 

T o exa mine \\'h ether th e thi c ke ning ra te o bse n 'ed in th e 

pe ri od 1985 92 ca n be a ttributed to na tura l "a ri a ti o ns in 
a b lation . \\T use a meth od pn.'senled by Y an d el' \ 'cc n 

1993 ) . Our ass umptio ns a rc : 

I. The "a riati o n in a bl a ti o n ra te is th e o nl y ,"a ri a ble 

res ponsible fo r th e o bse rw'd thi ckenin g rate . 

2 . Ice fl o w a nd ice tempe ra ture d o no t cha nge o, 'e r the 
sho rt i nt en 'a l undc r co nsid e rati o n (d ecad es ). 

3 . Ablati o n meas ur('d O\'e r three ba la nce ' Tars o n nearb:' 

Russe ll Glac ie r (\ 'an d e " ·a l. 1992; perso na l commun

ica ti o n fi 'om ,\ 1. R. \ 'an d en Broc ke . 199-+ ) refl ec ts 

a , 'C rage conditi o ns o , 'er a t least o nc d ecad e. 

+. \ 'a ri a ti o n in a bl a ti o ll is a ra nd o m \'a ri a ble with ze ro 
m ea n. 

T o a ll o ,,' [o r th e first ass umpt io n, " T exc lud ed th e six 

fi 'onta l po ints o f' th e lo ng itudina l pro fil e in 1992. beca use 
th e inlTease in a ltitud e is pa rti a ll y or entirel y ca used by a 
c ha nge in g lac ier gco m e tr)·. 

Th e meas ured c ha nge in a ltitude is + 6 .4 ± 0 .5 m w .e. 

wh ic h co rres ponds to a thi c kening ra te o f 0.9 ± 0. 5 m 

" ·.e . a I. This is probabh' lO O la rge co nsidering th e 

exceptio na l clim a ti c conclit io m in 1985 a nd 1992 . The 

sLImme r 0 [" 1985 was " 'a rl11 compa red to th e 19+2 92 
m'erage cond iti o ns. Th e mean a ir tempe ra ture durin g 
Jun e Aug ust " 'as 1 0 . 1 ne compa red to a n a , "(' rage o f 

9.0 0 ± 1.2 C (± l a l. For th e m onths ,,·ith m onthl y-m ean 

positi'T a ir tempe ra ture ( 1\ l ay O c to ber ), th e difTcrel1ce 

be t\\'Cen 1985 a nd th e lo ng-te rm m ea n is la rge r. but still 

\\' irhin t,,·o sta nd a rd d e"i a tio ns o f th e m ea n "a lue 1985: 
8 .0 C compared to 6.4· ± 1.2 C ) . I n contras t to th e 
summer o f" 1985. th e summCl" o f' 1992 was re la t i\ 'C ly co ld. 

Jun e. Ju ly a nd Aug ust had a n a " e rage temperature o f' 

7.9 C a nd th e m o nths o f :d ay- O c to be r a n a\T rage 

temperature o f 4.+'· C . A ltitud e m eas ure m ents fo ll owin g 

th e wa rm summe r o f' 1985 te nd to underes tim a te th e lo ng
tCl"m tre nd in altitude cha nge. " 'hil e in 1992 th e sur!;\ce 
a lr itud e is O\, tTcs tim a ted beca use o f th e rcl a ti' T ly co ld 

cond itions. Th e refo re, th e a b la ti o n co nditi o ns in 1985 a nd 

1992 bo t h tend to bias th e m easured a l ti tud e cha nge 

to\ \"Cnds thick en ing . The m ea n a bl a ti o n o n nea rb y Russe ll 
Gl ac ier a t an a ltitud e of 3-+1 m is 3.2m".e . a I ,,·ith an 
a bso lut e ra nge o f" a pprox im a te ly 1. 3 m ice (perso na l 

co mmun icati o n fi 'o m 1\ 1. R. \ 'a n d en Broe ke. 199-+ ). 

\\'hcn ass uming t!J a t a bl a ti o n " a ri es a nnu a lk lI'ith a 

ma ximllm " a lu c o r I m icc. thi s co uld indi ca te th a t 2 m o f 
rh e 7 m measured a ltitud e c ha ng-c ca n be ex pl a ined by 
a t: pica l a bl a ti o n conditi o ns in 1985 a nd 1992 th e to tal 

a bl a ti o n in 1992 " 'as ind eed less th a n th e o ther a nnu a l 

tot a ls in th e peri od 1990 93. as m easured with a blati o n 

sra kes a lo ng th e G I~r E'\' tra nsect ; perso na l communi ca
ti o n fi 'o m .\1. R . \ 'a n d e n Broe ke . 199+ 

The tim e or measurcmentin 1992 110 a nd II J ul y mll st 
a lso be ta ken into acco ullt in th e d isc ussion of" th e , 'a lu (' o r 

th e o bsenTd thi ckening . Based on seasona l measuremcnts 

of a bla ti o n b, Bra ithll'a ite a ncl Olcse n 1993 . we es tima te 

that a t th c tim e o f o ur measurement s abo ut -+8°;(, o f th e 
to ta l a nnua l a b latio n had still to occ ur. T o ta l a bl at io n a t 
RU 'ise ll Glacin in 1992 ,,'as 2.5m " .e. at 3+ l m a iIi tud e 
perso na l commun ica ti o n fro m '\L. R. \ 'a n d en Brod e. 

199+ . The tim e oC meas urement ha l[\\';1,' thro ug h th e 

a bl at io n seaso n ma , ' thus acco unt for a n o" etTs tim a te or 

s urf~\(T a ltitud e by a pprox ima te" 1.3 m ice. 
Takin g into account th e " 'arlll summ c r- o f" 1985. Ih(' 

co ld suml1\ C' r or 1992 a nd th e tim e o f" mcas urcme nt ill 

1992 . th e m easured a ltitud e cha nge o f" 7.0 ± 0 .5 m iee is 

reclu ced to 3 .6 ± 0. 5 m ice o r a thi c kenin g ra te o f" 

0. 5 ± 0.07 0111 " ·.e . a I. 

Fo ll o" 'ing \ 'a n d el' \ 'c(' n 1993 . th e L\\T rage thi c kn ess 
c ha nge m'er a period f"ro m tim e I to t + n ...Jt IS g l\T n by 
th e sum of yea r ly \'ari a ti o ns in a b la ti o n. bA: 

clH »- t . 

-1 = L 6A(t + lL1t ). 
et i (I 

(2) 

Th c n lri a b lc bA is ass lIm ('d to be ra nd o ll\ \\ 'ith zero m ea n 
a nd s ta nd a rd d ('\' ia ti o n a~A- ,\ Ith o ug h neither lh e 

rcl ax<:J ti o n tim e no r th e lim e lag be t,,"('e n resp o nse a nd 

la rcing [o r a n OLILl e t g lac ier " 'ithin th e a b la ti o n zo ne is 

kn o ,,·n. it see m s un like ly [h a t cha nges in ice fl o\\' a rc 
impo rtant fo r a , ho rt tim e pc riod o f' 7 years. and o nl y the 
e fltT t of " a ri a ti o ns in a bl a ti o n needs to be co nside red . 

Th e sta nd a rd d c,' ia ti o n o f th e rat e o rthi ckn ess change . 

aJ-J. is th en g i, 'C n by 

a~ .. 1 

VIi' (3) 

Th e stand a rd d e" ia ri o n of" a b la ti o n ,·ari a tio ns. a~. I . fil l' 

thrce \, 'es t Gree nl a nd sit es durin g the peri od 1977 89 is 

0 .6 1 111 1I·.e . a I (Braith " 'a it e a nd o th ers, 1992 ) . Th e 

pro ba bi lit,· th a t the ra tc o f" thi c kn ess cha nge exceed s 

elf-I ~ 
- 1-/(a11 v2 ) 
et 

IS. acco rdin g to \ 'an d el' \ 'een 1993. 

(-1 ) 

T a ble 3 lists this pro babilit y fo r 5('\"(' ral " a lues o f a~ .. 1 a nd 

clH j elt 0.32 111 " ·.e . a I tra ns" ersc pro fi le a nd 0 .5 111 " ·.e . 

a I lo ng itudin a l p ro file ) . 

Th is a ll a h-sis IT ' Ta ls a probahi li ty o f" 7'Yo th a t ~ I 

(co nsc lya ti\T thi c ke nin g ra te o r O.32 m \\·.c . a I is ca used 
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Tabfe 3, The jJrobabili£), P Ihal a Ihickelling rale 0/0.5111 u'.e. a I ( fongiludillal /Hqfi'le ) alld 0.32 1II11'.e. a I ( IrallSl'm f 
/)),oJile ) ill 7)w!I'J is cal/sed ~]I sloc/{(fslicjfuclualiolls ill abLalioll 

£7h .. \ £7/1 ¥t / (£7f/ /2) p 

Long iludinal Tra 11S1'fI'Se Longiludillal Trall sl'erse 

I % % ma m m a m a 

0.5 0 ,1 9 1.86 1. 3 1 0,+ 3.0 

0 .6 1" 0.23 l.5+ 1. 07 1.5 7.0 

1. 0 0.38 0.93 0 .65 9. 1 11.0 

1. 5 0 .76 0 .62 O . +-~ 19.0 27.0 

• Unde rlin ed is the best est im ate or £7h,4 for \\'es t Creenl a nd (Bra ith\\'a ite a nd ot hers, 1992 ). 

by stoehast ic yariat ions In ab la ti on. The measured 
thickening in the period 1985 92 must therefore be 
regarded as significant. 

REGIONAL CONTEXT OF ALTITUDE CHANGES 

\ \ 'eidick ( 1991 ) a nd \\'eicl ick and Olhers ( 1992 ) IT\'ie\\, 
the a\ 'a il ab le informat ion on recent changes of th e 

marginal part of th e ice shee t. Fro m geo logica l obse r \,<:1 -

tions and mainly qua lit a ti \'(' a na lys is oC aeria l photo

gra phs, the ge neral pa ttern prior to 1950 is a recess ion of 
the inland icc. After 1950 a n ach 'a ncc is obsenTd oycr 
large areas or \\ 'est Greenland . A summa ry or a ll th c 
a\'<lil ab le data o n rates of thickness c ha nge ('ro m 

photogrammetric o r repeated le\'e lling in ice-m a rgina l 

a reas in W est Greenland is g i\'en in Table 4. Although 

measurin g periods a nd methods diffe r ri'om site to site, th e 
trend as o bserved in th c Lc\'C' IT tt a rea ca ll be recogni sed 
in Bauer a nd o th ers ( 1968 ). Sechel ( 1977 ), Knucl scn a nd 

Table .f.. Ol'ell'im oJ amilable dala on Ihicklless challge 
./rOIl! /J/tolograll1l7lelric lIleasl/rellletllJ or re/Jealed fel'f fling 
ill 11 'esI (;/fetl!alld 

ReJerena Loraliol1 

Bauer and o th ers Ablation-zone 

( 1968 ) 

Sechel ( 1977 

Ecrc line 

Ablation-zone 

ECIC line 

Period dH/ dt 

III Ice a 

1948 59 - 0.33 

1959 68 - 0,24 

Knudsen (1986 ) :\ o rd bogl etse her 
N ord bogletseher 
No rdg le tscher 

CothabsGord 

1952 /53- 77 + 1.0 
1977 8 1 + 1.1 5 

Knudsen and 

1977-8 1 
1968 80 

~l o \l er ( 1982 ) a rea 

Thomsen a nd 
oth ers ( 1988 ) 

This study 
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P:t ki tsoC] a rea 1959- 85 

Le\'CI'C tt C lac ier 1943- 68 
1968 85 
1985 92 

+ l.5 2.0 
+ 1.7 

- 0.5 

- 0.6 
+ 1.3 
+ OA 

~l o \l e r ( 1982 ) and Kn udsen ( 1986 ). Th e decrease in 
thickness measured b ~ ' Thomsen a nd o th e rs ( 1988 ) in the 
Pft kitsoq area does not agree \\'ilh o th e r obsel'\·;tt io ns and 

emphas ises the like ly occ urrence or regiona l a nd loca l 

c1 ey iat ions from a m' ge nera l trend. 

Comparing the ae ri a l photographs of' 1943 and 1968, 
the 19+3 pho tos sho\\' a mo re ad\ 'a nced position of' Russe\1 
G lac ier. the ISLll1guata se rmi a and a 10 km long strctch of 
the ice margin so uth o f' Le\'elT tl Glacier (Fig. 6 ) . The ice 

ma rgin ap proxim a te ly reaches th e 1943 position aga in in 

1985 . South o f the Orkendalen outl e t g lac ier, Scholz 

50' 20' 

/ / 

ISUogua la sermia / 

/ 

/ 
/ 

/ / 

/ 

/ 

/ 
/ 

/ 
/ 

/ 

• oa,\efl / / 

~~/~~;~e~ /r; V/ 
/ V / / 

/ / 
/ 

/ / 

/ 

/ 

- -50' 20 ' 0 5 10 km 

Fig, 6. Regiollal jJal/m! of allilude chal7ge in cenlral Il 'esl 
Greenlalld as re/Jorled ill Lileralure or nlracled from aerial 
/!/tologra/J/zs. See 1nl .for ujerfllte.l. I. Allilllde cltange 
similar 10 Lellerell Gfacier /or lite period 19+3 85: 2. 
allilude challge similarJor Ihe period 1968- 85: 3. el,idence 

Jor adl'allCf (!fier 1.985. 
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( 199 1 ) obsenTeI a n ach-an c ing ice margin O\'er a stretch of 

20 km from compari so n of th e 1968 ph o tog raph :, \I 'ith 

field o bsen'a ti o ns in 1986 and 1987. 
The re fo re . it see ms reaso na ble to suggest that th e 

c ha nges in fi'ontal position m easu red from 1 9 ·~ 3 to 1985 
o n Le\'C IT lt Glacier are representa ti\T fo r th c imm edi a te 

\·icinit y. 

Obsc \ya ti o ns or Scholz ( 199 1) in 198 7, d em o nstrate 

th at th e ad\'a nce \I' as st ill in progress so uth o f the 
Orkcndalen . i'\onh o f L e\'C I'Ctt Glacier. pho tograp h:, 
take n b~ ' T e n Brink 1197 1. pl a te 12-C ) during fi eld

\I'o rk in th e period 1969 70 sho\\' a la rge fi 'ontal lake at 

th e front of Russell Glacier. This la ke became progres

si\T ly sm a ll er fi 'om 1989 to 1992 . During the sa m e peri od . 

the position to \I'hi c h Russe ll Glacier ach-anees during th e 
\I·int er shifted f~ln h c r \lTst as documented by cros io nal 
katurcs of tcmpo ra ry fi 'o nt a l lllcltl,'atcr streams. In f ~lct 

the loca tion o r th c [i 'O llt or Russe ll C lac ier has reac hed its 

m os t \I·es terh· position sin ce th e \I 'int er or 1992 /93. 

R egio na l info rmatio n on ice-ma rg ina l c ha nges during 
the period 1985 92 is m o re sca llcrcd (only obsen 'arion:, or 
Ru sse ll G lac ier and Orke nd a lcn a rc a\'ai la b le ), a nd 
acco rdingl y \IT cannot extend the measu red thi c ke ning 

at LClT re tt Glacier to a large r a rea. 

CONCLUSIONS 

Thl' c1ata o n th e a ltitud e c ha nges o r Le\T I'Ct t Glacier 
presented h ere arc th e first in \\' es t Greenland that span a 

tim e period o f nea rly 50 years . 

During the period 19+3 68 the rate of a ltitud e change 
InlS 0.6 m \I. e . a I. The thi c kcning rate in the peri od 1968 
85 \I'as + 1.2m\l·.e.a I . Thickenin g continued during th e 
period 1985 92 with a ratc or + 0 .+ m \I'.C'. a I. 

Air-t em perat ure d ata rrom a meteorological stati on 

approxim a tely 20 km west or LC\TITtl Glacier (l-':'anger

luss uaq I is used to exp la in the ro le or loca l ablation 
cond itions in the obsen'ed c ha nges. The a\T rage summ er 
temperaturc .\J a~ Septcm ber was relati\'eh' hi g h during 
th e period 1943 68 a nd aga in during 1986 92. Th e 

intcnTning peri od. 1969 85 . \I 'as relari\ 'C ly co ld (Fig . 7; 

T a b le 5 ). If' there ex ists a co rrelation betwee n a ir 

temperature a nd a blatio n . th e obse lyed c hanges in 
c!c\ 'a ti on are co nsisten t wi th th e trends in ai I' tcm pcra tu rc 
cxcept for th e most recent period 1985 92 ). The rece nt 

T I'CI 

6 

5 

4 

3 

2 ~----~--~--~--·~--------~----~ 
1942 1952 1962 1972 1982 1992 

t ime raj 

Fig. 7. .l l'erage . \ fr~)' Sl'jJll'IlIber 11'1II/Hlll/llre ill }'-allger-
1//.I,I//(ill ill Ihl' /Jfriod 1!N-2 D2. 

thickl'ning requ ires increased in[]o\l' ori cl' ['mm upst rea m to 

compensate [o r norm a l o r hi g her a blatio n ratl's . 

During th c period 19+3 8j . the measured cha ngcs in 
a ltitude a nd position or th e ice margin <1 1 LnTITtt G lacier 
halT th eir cqui\ 'a lcnt a lo ng an approx im atc l)' +0 km 
stret ch of'the ice-shcel marg in in ccntra l \\ 'e;,t Grccnland. 

This suggests th a t the o bse lyed trends rcOcct iCt'-:, Ill'e t 

beha\'iour o n a regional scale . R eg io nal in[cmmttion Oil 

ice-ma rg in a l c hanges during the period 1985 92 is more 
sca rr e r ed , and acco rdin g '" \IT ca nn ot ex tc nd th e 
mcas urecl thi c kcnin g a t I.C'I'C ITtt Glacier fC)I' thi s period 
to a la rger area. 
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Table 5. Climale slalislio ji-om ft -allger/ll.).\uaq .fill' /Jeliud.1 idelllim/ /0 l/ie aeria/-/)/lOlograjJh illlerl'{{/s 

.l / eall {{III/ual . J IIl1l1al /Jreci/J- T ( lUll!' 7 ( .I/r{l' T ( .lIII1!' J ( .Ila )' 

ilalioll * . f llguJI ) SI'/Jll'lIIber ) . f IIgII:> I ;" 
• 'I' 

all' lelll/Jeralllrl' Se/Jli'IIlba ) 

C III III c: C C c: 

19·~2 92 5.2 ± 0 .2 155 ± 7 
19+3 68 +.8 ± 0.2 169 ± 12 + 9. :) ± 0.2 + 6.8 ± 0.2 0.15 ± 0.2+ 0.12 ± 0.20 
1969 85 5 .6 ± 0.5 159 ± 15 + 8 .2 ± 0.3 + 5.6 ± 0.3 1.22 ± 0.26 1.31 ± 0.3 1 

1986 92 5.3 ± 0 .5 1+8 ± 13 + 9 .2 ± 0.3 + 6.3 ± 0.+ 0.28 ± 0.28 0 .56 ± 0 .35 

* For periods rrom Septelll bel' to August. 
';' Temperature as d e\'ia ti o n fi 'o m re fere nce peri od 195 1 70 . 
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