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ABSTRACT. Landsat multispee tral sca nner and th em atic ma ppe r im ages were 
co-reg istered for th e K a ngerdlugssuaq Fjo rd region in E as t Greenland a nd were used 
to ma p glacier dra inage-basin areas, ch a nges in th e positions of tid e-water glacier 
termini and to es tim a te surface \'e lociti es of the larger tide-water glaciers. Statistics 
\I'e re compiled to d ocument dista nce a nd area cha nges to glacier te rmini. The 
methodologies cb'eloped in this stud y arc broadl y a pplicable to th e inves ti ga ti on of 
tid e-wa ter glac iers in o th er areas. The number of images avail a ble for consecutive 
years and th e acc uracy with which im ages are co-registered a re key fa ctors tha t 
inDu ence the degree to ""'hi ch region a l g lacier dyna mi cs can be charac te rized using 
rem ote ly sensed data. 

Three dom ains of g lac ier state were interpreted : n e t increase in te rm inus area in 
th e so uthern part of th e stud v a rea, ne t loss of terminus area for glaciers in upper 
K a nge rdl ugss uaq Fjord and a sligh t loss of glacier te rminus a rea no rthward from 
R ybe rg Fjord. Local inc reases in th e conce ntrations of drifting icebe rgs in the GOI'ds 
co incide with the observcd ex tension of g lacier termini positions. I ce-surface velocity 
es timates \\'ere deriyed fo r seve ral g laciers using a uto mated image cross-correl a ti on 
techniqucs. The \'Clocit y determined for K angerdlugss u aq Gletscher is a pprox ima tely 
5.0 km a I and th a t fo r K ong Christia n TV Gletscher is 0.9 km a- I. Th e continuous 
presence of icebergs a nd brash ice in front o f" th ese g lac ie rs indica tes su sta ined ra tes of 
ice-fron t calving. 

INTRODUCTION 

Estimates of the current mass ba lance of th e Green la nd 
ice shee t \'a ry in sign a nd magnitud e, as do th e potential 
contributions to th e rise in sea le\Tl as a consequ ence of 
clim atic warm ing ( \\' arrick and O e rl emans, 1990 ) . 
Significant glaciodynamic unce rta inti es a rc associated 
\I·ith th e es tima ted mass exchange between the Green la nd 
ice sheet and the ocean. Substantial wo rk on this subject 
has been conducted in \ Ves t Greenl and , including energy­
ba lance modcling (Bra ithwaite and Oleson, 1990 ), for­
mu la ti on of abla tion models (Bra ithwa ite, 1980) and a 
mass-ba lance stud y of a major outl et glacier (Bindschadler, 
1984) . A key parameter tha t is poorl y constrain ed is the 
ablation along the margin of the ice sh ee t, specifi ca ll y the 
ca king rate and flux of iceberg di sch a rge from outle t 
glac iers in north ern a nd eas tern Green la nd (R eeh, 1985 , 
1989 ) . A sys tema ti c approac h to quantifying basic 
glac io logic parameters, such as glacie r velocities, move­
ment of glacier termini and caking Duxes, wou ld g rea tl y 
enha nce efla n s to model acc urately the mass balance of th e 
ice shee t and its response to climatic ch a nge. 

:\" umero us glaciological studies h ave used sa tellite 
remote sensing to map snow- and ice-facies distribution s 
( H a ll and others, 1987, 1988; Orh e i m and Lucch i tta, 
1987; \\'i1li ams and o th ers, 199 1), to d etect and measure 
cha nges in th e pos itio ns of glacier termini (Dowd eswell , 
1986; Willi ams, 1987; W eidick, 1995 ) and spa ti a lly 
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quantify ice velocity and shear-stress fi e ld s (Dowdeswell 
and Collin , 1990; Scambos a nd others, 1992; Fahn es tock 
and others, 1993; Goldste in and others, 1993; R aney, 
1993 ) . This investiga tion used Landsa t data to describe 
a nd quanlify cha rac teri sti cs of glacier d yn a mics for an 
a rea in which field studi es a re logisti ca ll y constrained . 

OBJECTIVES 

The purpose of this inves tiga ti on was to d evelop a set of 
methodol ogies with which to map and describe the spatia l 
and tempora l variations of tid e-water g laciers using 
remotel y sensed sa tell ite data. The methodologies deve l­
oped for thi s stud y were to be a pplicab le to other types o f 
satellite images for the d evelopment of consistent base 
lines of g lacio logical inform a tion for large areas. The 
specifi c fea tures that were mapped incl ud e: (I) glacier 
drainage-bas in areas; (2 ) tide-water g lacier-terminus 
positions; a nd (3) th e d eri va tion ice-surface velocity 
es timates. A seri es of clo ud -free Landsa t multi spectral 
scanner (MSS) and thematic mapper (TM ) images of the 
K angerdlugss uaq fj ord region in East Greenland was 
acquired. The criteria for selec ting th e images used in thi s 
stud y includ ed preference fo r acquisition d a tes la te in the 
ablat ion season, low a m ou nts of cloud cover and th e 
identifi ca tion of a t leas t onc high-quali ty image to anal yze 
for each yea r that data were ava ilable for the stud y area . 
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M ass-ba lance d a ta d o n o t ex ist fo r th e g lac iers in thi s 
stud y a rea. Simil a rl y, th ere a rc no direc t measuremcnts of 
th e ice d epths, subg lac ia l LOpogra ph y, ice Ou xes, ca lv ing 
speed s, calving Ou xes, ba th ), metry o f the fj ord s nea r th e 
ice fro nts or hydra uli c cha rac teristics a nd sedim ent suppl y 
fo r a n y of th ese g lac ie rs. 

STUDY AREA 

Th e stud y a rea was th e K a nge rdlugss ua q Fjord region 111 

Eas t Greenl a nd and th e ex tent was d efin ed by La ndsa t 
im ages acquired a t pa th 229, row 12 of the La ndsa t 
\V o rld R eference Sys tem-2 (U nited S ta tes Geo logica l 
S ur vey, 1984 ) . Th e n o min a l- sce n e ce nte r is a t 
68 0 15' 36" :\ . 310 03' 36" \ , . and cove rs a n area a pprox­

im a te ly 185 km by 185 km (Figs I a nd 2). Th e a rea is 
di v id ed inLO northe rn a nd so uth ern d o m ains by K a nge rd­
lugss ua q Fjord , w hi ch is a bout 75 km lo ng and pro ba bl y 
continues as an ice-fill ed bedrock tro ug h for a consid e r­
a ble di sta nce unde r the inl a nd ice (Brooks, 19 79 ) . 
K a nge rdl ugss uaq G le tscher is one o f th e la rgest ca l vi ng 
g lacie rs in East G rcenl a nd , with a n es tima ted a nnu a l 
d isch a rge of a bout 15 km3 wa ter equiva lcnt (R ceh , 1985; 
And rews a nd o th e rs, 1994). The a rea so u th of K a nge rd ­
lugss uaq Fjord is co mpletely glac ie ri zed to th e coas t. \\ 'it h 
mos t o f th e ice-free areas res tri cted to stee p slopes . Th e 
sid e wa lls of K a ngerdlugss uaq Fjo rd a nd its tributari es 
a re a lso ice -free . Th e coas ta l reg io n nor theas t o f 
K a nge rdlu gss ua q (Bl osse\'ill e K ys t ) is co m posed o f 
T e rti a ry basa lts th a t ex tend no rth ward to Seo res b )' 
Sund. lee-free a reas in c rease sig nifi cantl y inl a nd fro m 
th e coas t in thi s pa rt o f th e st udy a rea. Th e outer coas t is 
hi g h ly g lac ieri zed because of hi g h snO\\'fa ll a nd loll' 
melting as a res u lt o f preva lent fogs during th e m e lt 

32' 16' 03' W 
69' 18' 29" N 

67' 59' OS" N "-____ ---1..""" _______ _ 
33' 59' 03' W 

Dw)'er: /\1 a/J/ling lide-walfl' glacier (0'lIal7lics Llsillg Lall(/Jal dala 

season (Brooks, 1979) . Th e region has w id e ly d istributed 
glacie rs, r a ng ing from th e la rge inl and ice shee t. sma ll icc 
ca ps, la rge va ll ey and o utl e t g lac iers, a n d c irque glac ie rs 
on th e coas ta l mounta ins . 

IMAGE REGISTRATION 

The im ages we re co-reg iste red and di g ita ll y enha nced fo r 
photo-inte rpreta ti on . Th e 2 Septem ber 1988 T ;\[ image 
(sce ne-id YE2290 1288246 ) was Ll sed as a ref'c rence to 
\I" hi ch a ll other im ages we re co-reg istered . Approx im atel y 
15- 25 gro und-contro l POilllS \I'ere selected from this a nd 
each o th e r image in a pa ir-wise fas hi on . An ind epend ent 
se t of points was selec ted a nd used lO assess th e accu racy 
of the regist ra ti on. Th ~ roo t-mea n-sq ua re e rro r r.m. s.e. 
of \"Crifi cat io n points is a be tt e r es tim a lor of th e 
registra tion acc uracy th a n th e r.m .s .e . o f th e conlro l 
poin ts used for de\'e loping th e reClifi ca ti o n model. The 
max imum ve rifi ca ti on erro rs from a ll sce ne registratio ns 
were 38 m in th c X a nd 49 m in th e Y direc ti ons. Th ese 
va lues we re th en used to d el'elop erro r est ima tes in 
subsequ e nt a na lyses. So ft- cop y dig iti z ing was performed 
LO ca pture im age interpre ta ti o ns d ircc tl y fro m th e images 
as ma p o \ 'C rl ays into a geog ra phic info rm a ti on Sl"s tem 
(Dwye r, 1993 ). 

DELINEATION OF DRAINAGE BASINS AND ICE 
FRONTS 

The 2 Sep temher 1988 Ti\ 1 im age was used to delin ea te 
th e g lac ie r d ra inage-bas i n a reas (Fig. 2) , th e bou nda ri es 
ofwhie h wc re dcfined on the bas is of to pograp hi c di\"ides, 
d il'e rgc nt fl ow lin cs of th e g lac icrs a nd refe rence to 

28' 13' 21' W 

30'00' 48' W 

Fig. 1. M ajJ oJ gLarier draillage-basill areas delillea led ji-Olll Ihe 2 SejJlember 1988 Lalldsal TIl l ill/age . ,\ 'umerica/ 
(/11l1 olalioll of dUlinage b(/jills corresjJonds 10 .. illde"\ ," vaLlles shown in Figures 4 and 5 alld lisLed in A/!/Jendl.\ .If" 
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Fig. 2. First princijJal-com/Jonent image compuled from bands 1-4 of the 2 SejJ tember 1988 Landsat T lvI data (scene-id 
YE22901288246, JIIRS-2 /)(ltiz 229, row 12) . 

topographi c ma ps. Th e g lac ier-terminus width , defined 
by th e di sta nce tra nsve rse LO th e Oow direc ti on a nd 
bound ed by the la tera l bedrock/glacier contac ts a t the 
terminus, was measured from thi s im age as well. Because 
th e g lac ier-bas in areas a re deri ved from a single im age, 
th e a rea summa ri es fo r glacier basins th a t ex tend outsid e 
th e scene a re und ersta ted (see Appendix A). 

The shoreli ne and g lacier fronts d ig i ti zed from the 2 
September 1988 TM im age we re used as th e compila tion 
base fo r ma pping cha nges in th e g lac ie r- te rminu s 
pos iti ons. starring \\'ith th e 1978 ~1SS im age. Th e 
coas tlines in each im age \\·ere compa red with th ose 
dig i ti zed from the 1988 TM image to evalu a te the loca l 
q ua lity of image registra ti on. If the coas tlines were 
congru ent and the di stance change in te rminus positions 
exceed ed the registra tio n-ve rifi ca tion errors, th en th e 
cha nges were consid ered valid. The process of compiling 
the ma p of changes to glacier-terminus pos itions involved 
o\'e rl aying the line-work fil e compiled from the im age 
acquired a t time T" on to th e im age acquired a t time 
TIl+[ . New ice-[i'ont posi tions were dig i ti zed onl y where 
cha nges in glac ier-terminus positi ons were of dista nces 
g rea ter tha n th e registration error , th ereby suppressing 
th e d e tection of " fa lse" cha nges. This a pproach a lso 
avoided th e introducti on of misregistra tio n " sli \'ers" tha t 
wo uld contribute erro rs to the summ a tion of a real 
cha nges in the glac ier terminus. 

QUANTIFICATION OF CHANGES TO GLACIER­
TERMINUS POSITIONS 

The te rminus pos itions d elinea ted from consecuti\'e d a tes 
of im age ry were used to construct polygo ns tha t defined 
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changes in the a rea of g lacier-terminus ex tent. The 
polygo ns wer e overl ain on to one of the two dates of 
image ry lo r w hich changes were being m easured to 
determin e th e sign of the cha nge . Polygon a reas were 
computed as positi\'e (adva nce) or negati ve (retreat) in 
accord a nce with the direc tio n of terminus movement. 
The cha nges we re often irregul a r across the ice front and 
num ero us pol ygo ns res ulted fro m compos iting th e 
terminus positions from two d a tes . A second procedure 
was used to sum the ne t a rea change to th e glacier 
terminus fOl' each glacier dra in age basin: 

[ 
k 1 Aij = LPijk 

1 k= l ton 

(1) 

where Ai) is the net area cha nge (km2
) for glacier 'i during 

time interva l j a nd Pij k is the a rea of polygon k (k = 1 to 
n ) for g lacie r i during th e tim e interval j. 

The ne t a rea changes to each tid e-wa ter glacier 
terminus were plotted as a fun cti on of tim e (Fig. 3). 
The signs o[ th e net area cha nges acc ura tely represent th e 
directi on o f cha nge in [he terminus position rela ti ve to the 
previous observati on da te, but the magnitud es of th e 
changes must be consid ered sta ti c approxima tions. These 
plots we re used to note episodes and m agni tud es of 
changes LO the position of th e ice tronts. Inte rvals with 
littl e or no cha nge do no t necessa ril y imply steady-sta te 
conditi ons, because only ch a nges th a t exceeded th e 
registra ti o n error were d e linea ted . Simi la rl y, close 
inspec ti on of the channel m o rphology near th e terminus 
positi ons can id entifv po tenti a l to pogra phic pinning 
points tha t would reduce th e cah 'ing Oux a nd stabilize 
the pos itio n o[ th e ice [ron t (W arren, 199 1, 1992; Warren 
and Gl asser , 1992). 
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horizontal lines rejJresenL all e!1l1elojJe oJ Ih e esLimated error defined b), tile product oJ glacier-termillus width and maximum 
verification r. m.s.e. 

Ano th er pa ra m e te r used to qu a ntif, ' th e magnitud e o f" 

cha nge to th e g lac ie r te rmini was th e no rm a li zed lin ea r­
di sta nce cha nge: 

(2) 

wh ere Alij is th e di s ta n ce of mO\'em e nt (m ) and Ti is th e 

te rminus width of g lacicr i. Approx im a te ly 50 of th e 75 
g la cie rs in th e stud y a rea had tid e-vva te r ice fronts th a t 

co uld he ma pped in a ll d a tes ofim agc ry. The ice fi-o l1ls o f 

tid e-wa ter glacie rs no rth of N a nse n I~o rd lVe re n o t 

co ve red in th e 1978 a nd 1980 im ages du e to offse ts in 
th e sa te llite o rbit a l trac ks. :\e t a rea cha nges a nd 

no rm a li zed linea r-di sta nce cha nges to each of th e tid e­

wa te r ice frOIllS a re summ a ri zed in Append ices B a nd C. 
Th ere were no t eno ugh La ndsa t images to a na lyzc 

sta ti s ti ca ll y th e te rminus d yna mi cs using tim e-se ri es 

techniques, ye t ad van ces and re treats we re g ra phi ca ll y 
a na lyzed to provid e a regional persp ec ti ve of th e g lac ie r 
sta tes . G laciers we re ind exed acco rd i ng to th ci r rei a ti \"C 
loca ti o n fi-om so uth ( I ) to no rth (75 ) . The net numbe r o f 
adva n ces or re trea ts o f th e terminus during th e obse n 'a t­

ion pe ri od was summ a ri zed for ea ch g lac ie r ( Fi g . 4 ) . Th e 
cumula tive net a rea change, rela tive to th e 1978 terminus 
pos iti o n fo r eac h g lac ier , is summ a ri zed in Fig ure 5 . This 
plo t shows som e m a rk ed differences from th e plo t in 

Fi g ure 4 , a ltho ug h simila r regio n a l ch a ra cteri sti cs a re 

evid ent. K a nge rd lugss u aq Gletsc he r , fo r exa mpl e, showed 

m o re ad va nces th a ll r e treats, ye t it sh o ws a signifi ca nt n e l 
loss o f te rm in us a rea during th e ob se lya ti o n peri od. Th e 

regio n a l trends (d o tted lines) in bo th fi g ures show simil a r 

tende ncies . Most o f th e ze ro-n1 lue d a ta po ints in Fig ures 

4 a nd 5 co rres po nd to th e la nd-te rmin a tin g glac ie rs fo r 

whi c h ice-front pos lli ons we rc not d e lin ca tcd a nd 

a na lyzed for cha nge . 

ESTIMA TION OF ICE. SURF ACE VELOCITIES 

,\ ULO m a led i mage-to-i m age co rrela ti o n teeh n iq li es HI­

crease th e cfTi c iency a nd prec ision by whi c h di g ital im ages 
ca n be co-registered (Guind on. 1985; I-T a nn a h, 1989; 
Ri gno t a nd o th ers. 199 J) . Th ese procedures ha \-c a lso 

bee n used to qu a ntify the di splacement o f sp a tial fea lUres 
in pre\ 'io usly co-registe red im ages fo r th e purposes o f 

ta rge t trac kin g and mo ti o n a na h 'si, (Eme ry a nd oth e rs. 

199 1) . T n recent \'ea rs, ho\\,e \·er. g lac io logists ha \"C 

ada pted th ese tec hniq ues to th e a na lys is o f ice-surface 

\-c loc i ti cs (Lucc hilta a nd F e rguson, 1986; Bindschadlcr 
a nd Scambos, 199 1; Scambos and oth e rs, 1992; Fahn c­

stock a nd o th ers, 1993; Lu cc hitta a nd o th ers, 1993; 
Lu cc hilta a nd oth ers, 1995 ). The a uto m a ted image­

co rrela ti o n a lgorithm usecl in this stud y is b ased on a fas t 
[ ouri e r tra nsfo rm \-e rsio n o f a cross-cov a ri a nce meth od 
(Bernste in , 1983) . The proccdure implem e nted [o r thi s 
stud y is summ a ri zed in Appendi x D. 

Th e a uto m ated co rre la ti on tec hniqu es were imple­

mCllled tw ice. The firs t case uscd th e 2 Se ptember 1988 
a nd 3 .J ul y 1989 im ages a nd th e sccond case used th e 16 
.J ul y 1988 a nd th e 2 Septe m bcr 1988 im ages . T weh-e o f" 
th e la rge r tid e-\\-a ter g lac ie rs in th e stud y a rt'a we re 

selec ted fo r a na lys is because cre\'asse stru c tures we re 

promin ent eno ugh to be reso h-cd on th e diffe rent d a tes o f 
Image ry . Th e surface \ 'e loc iti cs liTre cs tim a ted as : 

11; = (D; x 30)f( (3) 
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running median vaLues. 

where V; is th e velocity es tima ted for glacier i, Di is th e 
average d isplace ment (pixels) determin ed by cross­
correla tion, 30 is th e pi xel dimension (m ) a nd K is a 
scale fac tor used to ex tra pola te the movem ent from th e 
peri od be tween image observa ti ons to an average annu a l 
velocity. Simila rl y, the p o tenti a l error of the velocity 
es tima tes is calcula ted b y: 

where E is the estimated error (m a \ R is the mean 
r.m. s.e. (pixels) for the ve rifica tion of image registra tion 
and 30 is the pixel dimension (m). The surface-velocity 
es timates derived from each pa ir of image cross-correla ti ons 
a re summarized in T able I. The edited correlation results 
for Kangerdlugss uaq Gletscher a re shown in Fig ure 6. Th e 
vec tors associa ted with the points indicate the rela ti ve 
magnitud e and directi on of di splacement. Points tha t we re 
off th e glacier surface were eliminated, as we re points that 
had displacem ent vec tors that were not a li gned with the E = (R X 30)K (4) 
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Table I. Sum mm) of ice-swJace velocities and eslimated errors derived 1lSillg automated Image cross­
conelalioll techniques of Scambos and olhers ( 1992) and Eq1latio ll (3) in leYt 

Glacier 

Po la ri c So ulh 
Pola ri c 
Hutchinson 
K a ngc rdlugssuaq 
:-': o rd cQord 
SI yrteglclschcr 
Co urt a uld 
Frcd criksborg 
Sorgc nfri 
K o ng Christi a n IV 
R osenborg 
Kro nberg 

VeLocity 1988 89 

m a 

80 
235 
1+3 

64 
H 

200 
856 
274 
914 

46 
87 

.'\ (umber 

oJ }Joinls 

11 

+ 
8 

6 
4 
4 

8 
20 
99 

, 'eLocil)' J ul Sej) 
1988 

m a 

+71 
761 
285 

5038 
362 
839 
376 
52+ 
356 
914 
38 1 

111 7 

. \ 'umber 
of /)oin ls 

128 
11 I· 
106 
5-1 

5 
3 

41 
H 

237 
16 

Error es tim a tes calcula ted usin g Equ a ti o n (4 ) in tex t: 

2 September 1988 3 Jul y 1989 43 . lm 3 I, 

I6Jul ), 1988- 2 S e ptember 1988 22 1. 6 m a I . 

direc tion of ice motio n. Th e la tter co nditi o ns a ri se beca use 

th e a lgorithm sea rch es for g rey-tone corre la ti ons a nd 

th e refo re changes in ill u mina ti on o r su rfaee cOl'er res ult 

in fa lse ra dio metric ed ge di spl acements. 

DISCUSSION 

Kangerdlu gss ua q Gle tsc h e r a nd K o n g C hri stian I\ ' 

Gl e tsc h e r are th e la rges t g lac ie rs in th e s tud y a rea a nd 

m ay be potenti a l o utl e ts dra ining th e inland ice . ~lo re 

accura te d e linea ti on o f th e ir dra inage a reas a nd a hi g h e r 

tem po ra l freq ueney o f a n a lys is of ic e-s u rface ve loci ti cs 

a nd te rminus d yn a mics a re need ed to d e te rmin e ca h-ing 

rates . Th e d ata a na lyzed in thi s stud y d o no t a llo\\" 

I Kilometers I 
o 4 

Fig . 6. 16 J U[J' 1988 Landsat TM band 4 image wilh the 
edited set cif image-conelalioll j)oints and dis/)lacement 
vectors over/aill . • \ -ote the develo/Jllzellt oJ a major fatigue 
(rack orienled transverse to the j10w direction. 

distin c ti o n b e tll 'ee n fl oa tin g a nd gr ound ed tid e-\l a te r 

g lac ie rs . Th e lac k o f g eoph ys ical a nd field-based 

m eas urem e 11lS prec lud es dcfiniti w' sta tem e nts ex pl a ining 

th e mec h a ni sm s co ntrollin g c h a n ges in g lac ie r-te rminus 

positions. a lth o ug h troug h geo m e tr\, a nd cha rac te risti cs of 

th e subg lac ia l c n,·ironm ent Illu s t be im po rt a nt filctors. 

In ge n e ra l, th e glaciers in th e so uth ern p a rt o f th e 

stud y area sh o w ed a co nsis te nt p a tte rn o f" ge n e ra l a d, 'a nce 

o f th e ice-fro nt pos iti on a nd a n increase in te rminus a rea . 

w ith th e exce ptio n of Pola ri c Glc tsc her. Th e ice (i'ont s of 

g lac ie rs at th e head ofl~a ll gt:rcllu gss u a q Fjo rd e xhibited a 

ne t loss o f tCl"lllinus a rea r e la ti" e to 19 78 . Glac iers 

terlllina ting al o ng th e o ute r coas t a nd in th e Qord s 

n orth, \"{lrd fi 'om r-.[iki s ~J o rd showed sm a ll losses to 

te rlllinu s a reas . In seve ra l cases, a dj ace nt g lac ie r sys tcms 

exhibit c h a nges th a t a re o ut o f ph ase ,,·ith o n e a n o th er, 

sugges tin g th a t g la ciod yn a mi c m ec hani sm s uniqu e to 

noa tin g o r g ro und ed ice fro nts a nd to pog raphi c contro ls 

Ill ay be m aj o r influences o n th e te rminus d y n a mi cs . 

:\T o g ro und-based m eas ure m e nts arc anlila blc to 

corrobora te th e es tim a tes o f g lac ie r-surface , "C loc iti es 

d e ri" ed [i'o m image co rrelati o ns, a lth o ug h s tead y-state 

mass-ba la nc c ca lcul a tion s ( R ee h. 1985 ; Andrews and 

o th ers, 1994) s ugges t a , "C loeit )' in th e a blatio n zo ne o f" 

K a nge rdlu gss u a q Gle tsc he r o f ~5 .0 km a I a nd th e res ults 

from a utoco rre la ti on of c re\"C1sse displ ace m e l1ls (T a ble 1 \ 

support thi s es tilll a te. At Kange rdlu gss uaq Glctsc her. th e 

diffe rence in crevass in g a nd d e form a ti o n b e tween 2 
Septembe r 1988 a nd 3 Jul y 1989 images yield ed onl y a 

fe\\' co rre la ti o n points. w he re a s a ut oco rrela ti o n o f th e t\\"o 

1988 im ages y ield ed a la rge r se t o f co nsiste nt , ·eClo rs. In 

th e a bse nce o f" fi e ld-based n tlid a ti o ll of th e ice-surface 

velocit ), es tim a tes dcri" ecl u s ing th e imag e-co rrel a ti on 

procedures, confidence in th ese ' T loe- it y es tim a tes can 

o nl y be v .. e ig- h ed in term s o f th e number a nd dis tributi o ll 

o f" correla ti o n po ints a nd /o r th e rc peat a bilit y o f th e res ult s 

using additi o n a l im age ry . I r r e li a ble pa ra m e te rs can be 
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fo rmula ted for bala ncc-yclocity m od els (C larke, 1987 ) , 
thcn it would be p oss ible LO asscss th e stability of th c 
g lacier fronts in th e contex t of th c th co re ti ca l ba la nced 
sta te of the glacier sys tems, Furthermo rc, the deri\'a ti o n o f 
\'e loc ity es tim a tes a t se\'e ra l times during th e yea r wo uld 
providc insigh t to the seasonal \'a ria ti o ns of ice \'eloc i ti es 
with impli ca ti ons to th c basal hydrauli c sys tem (Echel­
m eyer a nd Ha rrison, 1990 ), 

Automated image-correlation procedures a lso cna ble 
examin a ti o n of th e spa ti a l \'ariabi lit y of es tim a ted 
surface velocity across a giYen g lac ic r. For exa mpl e, 
surface \'e loc iti es at th e m a r g in s o f g lac icrs a re 
m eas ura bl y lower tha n in the mid stream areas because 
of fri c ti on a long th e g lac icr-cha nnel sid e walls or a long 
th e bOllo m whcre th e icc is thinner. Th e lo\\' \'eloc iti es of 
tri buta ry g lacicrs a t th c confiuence wi th K a nge rdl ugs­
suaq Gl etsc her a re a ttributed to the b ack pressure a nd 
shearing clue to the hig her rate o f movement a nd 
g rea te r m ass of K a nge rdlugss uaq Gl c tsc her. Fred c riks­
bo rg G le tscher m oves fastcr a t th e mid stream a rcas up­
g lacier compared to ve lociti es estimaLed fa rthcr d ow n 
th e glac icr. This dec rease in ve locity was deri ved fro m 
a n a rm of the glacier d o wnstream fro m a bifurcation of 
th e g lac ier LOngue befo rc it reac hes the fjord, Th e 
midstream vcloci ty a t Sorgenfri Gle tsch er is lower Lh a n 
Lhose of Fred e riks bo rg a nd K o n g Christian IY 
Gle tschers bu L Lhis ph eno menon m ay be a funcLion 0 (' 

th c lower mass exchangc th a L occ u rs in a small er g lacier 
basin, 

Since the rates a nd pa tterns 0 (' fronLal cha nge a rc 
d e ter min ed by th e sum of ca lving speeds and Ice 
veloc ities, which in turn a re rrs ponsive to mass fiux , icc 
fronts stab ili zed by trough geo metry wi ll ex hibit sLeppcd 
responses to cl imatic fo rcing (W a rren , 1992; Warren a nd 
G lasse r, 1992 ), The d iSLin cti on beLwecn glaciod yna mi c 
a nd g lac ioclima ti c processes requires lo nge r-term , hig he r 
tempo ra l frequency, obsclTation pe ri ods tha n this stud y 
was a bl e to address, 

An und erstanding of the season a l vari a tion in icc 
\'eloci ty a nd the posi ti o n of the ice fron t would enable a n 
es tim a te of the ca king rate. Satellite- or a ircraft-altim e Lry 
data a nd ground-peneLra Ling rad a r , combined wiLh the 
highe r tem pora l fr cquency observaLions cited above , 
wo uld ena ble determin a tion of ice thi ckn esses , surface 
slope a nd surface roug hn ess (crevass ing ) of th e large r 
g lacier systems, This information is req uisite to Lh e 
developmenL of calving models and characterizing th e 
fi ow d yna mi cs a long th e length of the g lacicr. A qu es ti o n 
th a t rem ains is whether mechanisms and feed-backs of the 
"J acobshavn effect" (H ug hes, 1986) a re ac ti ve for th e 
la rge r outlet glaciers in E as t Greenland, 

Th e rela tionship be tween climatc, mass ba la n ce, 
g lac iod yna mic res ponse a nd front a l cha nges (\Va n 'en , 
199 1, 1992) cannot be addressed with th e limited a m o unt 
of inform a ti on available, :\!umerous fac tors infiucnce th e 
variab le res ponse tim es to cha nges in m ass inpu t to th e 
g lacier system (acc umul a ti on, feeder g laciers, di sLrib­
u tari es ), ca lving d yna mics and topographic con tro Is 
(Warren, 1992; Warren a nd Glasse r, 1992 ), Tt a ppears 
that seve ra l of the la rge ice fronts a re situated aL sta ble 
positio ns (channel narrowing, bend s, bifurca tions, bed­
rock shelves) where the ice \'elocit y is bala nced by Lh e 
ca lving raLe, 
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SUMMARY 

Land sat MSS a nd TM data ca n be used to map a nd 
quantify cha nges to g lac ia l fea tures of inte rest. Glacier 
dra in age-basin a reas were delineaLed a nd quantifi ed 
\\'ithin the geogra phic a rea co\'e red by availa ble images, 
The posi tions of tide-wa te r glacier tcrmini were mapped 
and th c changes in tcrmini surfacc a reas were qua ntifi ed, 
Thc var ia ti ons in th c positions of glac ier termini were 
plo tLed a nd a n envelope of po tenti a l erro r was es tima ted 
based o n the terminus width and maximum image-to­
im age rcgisLration error , Geographic a nd tempora l trends 
in th e c ha nges to tid e- water glacier-terminus a reas 
indica ted thrce ge nera l d o m ains of g lacie r sta tc: tide­
water g lac ier ice fronLs in the area so uLh of K a ngc rdlu gs­
suaq Fjo rd exhibited a ne L advance; th e termini of'glaciers 
at th e head of Ka nge rdlugssuaq l~j o rd exhibitcd sta tes of 
adva nec but an overall loss of t. r rminu s a rea rela tive LO 
1978; a nd most glaciers a long th c coas t a nd nor th of 
R yberg Fj o rd sho\\'cd li llle cha ngc o r sli g h t loss of 
terminus a rea rela ti ve to 1978, 

The results from a na lysis ofa\'ailable L a ndsa t im ages 
provide some illsights Lo the sta te of indiv idu a l glac iers, 
a lth o ug h a se ri es of images with greater tcmpora l 
freq ue ncy through the summ er, a nd for seve ral yea rs 
dura ti o n , is requircd for more ri go ro us charac teri za ti on 
of th e g laciodyna mi c be h a \'ior. Ind exing of glacier 
10caLions is a mea ns of a nalyz in g th e typcs a nd 
magnitud es of changc in g lac ier-tcrminus positi ons with 
respect to the geogra phi c di stributi on a nd size of glacier 
bas ins, Addi tiona l inform a tion , such as q uan Lifi ca tion of 
g lac ier dra i nage-cha n ncl morphome try a nd thc LOtal 
area o r g lacierized bas ins, would be useful for furth er 
cha rac Le rizin g dom a in s of g lac iod yn a mic be hav ior 
within the stud y a rea, Th e magnitud e of net a rca or 
disLance c ha nge LO the tid e-\,,'atc r g lacier-terminus 
posi Li o ns a rc sLa Li c es tima tions a nd the accuracy with 
whi ch c hanges to the ice fronts a re quantifi ed can be 
stated in te rms o f th e a mounL o f pote nti a l erro r 
a ttribuLab le to the image registrati on, 

The g lacier-surf'ace veloc iti cs thaL werc cs tim a ted 
using a ULomated im age-correla ti on techniques a re firsL­
ord cr a pproximations, Confidence in thcse es tima tes grows 
as th e n um ber of displace m e11l vectors wi Lh high correla tion 
streng th in crcases, The p otenti al crror of the estimated 
veloc iti es was determined using the \'erified r.m ,s,e, of 
registra Lion for the image pairs tha t were used, Ko field 
measurem ents are avail a bl e with which to corrobora te th e 
veloc iti e, derived in thi s stud y, ye t properl y conSLrained 
bala nce-velocity models m ay prO\'ide a basis for compa r­
ison, Glaciers with the high er surface velociti es correspond 
to the larger drainage-basin a reas where commensurately 
higher ratcs of mass exch a nge would be ex pected, Th e 
method o logies devc loped for thi s swd y a re a pplicable to 
glac iol ogical studics in other areas wh ere a suffi cient 
number of images arc availa ble and where the logisti cs 
for fi eld swdies are serio usly constrained, The increasing 
availab iliLY of sa telliLe remo tely se nsed d a ta, es pec ia lly 
synth e Li c a p erture ra d a r (SAR ) d a ta, will prov id e 
opportuniti es for monito rin g glac ier sys tems on a regular 
periodi c basis, SAR data ofTer particular adva ntages in that 
image acq uisitions are no t constra ined by cloud cO\'cr or 
sola r-i II u mination cond i Lio ns, 
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I 
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8 
9 
la 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
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Summmy oJ selected glacier drainage-basin characteristics. Glacier names are not oJIicial Gronlands Geologiske 
Undersegelse designations bUl rather are taken from local geographic features noted on the 1 : 250000 scale topographic 
maps jJroduced by lhe Geodetic i nstitule oJCopenlwgen. lee-fronl widths are not reportedJor glaciers that terminate on land 

Glacier name 

Unnam ed 
L.: nn a med 
Pola rie Sou th G Iclseher 
Pola ri e G le tscher 
K ap Ed vard Holm Glclsch er 
Sondre Boswell Glelscher 
Den Lave P ynt 
H utchinson Glctscher 
Adm ira ltinden Gletsehcr 
H ovedejen G lelscher 
Sond re Syen i 19lctseher 
Nordre Syenilgletscher 
K aelvgletseher 
K angerd lugss uaq Tinde 
Unnam ed 
" K 1 G letscher" 
" K2 G letscher" 
K a ngerd l ugssuaq G Ielscher 
f\ ord eGo rd G lelscher 
S tyn cgle tsch er 
Unn a m ed 
Courtau ld Glclscher 
Un named 
Unnamed 
" 0 lh ers ideglctscher" 
Sidcg le lsc her 
Frederi ksborg G letscher 
Sodalen G letscher 
K a p H a mmer Gletscher 
Unnamed 
U nnall1ed 
Brceeiadalcn Gletseher 
Unn a med 
K a p Ir ll1inger Gletseher 
U nnall1ed 
J. c. J aeo bse n G Ictsc her 
Seheld eru p G Ictscher 
Unnamed 

Area T erminus 

4 
56 

546 
>989 

52 
9 

122 
164 
100 

>448 
68 
48 

177 
75 
46 

> 50 
> 433 

»205 
1073 
4 17 

38 
328 

31 
37 
68 
69 

28 14 
104 

6 
4 

23 
68 
11 
9 

16 
24 
42 
85 

width 
km 

0.8 
1.4 
3.9 
9.2 
1.5 
0.2 
0.0 
6.1 
2.7 
1. 5 
0.0 
0.0 
1.2 
0.9 
0.0 
2.5 
2.2 
4.6 
1.6 

1.6 

0.6 
1.8 
0.9 
0.0 
0.8 
1.1 
2.1 
0.0 
0.5 
0.0 
0.0 
0.0 
0.0 
0.0 
0.3 
1.0 
0.0 
0.9 

Inde 

39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 

Glacier name 

Unnamed 
Unnamed 
Unnamed 
R yberg Mino r Glclseher 
R yberg :vrajo r Gl ctseher 
Sorgenfri Glclsehe r 
"Area A" 
Unna med 
Unnamed 
Unnamed 
Unn amed 
Unn amed 
Unn amed 

nn amed 
Unnamed 
U nn amed 
U nn all1ed 
Unn amed 
Unnamed 
Unnamed 
Unnamed 
K ong Christi a n I V G letseher 
" Area C oo 
" Area D" 
K a p :\fansen Mino r G letschcr 
K a p Nansen M ajo r G letsehcr 
K a p H artz Major G letscher 
K a p Gard e M ajor G lelscher 
K ap Gard e I G le lscher 
K ap Gard e 2 G le lseher 
Ki vioqs Min or G le lseher 
" Area B" 
Ki vioqs Majo r G lelseher 
K a p Norm a nn G le lseher 
R osen borg G le tseher 
K a p Hanz Minor G letseher 
Kronborg G le lscher 

A rea T erminus 
width 

2 km 

3 
4·8 
24 
16 

101 
1244 
367 

9 
4 
5 
4 
9 

46 
17 
9 

16 
2 

19 
2 

12 
10 

»3 106 
488 
154 
33 
88 
39 
35 
22 
8 

15 
250 

32 
23 

> 1317 
13 

> 622 

km 

0.0 
1.0 
0.7 
0.6 
0.3 
3.4 
0.0 
0.9 
0.7 
0.4 
0.0 
0.4 
1.1 
0.7 
0.0 
1. 2 
0.0 
1.1 
0.4 
0.7 
0.4 
7.9 
0.0 
0.0 
0.0 
1.1 
1.1 
1.0 
0.0 
0.8 
1.1 
2.4 
0.9 
0.8 
2. 3 
0.0 
0.0 
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Summmy cif Ihe observed planimelric area change (kn/) 10 lide-waler gLacier lermini ( in kll/ ) 

Inde.\ 

2 
3 
4 
5 
6 
7 
8 
9 

10 
13 
14 
18 
19 
20 
2 1 
22 
25 
26 
27 
35 
36 
38 
40 
41 
42 
43 
4+ 
45 
46 
47 
48 
49 
50 
5 1 
52 
54 
56 
57 
58 
59 
60 
61 
65 
66 
70 
7 1 
72 
7:1 

1978 80 

0.0000 
-0.0002 

0.1544 
0.7784 
0.2062 
0.0 10 1 
0.0314 
0. 1819 
0.1508 
0 .0000 
0.0377 
0. 1385 
0.9076 
0.0000 
03032 
0 .0000 
0.0619 
0.0294 
0.0087 

- 0 .0058 
0.0 107 
0.0000 
0.0000 
0.2475 
0.0000 
0 .0000 

- 0.00 16 
0.0427 

- 0.0+47 
0.0000 
0.0000 
0.0000 
0.0000 
0.0533 
0.0000 
0.0000 
0.0000 
0.0483 
0.0049 
0.0000 
0.0000 
0.279 ~ 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

/980- 85 

0.0000 
0.0034 
0.2810 
0.3997 

- 0.3590 
0.1l44 
0.5685 
0.3786 
0.1628 
0.2800 
0.0000 
0.0369 
L6640 
0.0000 
0.2579 
0.0384 
0.0000 
0.0373 
0.0975 
1.6249 
0.0322 

- 0.04+ 1 
0.0000 
0.0267 
0.0582 
00000 
0.0193 
n.1 :155 
0.2526 
0.0000 
0.0000 
0.0000 
0.0000 
0.0167 
0.0000 
0.0858 
0.0000 

- 0.0827 
0.0000 
0.0174 
0.0981 
0.6287 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

/985- 86 

0.0000 
0.0434 
0.2217 
0.3481 
0.36 12 
0.0291 
0. 1222 
0.6761 
0.0532 
0.0234 
0.0326 
0.1576 
0.2357 
0.311 1 
0.014 1 
0.0000 

- 0.3898 
0.9936 

- 0.0072 
0.0091 

- 0.0021 
0.0000 
0.0416 
0.0000 
0.0309 
0.0451 
0.016'~ 

0.0679 
0.03e~ 7 
0.0000 
0.0000 
00000 
0.0000 
0.0000 
0.073 1 
0.0556 
0.07I e l· 
0.0000 
0.0000 
0.0071 
0.0307 
0.8g etQ 

0.0290 
0.0000 
0.0288 
0.0690 
0.0345 
0.0000 
0.1527 

1986- 87 

0.0032 
0.0497 
0.1548 
0.0179 
0.1578 
0.0000 
0.2043 
0. 1274 
0.2102 
0.0000 
0.0000 
0.0138 

- 3.6972 
0.1324 
0.1764 
0.0072 
0.0 135 
0.0000 
0.0870 
0.9822 
0.0195 
0.0583 
0.0000 
00382 
0.0288 
0.0 ~ II 
0.0 ~83 
0.1287 
0.032 ~ 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0655 
0.0876 
0.0000 
0.0000 
0.0000 
O .. 'i607 
0.0262 
0.0000 
0.0910 
0.2939 
0.0000 
0.0000 
0.3637 

1987- 88 

0.0000 
0.0054 
0.3439 
0.4758 
0.1178 
0.0108 
0.0230 
0.0027 
0.0598 
0.3997 
0.0104 
0. 16 13 
0.38 18 
0.0000 
0.0387 
0.026 1 
0.0166 
0.0000 
0.1158 
0.5853 
0.0050 
0.0762 
0.0 182 
0.0546 
0.0645 
0.0000 
0.0030 
0.2291 
0.1427 
0.0000 
0 .0000 
0 .0000 
0.0000 
0.0322 
0.0938 
0 .0357 
0 .0063 
001 19 
0.0000 
0 .0246 
0.0307 
0. 1·820 
0.1 182 
0.2323 
0. 1210 
0.2877 
0.036 1 
0.0000 
0.3750 

1988 89 

0.0000 
0.0070 
1.6274 
0.6889 
0.0627 
0 .0000 
0 .0234 
0 .0767 
0.0000 
0.8727 
0.0000 
0 .02'f5 

- O.OO'fl 
0 .0863 
0.2772 
0.2206 
0.OH8 
0 .0000 
0.0000 
1.375·f 
0.0293 
0.0672 
0.0329 
0.0000 
0.0000 
0.0000 
0.0000 
0. 1578 
0.0000 
0.0659 
0. 1 f 12 
0.03 .1 7 
0.0520 
0.0000 
0.0000 
0.0000 

- 0.0126 
0.0000 
0.0000 
0.0000 
0.0000 
2.2995 
0 .0000 
0.0000 
0.0000 
0.0902 
0 .0000 
0 .0000 
0.2363 

/989 90 

0.004·3 
0.0182 
1. 788.1 
1.1577 
0.0754 
0.0000 
0. 1532 
0. 1489 
0.2809 
0.90 14 
0.0000 
0.0763 
5.0657 
0.0-141 
0.358 1 
0.2434 
0.0329 
0.0989 
0.018 1 
20024· 
0.0000 
0. 1283 
0.1222 
0.1500 
0.0000 
0.0000 
0.0000 
0.1712 
0.1 104 
0.0659 
0.0000 
0.0357 
0.0520 
0.0000 
O.08S9 
0.0000 
00000 
0.03 16 
0.0000 
0.0121 
0.0000 
2.1·225 
0.0000 
0.0000 
0.0000 
0.5038 
0.0031 
0.0000 
0.8 HO 

/990- 9 / 

0.0432 
0.0657 
0.2098 
1.1348 
0.012<f 
0.0000 
0.0505 
0. 1589 
0.0000 
0.90 14· 
0.0548 

- 00858 
1.9903 

- 0.0866 
0. 1605 
0.0181 
0.2593 

- 0.0452 
0.0000 
0.0253 
0.0293 
0.049-f 
0.0803 
0.1003 
0.0000 
0.0000 
0.0000 
0.08.'i9 
0.0000 
0.0659 

- 0. 141 2 
0.0357 
0.0000 
0.0000 
0.1045 
0.0000 
0.0523 
0.0325 
0.0000 
0.0121 
0.0000 
0.5053 
00000 
0.0000 
0.0000 
0. 111 0 
0.0037 
0.0000 
0 .. 5195 
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SllmmaJ)' of nonnalized linear distance change 10 tide-waler glacier lermini ( in m) 

fndex 

2 
3 
4 
5 
6 
7 
8 
9 
10 
13 
14 
18 
19 
20 
21 
22 
25 
26 
27 
35 
36 
38 
40 
41 
'[2 
43 
H 
45 
46 
47 
48 
49 
50 
51 
52 
54 
56 
57 
58 
59 
60 
64 
65 
66 
70 
71 
72 
73 

594 

1978- 80 

0.0 
- 0. 1 
39.3 

- 84.3 
136.4 
39.3 

0.0 
- 29.5 

54.9 
0.0 

29. I 
144.3 
196.3 

0.0 
- 187.9 

0.0 
34.3 
33.0 

7.9 
-2.6 
35. I 
0.0 
0.0 

244.0 
0.0 
0.0 

--4.7 
12.4 
0.0 
0.0 
0.0 
0.0 
0.0 

125.2 
0.0 
0.0 
0.0 

--42.3 
10.1 
0.0 
0.0 

- 35.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1980- 85 

0.0 
2.4 

7 1.5 
43.2 

- 237.5 
560.2 

0.0 
6 1.5 
59.3 

178.3 
0.0 

38.5 
1008.9 

0.0 
159.8 
57 .8 

0.0 
4 1.9 

- 88.0 
750 .6 
105 .8 
--4 1.8 

0.0 
- 26.3 
- 79.8 

0.0 
- 56.2 

39.4 
0.0 
0.0 
0.0 
0.0 
0.0 

- 39.3 
0.0 

112.6 
0.0 

72.4 
0.0 

24.9 
- 207 . I 

79. I 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

1985-B6 

0.0 
- 3 1.0 
- 56.4 
- 37.7 
238.9 
11 3. 1 

0.0 
109.9 
- 19 .4 

14.9 
25.2 

164.3 
- 50.9 

- 187.2 
8.7 
0.0 

- 2 15.9 
I 11 4.5 

- 6.5 
- 4.2 

7.0 
0.0 

46 . I 
0.0 

- 42.4 
- 68 .4 
- 47 .9 

19.7 
0.0 
0.0 
0 .0 
0.0 
0.0 
0 .0 

63.8 
73.0 
55 .5 

0.0 
0 .0 

10.2 
65 .0 

11 2.4 
- 24.9 

0.0 
26.3 
28 .3 
36.9 

0.0 
64. 1 

1986- 87 

- 3.7 
35 .5 
39 .4 

1. 9 
104.4 

0 .0 
0 .0 

20 .7 
76 .5 
0.0 
0 .0 

14.4 
799.8 

79.7 
- 109.3 

- 10.9 
- 7.5 

0.0 
- 78.5 
453.7 

64.2 
55.4 

0.0 
37.7 
39.4 
62.4 

140.9 
37.4 

0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

51.0 
76.7 
0.0 
0.0 
0.0 

70.5 
22.5 

0.0 
83.2 

120.8 
0 .0 
0.0 

152.7 

1987- 88 

0.0 
3.9 

87 .5 
51.5 
77.9 

- 42.2 
0.0 
0.4 

- 21.8 
- 254.6 

8.0 
- 168. 1 

82.5 
0.0 

24.0 
- 39.2 

9.2 
0.0 

- 104.4 
- 270.4 
- 16.7 
- 72.4 
- 20.1 
- 53.8 
- 88.5 

0.0 
- 8.9 

- 66.6 
0.0 
0.0 
0.0 
0.0 
0.0 

- 75.7 
- 81.9 
--46.9 

--4.9 
- 10.4 

0.0 
- 35 .1 
- 65.0 
- 60.6 

- 10 1. 5 
- 20 1.6 
- 11 0.6 
- 11 8.3 

- 38.6 
0.0 

- 157.4 

1988- 89 

0.0 
- 5.0 

4 14.4 
74.6 
4 1.5 

0.0 
0.0 

12.4 
0.0 

555 .8 
0.0 

25 .6 
- 0.9 
51.9 

17 J.7 
332.0 
- 24.8 

0.0 
0.0 

635.4 
96.2 
63.8 
36.4 
0.0 
0.0 
0.0 
0.0 

45.9 
0.0 

66.7 
183.8 

79. I 
0.0 
0.0 
0.0 
0.0 

- 9.8 
0.0 
0.0 
0.0 
0.0 

289.3 
0.0 
0.0 
0.0 

37.0 
0.0 
0.0 

99.2 

1989- 90 

--4.9 
- 13.0 

- 455.5 
- 125.3 
-49.9 

0.0 
0.0 

-24.2 
- 102.3 
- 574. 1 

0.0 
79.6 

1095.8 
- 26.5 

- 22 1.9 
- 366.3 

18.2 
- 11 0.9 

- 16.3 
- 925.0 

0.0 
- 121.8 
- 135.4 
- 147.9 

0.0 
0.0 
0.0 

-49.8 
0.0 

- 66.7 
0.0 

- 79.1 
0.0 
0.0 

- 75.0 
0.0 
0.0 

- 27.6 
0.0 

- 17.3 
0.0 

- 304.8 
0.0 
0.0 
0.0 

- 207.1 
- 3.3 

0.0 
- 353. 1 

1990- 91 

49 .4 
46.9 
53.4 

122.9 
8.2 
0 .0 
0.0 

25.8 
0 .0 

574. I 
42 .4 

- 89 .5 
430.5 
- 52 . I 

99 .5 
-27.3 

- 143.6 
- 50.7 

0.0 
- I J.7 
- 96.2 

46.9 
88 .9 
98 .9 

0.0 
0.0 
0.0 

25 .0 
0.0 

- 66.7 
- 183.8 

79. I 
0.0 
0.0 

9 1.3 
0.0 

40.7 
28.4 

0.0 
17.3 
0.0 

63 .5 
0.0 
0.0 
0.0 

45 .6 
4.0 
0.0 

218.0 
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APPENDIX D 

A number of sm a ll Im age chips (squ a re blocks o f 
con ti guous pixe ls) we re extrac ted [I-om a reference image 
and m a tching chips were sought in a la rge r area within a 
second (search) image. The reference and sea rch chips 
we re compared a t every center-pi xe l loca ti on in th e 
sea rch a rea for whi ch the reference chip fitted entirely. 
Th e brightness \·alues for pixels w ithin the chips we re 
compa red pixel by pixel and the simil arity between th e 
reference and search-area chips was quantifi ed by a 
measure of co rrelatio n intensity tha t was used to constru c t 
a map of correlation strength . A de ta il ed discussion or the 
a lgorithm has bee n presented by Scambos and oth e rs 
( 1992 ) . The search-chip size was spec ifi ed to be 128 by 
128 pi xe ls, the refere nce chi p was 64 by 64 pixels and the 

Dwyer: /vI apping tide-water glacier ~)'namics using Landsal data 

grid spacing [or pos itionin g th e chi p cente rs was spec ifi ed 
to be a t 15 pixel intervals in th e line and sam plc d irection. 
Th e g rid sp acing determines th e number of at temp ted 
matc hes so th a t, if the g rid spacillg is redu ced by a facto r 
0[ 2, th e number of a ttempted ma tches inc reases by 4. In 
genera l, la rge sea rch and reference chips te nd to produce 
large r stre ng ths of co rrela ti on for a g ive n region of th e 
image. Severa l statisti ca l m easures of the correla ti ons 
were computed for each g rid point th a t is cen tered within 
th e refe ren ce chip. The correlation res ults we re edited by 
gra phi call y di splaying one of th e im ages w ith th e grid 
poillls overl a in . Points fo r which an acce pta ble co rrela t­
ion streng th was ac hieved o r tha t had sm a ll es tima ted X 
and Y e rro rs were used for es tim ating th e surface veloc ity. 
La rge c revasses that ex h i b i t transla ti ona l movement yield 
the bes t d isp laceme nt vecto rs . 

. HS received 3 J anuary J995 and acee/lted in raised }'orm 19 JUlle 1995 
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