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Hinge-line Illigration of Peterll1ann G letscher, north 
Greenland, detected using satellite-radar interferoll1etry 
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ABSTRACT. The synthe tic-aperture rada r-inte rferometry tech nique is used to d e tect 
the mig ra ti o n o f the limit oCtida l fl exing, or hinge lin e, of th e Iloating ice tong ue o fPe tcr­
m a nn Gle tsch e r, a major o utlet g lacier of north Gree nl a nd. The hinge line is d e tec ted 
a utomMica ll y from differential inter[erogra m s using a model-lilling technique based on 
a n elastic-beam th eo ry. The stati stica l noise o f th e model fit is less th a n 3 mm , a nd the 
hinge line is m a pped with a precisio n of 30 m. ro ll owing a uto m a ti c registra ti o n o f multi­
date image d a ta to a prec isio n of 5 m , hinge-line mig rati on is subseque ntl y detec ted with a 
precision o f 4 0 m in the ho ri zonta l pl a ne ac ross th e glac ier width . The results sho w th at 
the hinge line ofPeterm a nn Gle tscher mig ra tes back a nd fo rth w ith tide by ± 70 m , in 
excell cnt ag reement II'ith th e mig ra tion calcul a ted frolll ocean tidcs prcdictcd by a tida l 
model combincd II'ith th e g lac ie r surface a nd b asa l slope meas ured by a n ice-sounding 
rad a r. Supc rimposed on the sho rt-term hinge-line mig ra ti o n due to tide, I'IT d e tec t a 
hinge-line re treat of 270 m in 3.87 yea rs which ""tri es ac ross th e g lacie r width by ± 120 m. 
Thc rctrea t s ugges ts glac ie r thinning at a ra te oC 78±35 c m ice a 1. Co incide nt a ll y, an 
analvsis o f ice-volume flu xes indicates th at th e hi nge-line ice flux oC Pe termann Gle tsc her 
exce~ds its bal a nce flu x by 0.88 ± I km :l ice a I, which in turn impli es g lacier thinning a t 
83 ± 95 c m ice a 1 in th e g lac ie r lo we r reach es. Bo th Ill e th o d s th e refore sugges t th a t 
Petermann Gletsc her is curre ntl y losing m ass to th e ocea n. 

INTRODUCTION 

The tra nsiti o n region between th e g rounded p a rt o f a n ice 
sheet a nd its fl oating part, ofte n rcferredto as the g ro unding 

line, is fund a m enta l to the stability or a n ice shee t (Weert­

m a n, 197+; H ug hes, 1977; Thomas a nd Bentl ey, 1978). Beca use 

th e g lac ier slo p es a rc typica ll y sm a ll a t th e g ro unding line, 
th e hori zo nta l p osition of th e g r o unding line is sen sitive to 

cha nges in ice thi ckness, sea level or elevati o n of the sea 

bed (Hug hes, 19 77; Thom as, 19 79). 
Locating a g lacier g rounding line in the field , o r using 

remote-se nsing techniques, re m a ins a cha lleng ing exercise 

(e.g. Va ug ha n, 1994). As a result, th e g rounding lines of 
Anta rcti c a nd Greenland glac ie rs a rc kn own o nl y with co n­

siderable u ncerta i nt y. 

Synthe ti c-a pe rture rad a r illle rferometry is a ne w techni­
que 10 1' meas uring glacier displacements II'om sp ace at th e 

millime te r lew' l over a period o f just a few d ays (G oldstein 

a nd oth ers, 1993). O\'C r floa ting tong ues and ice sh elves, th e 
meas ured g lac ier di splacem ent is a combinatio n oC creep 

fl oll' a ndtida llllo ti o n which ca n be se pa rated using differen­

ti a l (multipl e ) int erferogra m s (H a rtl a nd oth e rs, 199+). \\'ith 

difTc renti a l int e rferometry, th e limit of tida l fl ex ing of th e 
glac ier, o r hinge line, may be m easured at a n unprecedented 

IeITI of spa ti a l detail a nd acc uracy, simulta neously ac ross 

th e entire g lac ie r width, with a unifo rm sampling scheme, 

over large a reas ( Ri gnot, 199 6, 1998; Rig no t a nd others, 
1997). 

Satell i te-ra dar interfero m e try is used he re to re fi ne our 
earli er m a pping of th e hinge line of Peterm a nn Gletsc her 

(Rig not, 1996), a m aj or o utl e t g lacier of no rth Greenl a nd , 

a nd deteCl its hinge-line mi g ra tion o\'er a 4 yea r time 

p e ri od. Thc ra d a r d a ta lI'ere coll ec ted by th e European 

Space Agency (ESA)'s E a rth Re m o te Sensing Sa te llit es 

(ERS-I a nd ERS-2) instrument s. Th e m apping of the hinge 

line is repeated a t different epochs a nd at diflc rent tida l 
phases to sepa ra te the elTeCl of sho rt-te rm I'a ri a ti o n s in sea 

level (associated with ocea n tidc) fro m th at or longer-t e rm 

ch a nges in g lac ie r thi ckness whi c h wc seek to es tim a te. \Ve 

a na lyze the erro rs assoc ia ted with th e m apping o f th e hi nge 
line a nd th e de tec ti o n o f hinge-lin e mig rati on. The inCe rred 

ch a nge in g lac ie r thi c kn ess is subsequentl y compa red to a n 

a na lysis of ice-\'o lume flu xes to p rO\'ide compleme nt a ry 
info rm ation o n the current sta te oC the mass ba la nce o f 

Pe term ann Gle tsc he r. 

STUDY AREA 

Pe te rma nn Gle tsch er, located a t 8 1 ~ a nd 60 \ V o n th e 

no rthwestern flank oCthe Gn:enl a nd ice shcl'l, is na med afte r 
th e Germ an geog ra pher Dr A. Pe te rm a nn (Koch, 1928), Pr-­

term ann Fjord w as di scol'C red o n 27 Aug ust 1871 during 

H a ll 's U. S. Steam er Polaris ex pediti o n (Bessels, 1876) but it 

was not untilJune l876 that Coppinge r a nd Fullo rd rea li zed 
th a t the fj ord was fill ed II'ith a g lac ie r. In 1892. Pea ry di sco\,­

e redthatthe g lacier reac hed fa r into the "Inl andsis" (K och, 

1940). 

Peterm ann Gletsc her is one o f the longest glacie rs in th e 
N o rth ern Hemisphe re. Tt delT lops a n extensive fl oating to n­

g ue (70 km long ), with a terminus o nl y a few me te rs a bove 

sea Ic\ -c l. In 19 17, K och (1928) no ted th a t the outermos t pa rt 

o f the glac ier beyo nd a line draw n between Cap e A g n es 
(w here Porsild Gle tsc her mee ts with Peterma nn Gle tsc hc r ) 
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a nd Cape Coppinge r was afl oat, with a smooth surface free 
from cre,'asses (Fig. 1). The glacie r g rounding line is m ore or 
less in the same position today (Rignot, 1996). Histo rica l 
photographs a lso suggest th at lit t le change in the glacier 
ice-front position occurred in th e past 50 years (Higgins, 
1991). 

Although th e hi storical record is suggestive of glacier 
stability, Petermann Gletseher is far from being a sluggish 
glac ier (Weidick, 1995). It fl ows a t more than I km a I into 
the Arctic O cean (Higgins, 1991), fas ter than a ny other 
g lacier in north Greenland, a nd is the largest dischargcr of 
ice in north Greenla nd (Rignot a nd others, 1997). Like most 
other northern outlet glaciers, Pc termann Gle tscher loses 
mass to the occan mostly throug h basal melting of its fl oat­
ing tongue (Rignot, 1996). Yet, nowhere in the north and 
northeas t sec to rs of Greenl and a rc the inferred basal-melt 
rates higher than on Peterm ann G letscher (Rignot and 
others, 1997). How the glacier can m aintain its m ass ba lance 
while at the samc time fl owing rapidly to the ocean a nd sus­
taining mass iyc rcmoval of ice from basal melting r emains 
unclear. 

METHODS 

Interferograrn generation 

Th e deta il s of the method used to gcnerate radar interfero­
g rams of Petcrm ann Gletsche r have been described by 

Rignot (1996). In brief, we combinc two passages of the 
ERS satellite cohcrently to form a rada r interferogram , 
which is then corrcctcd for surface topography using a 
prio r-determined precision digita l el evation model (DEM) 
of no rth Greenland assembl ed by Ekholm (1996). DEM con­
trol points are uscd to refin e the ini tial estimates of the o rbit 
sepa ra tion between thc successive passages of the satellite 
(th e so-called interferometric base lines )obtained from th e 
ERS prccise orbit da ta di stributed by the German Archi ve 
a nd Processing Facility (DPAF). 

Two to pography-corrected inte rferograms spanning the 
same time interval arc then differenced to yield a difference 
intc rferogram which measures onl y the tidal displacement 
of th e glacier. We refer to thi s difference interferogram as a 
"tide interferogram" in the rest of the paper. The success of 
diITc rencing relies o n the assumption th at the glacier c reep 
now rcmains steady a nd continuous during the period of 
obser vation so tha t the displacement signal associated with 
creep remains the sam e in both topography-corrected inLer­
ferograms and thereby cancels out when computing their 
d ifTc rence. When this ass umption is inva lid, motion fringes 
a rc detected on grounded ice, as for instance in the case of 
the mini-surge of Ryder Gletscher Ooughin and others, 
1996). 

Thc li st of the ERS data used in thi s study is given in 
Tabl e I, a long with tides predicted a t the time of passage of 
the satellite. The 1992 interferog rams combined ERS-l d a ta 
acquired a long the same orbit every 3 days. The 1996 inter-

Fig. I. Radar amplitude image (140 x 104 km), in a polar stereographic projection (50 m sample sjJacing) of Petermann 
Gletscher. north Greenland, acquired by ERS-1 on 31 December 1995. The glacier flows to the north along the easternflank of 
11 'ashington L and. ISR1 denotes the ice-sounding radar data collected aLong the main icejlow ( Alien and others, 1997) (Fig. 5). 
ISR2 denotes the ISR data coLLected in the transverse direction, approximately at the equilibrium-line altitude ( ELA ) of the 
glacier. T he hinge-line profile inJerredJrom the ERS inteljerometric da ta is shown as a thin white line, west qf Porsild Gletscher. 
ERS wasJLyingJrom right to Lift in tlzeJigure, iLLuminatingJrom the bottom ( descending, right-looking pass). ( © ESA /995.) 
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Tclble 1. ERS data used in this study and tides jmdicled al the 
time of jJassage of the satellite using the FES95.2 Crenoble 
ocean- tidal model ( Le Provost and others, 1998) at 8J.Y' N, 
6:;0 E. 112 1995- 96, ERS -1 and ERS -2 images acquired 1 day 
apart were combined to form in terjerograms. El 22373 was 
combined with E2 2700, El 23876 with E 24203, El 23332 
with E2 3659 and El 23833 with E24160. In 1992, ERS -1 
images acquired 3 days apart were combined toform inteJjer­
ogmms. El 2947 was combined wilh E2 2904, E1 2947 with 
El 2990, El 3248 with El 3205 and E13248 with El 3291 

ERS orbilf rall1e Dale Tide 

El = ERS-1. E2 = ERS-2 mill day year cm 

El 2904-1 953 04-02-92 73.3 
El 29 .. 7-1 953 07-02-92 52.0 
El 2990 -1 953 10-02-92 4.2 
El 1205-1953 25-02-92 - 11.5 
EI32<f8-1953 28 -02-92 7.6 
El 1291 -1953 02-03-92 52.2 
El 22373-1 953 25-10-95 90.2 
E22700-1953 26-10-95 86.5 
El 23876-1953 07-02-96 63.8 
E2 .. 203-1953 08-02-96 49.9 
El 23332-1953 31-1 2-95 10.3 
£23659-1953 01 -01-96 7.5 
El 23833-1953 0 .. -02-96 71.+ 
E2 .. 160-1953 05-02-96 

ferog ra ms combined data acquired by ERS-l and ERS-2 
eve r y 35 days but w ith ERS-2 foll owing ERS-l by 1 day. 

Comparison of image products 

To compare tide interferograms acquired a t different ep och s 
and a long slightl y different orbits, the il1lerferograms a re 
proj ected on to a common Earth-fixed g rid, here a pola r 
ste reographic (PS ) grid, with a secant p la ne at 70 G N , and 
a 50 m sample spacing (Fig. I). The ac tu a l spati a l reso luti on 
of the ERS data is 20 m on the ground in the cross-track (o r 
ra nge ) direction a nd 4m in the a long track (or az imuth 
direct ion). 

The automatic projection a nd reg ri dd ing of the ERS 
data is not of suffic ient precision to g uarantee t hat the 
g ridded image data overlap perfec tl y o n top of each other 
due to unce rta inties in abso lute pos iti o ning of the sa te llite. 
10 esti mate the res idua l offsets be tween multi-date im ages, 
we calcu late the c ross-correlat ion peak of the radar sig n a l 
inte nsit y between a reference rada r scene and the other 
scenes. Cross-correlation of the signa l intensity is calculated 
over non-moving parts of the scene, here the moulllainous 
regio ns bordering Pe termann Fjord. T he retri e\"Cd image 
offsets a rc filled thro ugh a plane, which is then used to re­
sample the different scenes to the reference scene. The good­
ness of fit of the pla ne fitting, which m easu res the prec ision 
of registration of the data, is 5 m in the case of Peterm a nn 
Gl e tscher. 

The registered tide interferogra m s, centered at the hinge 
line of Peterm a nn G letscher, a rc shown in Figure 2. Th e 
hi nge I i ne is located at the inward I i m i t of the zone of tida l 
flex ing or fl exure zone of the glacie r. Th e fl ex ure zone is a 
regio n about 4- 6 km in length, characterized by a hig h 
frin ge rate in Fig ure 2, where the glac ie r ice adjusts rapidly 
to hydrostatic equilibrium as it reaches the ocean. 

Rignol: H inge-line migration oJ Pelennann Cletse/zer, north Greenland 

Systematic mapping of the hinge line 

In a prior study of Peterma nn G letscher, the g lacier hinge 
line was m apped by locating the minimum of one-dimen­
sional tidal profiles successively ac ross the entire glacie r 
width (Rig not, 1996). ' '''hi le this ea rli er procedure was suffi­
cient to locate the position o f the hinge line fo r mass-nux 
calcul a tions, it is not optim a l for change-de tection applica­
tions. H e re, wc improve upo n the map ping prec ision of th e 
hinge line by using a model-fitting technique. Instead of 
using a few points to locate the hinge line, the meth od uses 
enti re profil es and is thus more robust to noise. 

The g lac ier fl oating tong ue is represented as a thin clas­
tic beam of ice, of unlimited length, clamped solidly at one 
end on bedrock (at the hinge line), freely Ooating on sea 
water a lo ng its base and unconstra ined a long its sides. Let 
x denote the bea m hor izonta l ax is ori ellled p erpendicul a r 
to the g lacier hinge lin e. The solu tion of the differenti a l 
equati o n d escribing the vert ical di splacem ent of the beam 
in resp o nse to tide has been d iscussed by H o ldsll'orth (1969, 
1977). The beam ver tica l di splacemenL, w(x) , along the .1: 

ax is may be written as 

() 
Wlllax - Wlllill [1 -,I( I" - I"II )(;3( ) W x = - e .. cos .1' - x 

1 + err H 

+ sin ,6(x - XH))], X> XII (1) 

w(x) = Wlllin, X < X I] 

where W lIlax a nd 'Wmin represent, respec tive ly, the maximum 
and minimum vertica l di splacemelll of the beam along th e 
x ax is, (3 is a damping fa c tor desc ribing th e d ecay leng th of 
the beam di splacement a lo ng the .r ax is, a nd X H is the 
hinge-li ne position a long the .1; ax is. 

The c lastic-beam m odel desc ribed in Equation (I) is 
applied to tidal profiles ex trac ted ac ross the entire glacier 
width , in a direction p e rpe ndicul a r to the iso-contours o f 
\"Crtica l di splacement of the g lac ier tong ue represented by 
the inte rferometric frin ges d isplayed in Fi g ure 2. For each 
tidal profile, we estimate fo ur pa rameters of Equation (I) in 
the leas t-square sense: the damping facto r, (3 . the max imum 

and minimum height o rth e profil e, WII"" a nd Wmill ' and th e 
hinge-li ne position, X H. The parameter of importance is XH, 
since it d efin es the hinge-line position a lo ng each profil e. 
The d a mping factor, (3, is ex pected to va r y slightl y across 
the g lac ie r width due to c ha nges in ice thic kn ess. The mini­
mum di splacement, Wmir" in principle close to ze ro, is a free 
parame ter which accounts for the presence of phase no ise 
ove r g rounded ice (meani ng the interferometri c phase is 
not identi ca ll y zero over g rounded ice in the tidal interlcro­
grams ). A measure of the goodn ess of fit is prov ided by th e 
rms diffe rence between the modcl fit and the interferometri c 
data. 

An example of model fitti ng is shown in Figure 3a and b. 
Over the more than LOOO profil es analyzed in this stud y, the 
goodness o f fi t a\'erages 3 ± 1111111. At thi s Ic\TI of precision, 
onc can ha rd ly notice the diffe rence between model fit and 
real data ( Fig. 3b), which illustrates both th e low noise le\ 'cl 
of the d a ta and the relevance of the clasti c-beam model. 

Mode l fitting is less rclia blc a long the g lac ier side m a r­
gins. In that region, the g lac ier tida l di sp lace ment is th e 
res ult of complex inte ractions between th e hinge line of 
Peterma nn Gletscher, the g lacier side margins a nd the 
hinge line of Porsild G le tseher (Figs I and 2). A consequence 
of thi s inte rac tion is a "pinching" of the zone of tidal fl ex ure 
a long th e side margins that cannot be accounted for by o ur 
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Fig. 2. Tidal displacement and hinge-fine position qf Petermann Clelscher I7lfClsuTedj"rom ERS radar intelJerometlJ in ( a) 1992 
( £1 3205- E1 3248- £13291 in Tables 1 and 2); (b) 1992bis ( El 2904- £1 2947-EI 2990 in Tables 1 and 2); (c) 1996 
( E123332- E2 3659- £1 23833 E24160 in Tclbles 1 and 2) and (d) 1996bis ( £1 22373- E22700- £1 23876-E2 4203 ill 
Tables 1 and 2). EachJringe orJull (:.ycle cif grfJl-tone variation relmsents a 28 mm differential displacement qftheglacier tongue 
along the radar line qfsiglzt, eqllivalmtto ([31 mm vertical displacement qfthe glacier tongue induced ~JI changes in ocean tide. The 
location qfjJ1-qJile P1 in Figure 3 is indicated in the upjJer lift quadrallt (white thick line), intelJerogram 1992 and is parallel to the 
l SRI jmifile shown ill Figure /. 

simpl e o nc-dimensional clastic-beam model. As a res ult , the 
rms er ror of the model fit is higher along the side margins 
compared to the glacier eenter and the infe rred va lue of fJ 
deviates subs tantially for that retrieved a long the glacier 
cen ter. 

To es tim ate the mapping precision of the hinge-line posi­
ti on show n in Figure 2 a nd plotted in Figure 4·, we smooth 
the inferred positions using a square box averaging filter 
about onc ice thickness in width (or 600 m ) and compare 
the smoothed curve to the original onc. Th e result is a 30 m 
nns difference between the two curves. If wc assume that 
variations in hinge-line position occurring over a length 
scale ofl ess than onc ice thi ckness a rc due to noise, this result 
means that ± 30 m represents the statistical noise of our re­
lati" e determination of the hinge-line position a t one epoch. 

Usi ng the same box fil ter, wc es ti ma te the precision of 
detecting hinge-line migration. We ass ume tha t any devi­
ation in hinge-line migrat ion from its mean value calcul ated 
within a sq uare box about onc ice thickness in width is due 
to noise. Comparing various hinge-line positions, wc find a 
rms noi se 01'40 m. This value is consistent with the 30 m pre­
cision in hinge-line mapping for individua l interferograms, 
combined with the 5 m prec ision in registration of in de pen­
dent tida l profiles. 

H ence, the relative preci sion with which hinge-line mi-

+72 

g rat ion is de tec ted in the case of Petermann Gle tscher is 
40 m. In the absence of ground-control points of known lati­
tude and longitude, the absolute precision with which wc 
know the hinge-line position is in comparison probably no 
beller than 100 m . In elTect, th e ERS data are r egistered to 
a DE~!{ of north Greenland at a 500 m sample spacing 
(Ekholm,1996) with a precision no bellCI' than ± 0.1 sample 
spacing or ± 50 m . This is a limitation of the satellite-radar 
technique compared for instance to Global Positioning 
System (CPS) surveys which a rc capable of locating points 
on the ground to within 5- 10 m. It is, however, important to 
note that the uncertainty in abso lute loca tion of the radar 
data has no influence on the precision of detecting hinge­
line migration. As long as it is poss ible to cross-correlate 
common fixed-image features between multi-da te image 
data, the radar d a ta alone arc sufficient to detec t hinge-line 
migration 'with great precision. 

No ground m easurements of the hinge-line position are 
available on Petermann Gletscher to compare with our 
results. Laser-altimetry data and ice-sounding radar dala 
can locate the hinge line of Pe termann Gletscher within a 
few hundred meters to a kilometer at best. No GPS data 
ha\'e been collec ted on Pete rm a nn Gletscher. Ye t, GPS data 
co llec ted on Rutford Ice Stream, Antarctica, exhibit arms 
noise one order of mag nit ude large r (cm ) than that 
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Fig. 3. (a) Tidal fmifile PI ( Fig. 2) measllred intelferome/ri­
calb' hjl ERS (dots ) and modelJitfrom an elastic-beam theol)' 
(solid line) and (b) difference between the modelji/ alld the 
ERS data. The rms enor of the modeljit is J.7 mm.The irifer­
red dampingjac/or if the ice is (3 = 0.3 km '. The inferred 
hinge-line fJosi/ion is indicated by an arrow in panel (a). 

ac hieved with ERS rada r interferom etry (mm ) over the 
same a rea (Rignot, 1998), mean ing that the hinge-line posi­
tion may o nl y be m a pped with a precisio n of 100-200 m 
with GPS (Vaughan, (994) compa red to 40 m with satellite­
rada r interferomet ry. Simply stated, th e prec ision of hinge­
line m apping achi eved with radar interferometry is tota ll y 
unprecedented. 

RESULTS 

Hinge -line migration 

Four independent m a ppings of the hinge line of Peterm a nn 
G letscher are shown in Figure 4·. Two m a in features are 
identifi ed from the infer red profi les: (1) the hinge line 
m ig ra tes bac k a nd forth on a short-term (days to months) 

Rignot: Hinge-line migration if Pe/ermann Cle/scher, lIorlh Creenland 
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Fig. 4. H inge-Line fJosi/ion if Petermann Cle/sdler at jour 
different epoclzs( Tables 1 and 2) in/ami from modeljitling 
of tidal jJrojiles ( Fig. 2). (a) Hinge-line jJosiLion in 1992 
and J992bis (thin black lines), average jJosi/ion in 1992 
(thick black line), position in J996 and 1996bis ( thin gr~l' 
lines) and average jJositioll in J996 (lhick g"~JI line). ( b) 
Hinge-line retreat between the 1992 mean jJositiofl alld tlte 
1996 mean position. 

basis in both 1992 and 1996, which \\-e interpret as a change­
in ocean tid e; (2) the hinge line retreats seve ra l hundred 
meters be tween 1992 and 1996, which we interpre- t as a 
change in g lac ier thickness. 

The hinge-line migra ti o n across the g lac ier width (ca l­
cul ated excl uding a region a bo ut 250 m wide a lo ng the side 
margins where hinge-lin e m apping is less prec ise ) is 
78±213 m be tween the two 1992 in terfc-rograms a nd 
42± 162 m between the two 1996 interferog rams (where ± 
denote'S the \'a lue of the sta nda rd de\'iation of the differ­
ence ). The m ean \'alue of the m igrati on is th erefore abOlT 

the 40 m preeision level of de tec tion of hinge-line migrat ion 
di sc ussed ea rli er a nd so is its sta nda rd dev ia ti o n. This mea ns 
that the hinge-line migraLi o n is rea l a nd tha t it is a lso 
spati a ll y va rying across the g lac ier width. 

The real i L Y of the hinge-line migra ti o n detected bet ween 
the two 1992 interferog ra m s a nd the two 1996 interfero­
grams is di scussed in more de ta il in t he nex t sectio n where 
we show tha t the measured migrat ion is in good agreement 
with th a t predicted from ocean tides. The rea lit y of the 
spatial vari a ti on in hinge-lin e migration across the glac ier 
width indicates that the transition from g rounded to Ooa t­
ing ice is not a well-defin ed g rounding line, but rather a 
"grounding zone", which ex tends up to a coupl e o f hundred 
meters in som e a reas and o nl y a few tens of meters in others. 
Pres uma bl y, the width o f the g rounding zo ne \ 'ari es as a 
res ult of spa ti a l va riations in surface a nd basal slope. 

The hinge-line retreat m easured betwee n 1992 a ncll996 
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using four positions of the hinge line va ries from a lower 
va lue of212 ± 230 m for interferogram 1992 minus interfer­
ogram 1996bis (Figs 2 and 4) to a maximum value of 
333 ± 127 m for interferogram 1992bis minus interferogram 
1996. The retreat measured comparing the mean 1992 a nd 
1996 positions (thick curves in Figure 4) is 272 ± 120 m. 
The retreat is well above the noise level of detection (40 m ) 
and abO\-c the level of migration associa ted with tide. vVe 
attr ibute the 4 year hinge-line retreat to g lac ier thinning. 

Glacier thinning 

The glacier slope of Pete rm ann Gletscher at the hinge li ne 
may be calculated from the glacier-elevation profile co l­
lected by the ~ASA/Wa ll ops airborne laser altime ter 
(Krabill and ot hers, 1995) combined with ice-thickness d ata 
also co ll ec ted in 1995 by the Univers ity of K ansas' ice­
sounding radar (ISR) (A lI en and others, 1997). The surface 
slope a long the profile wh ich follows the g lacier center line is 
I % at the hinge line. The inferred basal slope is a lso 1% 
(Fig. 5). The KMS DEM confirms that the glacier surface 
slope is 1 % in that region. 

~ 
o ..... 

Petermann Gletscher 

Hinge Line 
200 1 

o 

~ -200 
:> 
a> ...... 

>£I 
-400 

o 20 40 60 80 
Distance along profile (km) 

Fig. 5. Thickness jJrifile if Petermann Gletsc!m; north Green­
land, obtainedJrom 1995 laser allimel1y da/aJor the swface 
( Kmbill and others, 1995) and ice-sounding mdar datafar 
the thickness (Alien and others, 1997). The precision zn sur­
face elevation is 10 cm. Ice /hickness is known with 10 m un ­
certainly. The hinge-line position infened from mdar­
inte7jerome"y data in late 1995 is indicated by an anow. 
The grounding line and the line if first hydrostatic equili­
brium if the ice are 1- 2 km below the hinge line ( Rignot and 
others, 1997). The glacier swjace and basal slopes, noted 
respectivery as and ab in /he lex! and shown by 10 km long 
solid lineJits in thefigure, and are bo/h equal to - 1 ±O.l %. 

The change in ice thickness, I5h, produced by a ground­
ing-line migration, I5xH (here ass umed to be equal to the 
hinge-line migration ), was derived by Thomas and Bentley 
(1978). vVe re-write their expression as 

(3) 

where Pw is the density of sea water, Pi is the column-aver­
aged density of ice, ah is the basal slope counted positive up­
wards and as is the surface slope a lso counted positive 
upwards. T hinning corresponds to I5h < 0 and retreat cor­
responds to I5x < O. 
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. 3 3 
Usmg Pw = 1030 kg m ,Pi = 917 kg m and as = ab = 

-0.01, we find that a hinge-line migration of I5xH of 
- 272 ± 120 m in 3.87 years (mean time difTerence between 
the 1992 data and the 1996 data according to Table I) corre­
sponds to a cha nge in glacie r thickness I5h of -78 ± 35 cm 
icea \ meaning ice thinning. 

Comparison with predicted tides 

Tida l predict ions at the time of passage of the ERS satellites 
were made using the Grenoble finite-element ocean-tide 
model FES.95.2, wh ich predicts through hydrodynamic 
modeling a nd altimeter-data assimilat ion the eight major 
tida l constituents on a complex finite-element grid ofvari­
able resolution, ranging from 200 km in the deep ocean to 

10 km along the coastlines. The solutions have been widely 
distributed on a 0.5 x 0.5 degree grid for conven ience (Le 
Provost a nd others, 1998). 

For verification of the model , we compared the fou r 
major consti tue11lS (rvI2, Kl, 01 and S2) predicted at Thank 
God H arbor (north of the Petermann Gletscher from ) to 
those measured by the U.S. Polaris expedition in 1871 
(Bessels, 1876). The root-mean-square error of the predicted 
constituents is 1.7 cm, which is consistent with the est im ated 
globa l precision of 2.8 cm derived by Le Provost and others 
(1998) for the FES.95.2 model. H ence, the ocean tides pre­
dicted by the tide model a re accurate to within a few centi­
meters. 

The predicted tides (or Petermann Gletscher (81.5° N, 
63° \\I ) at the time of passage of the ERS satellite are listed 
inTable I. Comparison of these data with the tida l di splace­
ments measured in the ERS tide il1lerferograms is shown in 
Table 2. The difference between predicted tide differences 
and those measured by ERS is 1.5 cm on average with a 
3.6 cm standard deviation . The agreement between model 
predicti ons a nd measured tides is remarkable giycn that 
the model so lu tion does not include the deta iled geometric 
character istics of Petermann Fjord and is made for an area 
80 km north of the hinge line, at the mouth of Petermann 
Fjord in H a ll Basin. The result confirms both the relevance 
of the tida l model and the precision of the interfe rometric 
measurements of tidal differences. 

Table 2. Tidal differences measllred by ERS compared with 
tidal differences predicted by the Gmwble FES.95.2 ocean­
tidal model ( Table 1). Intelje70gram 1996bis is the difference 
between pair El 22373- E2 2700 and pair El 23876-
E24203. Its predicted tidal difference is (90.2- 86.5) -
(63.8- 49.9) = - 10.2 cm. Inte7ferogram 1996 is the difference 
between pair El 23332- E2 3659 and pair i!.j 23833- E2 
4160. InterJerogram 1992 is the difference between pair El 
3248- E13205 and El 3291-E1 3248. In te7jerogram 
1992bis is the difference between pair El 2947- E1 2904 
andpair E12990- t:J 2947 Its tidal difference is calculated 
as (7.6 + 11.5) + (7.6- 52.2) = - 25.5 cm 

ERS-/ tide 
inttljerogram 

1996 
1996bis 
1992bis 
1992 

Tidal difference 
measured 

cm 

12.9 
- 10.3 
+ 30.9 

25.8 

Tidal differellce 
predicted 

CJll 

- 10.2 
14.9 

+ 26.5 
-25.5 
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Tide pred ictions are useful for interpre ting th e interfero­
metric m easurements. R a dar interrcrometry o nl y measures 
differences in tidal di spl acem em a nd hence does not pro\'ide 
a ny info rma ti on on absolute tide. As the tide changes, the 
glac ier hinge line is expected to migra te back a nd forth to 
maimain hydrostatic equilibrium, usua ll y retreating when 
the tide is high and advancing when the tide is low. If the 
tidal amplitude and the glacier slopes a re known, the bias 
in hinge-line position induced by tide ca n be estimated to 
deduce the mean sea-I e\ 'el hinge-line pos itio n. 

Us ing the calcul ated tidal differences in Table 2 and a 
I % glac ie r slope, \Ve predic t that the 1992 hinge-line posi­
ti on sho uld migrate 50 m between the two 1992 tide inted e r­
ograms \'s 78 m measu red (the sig n of the m igration is 
correc tl y pred icted ). Simila rl y, the hinge-line migratio n 
should migrate 5 m be tween the two 1996 tide interfero­
grams vs 42 m measured. Th e differenccs be tween cal­
culated a nd real migration a re within the noi se level of tlI e 
hinge-line migration d e tec tion (40 m ). \Ve conclude tha t 
short-term vari at ions in hinge-line pos itio n a re due to 
changes in ocean tide. 

Analysis of mass fluxes 

The hinge-line flux ofPeterma nn Gletscher is 12.0 ± 0.5 km 3 

ice a 1 (Rig not, 1996). 'Ve now compare thi s result to the 
bala nce flux calcula ted from the glacier acc umul ation and 
ablat io n above the hinge line. To ca lcula te surface ablation, 
we use R ech's (1991) degree-day model, fo llowing the imple­
menta ti o n of Huybrecht and others (1991). A degree-day 
factor o f 9.8 mm deg 1 d 1 is used since this is thc medi a n 
\'alue m easured in north Greenl and by pas t ex periment s 
(9.6 mm dcg 1 d Ion Storstr0mmen G le tscher in the north­
east mcas ured by B0ggild a nd oth ers (199+), 9.8 a nd 
5.9 mm deg 1 d 1 measured by Bra ithwaite a nd others 
(1998a, b ) a nd Konzelma nn a nd Bra ithwa ite (1995) a t two 
sites nca r the H a ns 'l a usen ice cap in north Grecnla nd ). 
The degree-day factor of 8 mm deg 1 d 1 commonly used 
by ice-shee t modell ers in the remainder of Green land , and 
which is based on studies co nducted a t lowe r la titudes a long 
the west coast, underpredic ts abla ti on in the north, as 
poin ted o ut by Braithwa ite (1995). We estim a te th e acc uracy 
of o ur abla ti on estimates to be 10 01c) ass uming that the de­
gree-day factor we use is correct a nd that the o nl y source of 
error in the calcul ation is associated with the 1 km spati a l 
resolution of the Greenl a nd DEM u ed to compute th e 
glac ie r a rea above the hinge li ne. 

10 calcul a te mass accumu la ti on, wc use Ohmura a nd 
Reeh (1991). Since their map was not a \'a ilabl e digit a ll y, it 
was rec reated on the computer (persona l communicati on 
from Fa hnestock a ndJoug hin , 1996) using the origina l ice­
core d a ta I isted in their p ap er, interpolated o n a regul a r g rid 
to ma tch best their ma nu a l imerpola ti on. The prec ision o[ 
the da ta is difficult to es ta bli sh, especia ll y in the north 
where d a ta sampling is coarse. 'Ve ass ume that acc umula­
tion is kn ow n with 10 % acc uraey based o n the quality of 
the ice-co re da ta (10- 20 year reco rds o nl y) but the impac t 
of the interpolation O\'er la rge a reas co uld a rg uabl y induce 
la rge r e rrors. 

Th e result of the analys is is a tota l acc umul ation of 
13.1km 3 icea 1 above the hinge line, a surface abl ation (or 
Hill - OfT) of 2.0 km 3 ice a \ a nd a bala nce flux a t the hinge 
line of 11.1 km:l ice a 1 (Rig not a nd others, 1997). If the abO\'e 
estim a tes a re correct, the hinge-line ice flux of Peterm a nn 

Rignot: Hillge-fine migration qf PetermanlZ Glelschf1; lIorth Greenfand 

Gletscher exceeds its balance flu x by 0.88 ± 1.0 km 3 ice a I. 
Although the uncertainty is la rge, th e result sugges ts that 
Pe term ann G le tscher loses m ass to the ocean. 

J oughin (personal communicati o n, 1997) calcul a ted an 
ice flux of 12.4 km:; ice a 1 near the equilibrium-line eleva­
ti on of Peterm ann Gletscher combining ERS interferome­
tr y data a nd ice-sounding ra d a r (ISR profile in Figure 1). 
The tota l area in between th e TSR line a nd the hinge line is 
1056 km 2

. In that region, acc umulati on is 0.28 km 3 ice a 1 

a nd ablat io n is 1.42 km ' ice a I. The ba lance flux a t the ISR 
line is therefo re 12.2 km 1 ice a I, which is onl y 0.2 km 3 ice a 1 

lo\\'er tha n the measured ice flu x. H ence, the glacier appears 
to be nea rl y in balance a t the locati on of th e TS R line. Tfthis 
is true, it means tha t the mass deficit of Peterma nn Gle tscher 
is concelllra ted in its lower reaches, not in the inter ior. A\'Cr­
aged ove r the 1056 km2 a rea in between the ISR profIle a nd 
the hinge line, the 0.88±1.0km:licea 1 mass imba la nce 
tra nsla tes into a g lac ier thinning o f 83 ±94 cm ice a 1 

The a na lys is of ice fluxes is therefore suggesti\'e of iee 
thinning, nea rl y a t the same rate as th at deduced from 
hinge-line migration. The agreement between the two 
meth ods ca n probably be taken as a coincidence given the 
la rge uncertainty in the ice-flu x e tim ates. Ta ken differentl y, 
ho\\'e \'Cr, it could a lso mean tha t o ur estimates of acc umula­
ti on and abla ti o n for Peterm a nn G letscher a rc reasonabl y 
acc urate. 

This stud y shows that it wou ld be misleading to co n­
clude th at Pctermann Gletscher is in ba lance based solely 
o n a n ana lys is of ice Du xes in th e interior. Th e comparison 
of fluxes sho uld be done a t th e coas t if the o\'('rall objecti\'(' 
o f the stud y is to measure the co nt ributi on of thi s part of the 
ice sheet to sea-I e\'el rise. To impro\'e the qua lit y of the 
ba la nce flu xcs, more acc umul a ti o n a nd ablat ion da ta a re 
needed in the north. The net ack a lllage of th e hinge-line 
migrat ion method is that it does no t depend on o ur knowl­
edge of acc umul a ti on and abla ti o n. Unti l more data on ac­
c umulation a nd ablation a rc co ll ec ted in the north, 
de tec ting the hinge-line mig ra ti o n of northern outlet 
g laciers may be the most cffcc ti\ 'C way of complementing 
the measurements of ice-vo lume cha nges to be conducted 
by lase r-a ltimc tr y systems 0\'(']' the nex t decades. Of course, 
the technique is a lso applicable to Antarctic g lac iers since 
m ost of the Antarctic coastline i. fr inged with ice sheh'es 
a nd fl oating ice tongues. 

CONCLUSIONS 

This stud y demonstrates th e capabilit y of radar interfero­
m etry to de tec t th e hinge-lin e mig ra tion of outlet glac iers 
from space, a nd thereby gathe r prec ise inform ation on its 
state of ba la nce, independent o f o ur kn owledge of mass ac­
c umul at io n a nd surfacc abla tio n. In ge nera l, multiple inde­
pendent m appings of the hinge line wi ll be necessa ry to 
sepa ra te the effect of chang ing tide from longer-term 
cha nges in g lac ier thickn ess. VVh ere tida l predictions are 
a \'a i lable from a n ocean-tide m odel, however, fewer rada r 
scenes will be needed to ac hieve a ce rta in level of prec ision 
in mapping the mean sea-level hinge-line position of the 
g lac iers. The me th od requires info rmation on the glacier 
surface a nd basa l slopes, which can be obtained [rolll lase r! 
rada r a lti metry a nd ice-sou ndi ng radars. Rad a r-al ti metry 
d a ta a rc a lread y ava il able O\'e r the whole of Greenl and 
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a nd Anta rctica to proyide \'a lu able information on surface 
slope. 

On Petermann Gletscher, the rad a r-i nterferometry tech­
nique locates the hinge li ne with a precision of 30 m a nd de­
tects hinge-line migration with a 4·0 m precision. This level 
of precision is unprecedented. \ Vhen repeated across the en­
tire g lacier width, we find that the hinge line migrates back 
a nd forth with changing tide within a "ground ing zone" a 
kw tens of meters to a couple of hundred meters wide. This 
spa ti a l va ri ability in grounding of the glacier, probably 
associated with vari ati ons in bedrock topography, may be 
typical of most tida l glac iers. A consequence is that it would 
seem essenti al to map the hinge line across the entire glacier 
width rather than at a few d isc rete locations in order to 
reach reliable conclusions on its mean sea-level position as 
wel l as on its sta te of advance/retreat. This type of mapping 
exercise is probably b est and only addressed by using sate l­
lite techniques. 

On Petermann Glctscher, both the mass-flux method 
a nd the detection of hinge-line migra tion suggest ice thin­
ning. The hinge-line migrati on method is more accurate 
but the ice-nux method is able to sugges t that ice thinning 
is concentrated at the coast. \ Vha t the techniques do not ex­
plain , howe\'er, is the cause of ice thinning on Petermann 
Gletscher. Over one century, a 78 cm ice a - I glacier thinning 
should have res ulted in a signifi cant retreat of the 70 m thick 
ice-front region but this does not seem to have been the case. 
H ence, wc hypothesize that the retreat of the hinge line of 
Petermann G letscher is a recent phenomenon. Ablation 
cond iti ons at the coast may have cha nged. Since those con­
ditions a re dominated by basa l melting, it is tempting to sug­
gest that i ce~ocean interactions m ay ha\'C changed in the 
recent past in Pe termann Fj ord a nd may be elsewhere in 
the north. 
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