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ABSTRACT. The first topographic a nd ice-moti on maps of the northwes tern fl a nk of 
Hielo Patagon ico None (HPN , northern Pa tago nia [cefi eld ), in Chile, were produced 
using sa tellite syntheti c-a perture interferometri c rada r da ta acquired by NASA's 
Spaceborne lmaging R adar C instrument in O ctober 1994. The topographic map has a 
10 m verti cal precision with a 30 m hori zonta l spac ing, which should be sufficient to sen 'e 
as a reference for monitoring future mass changes of the icefi eld . The ice-moti on map is 
acc ura te to with in 4 mm d 1 (or I m a I) . The rada r-d erived surface topograph y a nd ice 
velocity are used to es tima te the ice discharge from the accum ul a tion area of four out let 
glaciers, and th e ca lving flu x a nd mass ba lance of G lacia r San Rafae l. The res ults 
demonstrate the use of SAR interferometry for monitoring glacio logica l para meters on a 
spatial and tempora l sca le una tta inable by any other means. 

INTRODUCTION 

The Pa tagonian I cefi elds a re the world's larges t mid

la titude ice masses and acco unt for over 60% of the 

Southern H emisphere's glacia l a rea outside of Antarctica , 
making this a rea essential for und ersta nding g loba l 
g lac ier res ponse to clima te cha nge, in particular th e 
question of north- south hemispheri c synchronicit y. Due 
to inhospitab le weather and inacce sibilit y of the outlet 

g lac iers, there is a pa ucity of glaciologica l d a ta necessa ry 
to assess the complex d yna mics of topogra ph y, meteorol
ogy a nd glacier response (W arre n a nd Sugden, 1993 ) . At 
present, topography exists for o nl y a few glaciers, whi le no 
topograph y exists for the vas t interior of the ice fi elds. 
V elocit y has been measured on on ly fiv e of the ove r 100 

glacier ' and these consist of only a few single-point 

measu remen ts. 
In O ctober 1994, the Spaceborn e Imaging R adar C 

(SIR-C) co ll ected th e first interferomet ri c SAR (syn
th eti c-a perture radal-) observa ti o ns of the northwes tern 
Da nk o f Hi elo Pa tag6 ni co No n e (HPN , north ern 

Pa tagon ia I ce fi e ld ) in Chi le. Th e SAR d a ta were 
success full y em ployed in dou ble-d ifTerence interferometry 
mode to produce both a topographic map of th e ice fi e ld 
a nd a ma p of surface displace ments ca used by ice motion. 
No topographic map had previously been o btained for 
th e ice fi eld , a nd the ice-motion m ap, a lthough limited to 

one compo nent of ice motion , prO\'id es thousands of 
measurement points a nd direct obsel'\'ations of strain 
ra tes. ~ruc h of the backg ro und on the SAR-interferome-

try technique employed to d eri\'e these g lac iologica l 
products, a long with a quantitative di scuss ion or the flo\\' 
regime of Glaciar San Rafael, have been d etailed in 

Ri gnot and others ( 1996) . Here, we discuss a larger 

regional coverage of SAR-inted eromet ry products, com
pa re the radar images with photogra phs ta ken from the 
shuttl e by astronauts a ncl present first-ord er es timates o f" 
mass flu x from four g laciers, and caking flux a ncl mass 
bala nce of Glaciar Sa n Rafael. 

STUDY AREA 

Fig ure I shows th e stud y a rea, 76 km by 33 km in size, 
cove red by th e SIR-C instrument on 10 O ctober 1994 at 

a center loca tion of 46°39.3' S, 73°50.5' W. North is 43° 

ri ght from the top of th e scene. The SAR image is in sla nt
ra nge geometry , so terra in topography a ppea rs slantecl 
towards the raclar illumina ti on , here from the top. Th e 
SIR-C instrument was fl ying a t abo ut 7.3 km s 1 from left 
to rig ht , looking to its rig ht. The rada r a ltitude \\'as 

2 15 km , with a near-range di stance of 277 km , corre
spo ndin g to. a mean in cid ence a ng le of the rad a r 
illumination of 42.7° at th e center scene. Pixel spacing is 
3.33 m in ra nge a ncl 5.2 1 m in az imu th in the one-look 
d a ta, a \'e raged cl own to 3 1 m on th e ground in both 
direct ions after " multi-loo king" of th e SAR cross

prod ucts (here eq uival ent to the spatial a \'e ragillg of 
6 x 6 im age pixe ls). In this co lor composite image, recl is 
the racl ar brig hrness a t C-ba nd (5.6 cm \\-a \'elength ), \,V 
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Fig. 1. Color comjJosite image of a scene imaged by the SIR-C instrument on 10 October 1994 over the northwestemjlank of 
HPN. C-band is red, L-band is blue and the sum of C- and L- bands is green. The image size is 76 km by 33 km. Pixel 
sjJacing is 31 m. 

polariza tion (vertical transmit and receive po larization ), 

blue is the radar brightness at L-band (24 cm wave
length ) VV polarization a nd green is the sum of C-band 
and L-band radar brightn esses. 

The Liquine- Ofqui fa ult sys tem runs di agona ll y 
across the entire scene, forming a stra ight, massive and 
a brupt mountain wall on the eas tern side of Laguna San 

R afael. Glaciar San R afael calves into Laguna San 
R afae l, a tida l lagoon connected to the Pac ifi c O cean to 
the north via Golfo Elefantes. Glaciar San R a fael is the 
lowest-la titud e tide-water glacier in the world, the on ly 

calving glacier of the HPN and one of the world 's fastest 

glaciers in a non-surge mode. Spec tacular calving ac tivity 
reigns at the grounded ice front , with terminal velocities 
exceeding 20- 22 m d I (Naruse , 1985). Its accumulation 
area (585 km 2

) is th e la rges t of the HPN (Aniya, 1988). 
J a panese ex peditions conducted in the 1980s provided 
information on its sLImmer a blation (Kondo and Yama

d a, 1988), accumulation (Ya mad a, 1987) and climatol
ogy (Fujiyos hi and others, 1987). 

Glaciar San Quintin is located 20 km south ofG laciar 
San R afae l and it is the second la rges t glacier of the HPN, 

Fig. 2. Hand-held photograph oJ the HP N taken by astronauts Jrom the shuttle during the second mission aJ the SIR-C 
instrument. The area covered by the photograph is about 79 km by 60 km. 
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Fig. 3. Color composite image oJ tlte celltral flalt of HP.\· 
imaged b..l' t/ze S fR- C instrument 011 14 Aim'! 1994 during 
itsJirs! missioll. C-band is red, L-balld is blue and the sum 
oJ C- alld L-bands is green . T he image Si-ef is 33 km b..l' 
51 km. 

a lm os t equ a l in size to Glacia l' Sa n Rafael but of yery 
different g lac iologica l characteri sti cs, a lthough in the 
sa me OJ"ograp hic situ a tion. It form s a piedmont lobe, 5-
10 km wide, confined in a valley 30 km long, separated 

from th e Pacifi c O cean by a 5 km wid e o ut\\'ash plain. Its 

a bla ti on a rea is 402 km 2
, th e la rgest of the HPN (26% ), 

but its acc umul a ti on a rea is onl y 363 km2 (Ani ya, 1988) . 
i\Iora in e deposits left by ea rli er ex pa nsions ap pea r in th e 
rad a r image ry as a 60 km lo ng a rc brighter th a n th e 
surrounding a reas . In contras t to Glaciar San R afael, 

which ret rea ted dras ti ca ll y in the I 970- 80s, Glacia r Sa n 
Quintin re trea ted modes tl y from 1944 to 1974 a nd has 
und ergo ne no c ha nges since (Ani ya, 1988) . Glacier 
thinning, however, is deemed to be considera ble. These 
la rge differences in retrea t progress ion may be ex plained 
by the la rger was ting front of G lacia l' San Quintin 

(>60 km ; Fig. 2) compared to th a t of Gl acia r San R afae l 
« 3 km ) (Ani ya, 1988) . 

Glacial' Gua las a nd R eicher li e imm ed iatel y nonh of 
Glacial' San R afael. Both g lac iers a re in th e sa mc 
OJ"ograp hic situ a tion , termin a te in proglacial lakes a nd 
a rc undergoing ra pid retrea t. An entire sect io n of the ice 
fron t of Glac ia r R eicher co ll apsed in 1993 , lem'i ng large 
icebergs noa ting in its prog lacia l la ke (W ad a a nd Aniya, 
1995 ). 

A 70 111 m color photog rap h 0 (' th e study a rea, ta ken 
from the space shuttl e by as trona ut during the SIR-C 

miss io n, is shown in Fig ure 2. The ph o tograph ,\'as 
acq uired on 10 O ctober, a t 1620 loca l tim e, " 'ith clea r 
ski es, on orbi t 169 of the space sh u ttl e, whereas the rada r 

im ages were acquired on orbits 14 1, 157 a nd 173 of th e 

space shuttl e a t about 2310 loca l tim e. FIO\dines of 

Gl ac ia r Sa n R a fael a rc clea rl y vi sible up to the high 
slo pes of l\![onte San V alentin. The nowlin es of Glacia l' 
San Quintin a re compa ra tivel y more compli ca ted a t low 
ele, 'a ti on , wh ere the g lacier breaks up in to se, 'e ral was tin g 
fronts. Ba re ice a ppea rs more bluish tha n the surro unding 

snow-covered glacier ice . Th e sno\\'line is a t a bout 1000-
1200 m ele,'a ti on, High mounta in tops a ppea r white. 
hence snow-cOl'e red , but d enuded of,'Cge ta ti on acco rdin g 
to C hilea n m a ps. Comparison with Figure I re,'ea ls th a t 
th e SIR-C d a ta did not includ e the la rge southern 
wast ing front of Glaci a r San Quintin. 

Th e cen tra l pa rt of H PN a nd th e higher reaches of 

G lac ia r San R afael and San Quintin were imaged during 
orbit 137 of th e first miss ion 0 (' the SIR-C instrument. on 
17 April 1994 (Fig , 3), In thi s co lo r-com pos ite image, red 
co rres po nd s to C -ba nd HH - po lari za ti o n (H m ea ns 
hori zonta l linear ), green is th e sum of L-band HH and 

C-band HH, a nd blue is L-ba nd HH-polariza tion. Th e 
area cO\'ered is 37 km by 5 1 km in size , The radar 
illumina ti on is from the left , with S I R- C nying from top 
to bottom , lookin g to its left , with a n incid ence angle o f 
the illumin a ti on at track center of 4 1°. North is 55 ° right 
from th e top of th e scene. A strong tra nsiti on in radar 

back-sca tter is \'isible at hig h eleva tion ( ~ 1 3 00 m ) on 

bo th g lac iers. Below th a t bo und a ry, rada r re turns a re 
brig ht a nd presumabl y domina ted by surface sca tterin g 
from a rough layer of ice. The presence of ba re ice a t th a t 
eleva tion is justifi ed by the hig h a bl a ti on ra tes reco rd ed 
on these g lac iers in the summ er, with the poss ibl e 

occ urrence of surface a bla ti on up to 2000 m elevation 
(K ond o a nd Yamada, 1988) . The ro ugh cha rac ter of the 
surface below the rada r bac k-sca tter tra nsition is likely 
ca used by g lac ier crn'assing initi ated by fa ster \'a lley Do\\' 
from th e nea rl y level centra l pa rt of th e icefi eld . G lac ier 

cre\'assing is confirmed by close examin at io n of th e ha nd

held photographs (Fig. 2). AbO\'e th a t tra nsition , the 
o\'e riving sno,,' is pro ba bl y ,,'e t a nd suffi ciently thi ck a nd 
a bso rpti\ 'C tha t rad a r sig na ls cann ot interact with the 
underl ying ice. Rad a r returns arc lo\\'e r in magnitud e, 
beca use surface sca ttering from a laye r of wet snow 
produ ces low rad a r re turns. R ad a r re turn s do no t 

increase in magnitude a t hig her ele\'ation as would be 
ex pected in the presence of perco la ti on facies (R ignot a nd 
oth ers, 1993; Ri gnot , 1995). Th e H PN probably does no t 
includ e perco la ti on facies, because the rela tively wa rm air 
tem peralUres and the hig h rate of li q uid precipi ta tion 
both ma inta in a high water conten t of the sno\\' a nd firn 

(Ya mad a , 1987 ) . 

METHODS 

The radi a ti on of th e SIR-C rad a r wm'es is in phase, as for 

a lase r instrument, and th e ph ase of the returned wa\ 'es is 
detec ted by th e same a ntenn a during slig htl y displaced 
repea t passes of the shuttl e along the same pa th. Th e 
phase of eac h pixel e lement is proportional to the tra\'e l 
time for the sig nals to a nd from th e illumin a ted surface 
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Fig. 4. False-color composite image of the sUljace topography of the northwestern jlank of HP N i1!/ened using SIR-C L
band intelferometlY data acquired ill October 1994. 

element, itself a fun ction of the radar imaging geometry, 

the baseline separation between success ive passes a nd 
surface elevati on. Phases a re sensitive to centimetri c 
changes in range di sta nce, independent of the size of 
indi vid ua l pixel elemen ts (seve ra l tens of meters) . Wh en 
the surface is motionless a nd the radar-i maging geometry 
and baseline a re known, phase cha nges a re used to infer 

surface topogra phy. The precision of the derived topo
gra ph y depends on th e base line separa ti on, the radar 
wavelength a nd ph ase noi se (Zebker a nd Goldstein , 
1986) . ' '''hen the fea ture is mobile, for instance a pa n of 
a glac ier, phase differences a re a lso modula ted by the 
velocity of the imaged fea ture a long the radar-looking 
direc tion: As the velocity modula ti on is ind epend ent of 
the baseline, the measuremen t techniq ue is several orders 
of magnitud e more sensiti ve to surface motion (mill e
meter sca le) th an it is to fix ed topogra ph y (meter scale). 
N o recogni za ble surface features a re need ed to detec t ice 
moti on and surface strain ra tes a re obse rved direc tl y. 
Examples of radar interferometry for Anta rcti ca a nd 
Greenl and have been given in Goldstein a nd o th ers 
( 1993 ), J oughin (1995 ) a nd Rignot a nd others (1995 ) . 

To sep a ra te fix ed topograph y a nd g lacier motion , two 
interferometri c pa irs a re necessa ry. It is then ass umed 
th a t surface topogra phy does no t cha nge in between the 
two passes (a t the scale of seve ra l meters) and glacier 
mo ti on is continuous. The principa l difTi culti es of th e 
technique a re then to d etermine the base line and to 
un wra p the ph ase va lues . The shuttl e ephemeris is 
typi ca ll y no t known better th a n I 0~20 m, which is 
insufTi cient for interferometry a ppli cations. Th e baseline 
must therefore be es tima ted from the d a ta, which require 
tie points of known position, eleva ti on and accuracy . We 
used here th e eleva ti on d a ta fro m the I : 50000 topo
gra phi c ma ps published by the Instituto Geogra phico 
Mi li ta r in Chile, whi ch provide ca rtogra phic coverage for 
the snow-free a reas . The in teri or of th e icefi eld is bl ank 
due to the whiteness a nd a bsence of image d etails in the 
aeri a l photogra phs. The baseline pa rameters and their 
along-trac k g radients (which a re non- ze ro, beca use 
successive pa ths a re no t pa ra ll el) were es tim a ted in the 
leas t-squa re sense, with a r.m .s. erro r of less th an a few 
tens of centimeters. 

The phases recorded by a SAR instrumen t a re known 
modulo 27r a nd must therefore be unwrapped to be 

212 

converted into a bsolute ph a es (Goldstein and others, 

1988). In a reas of low phase coherence, wh ich means 
phase noise is high, phase unwra pping is difTi cult o r even 
impossib le. Phase coherence is typi call y low in a reas 
shadowed from the rad a r illumina tion (slopes facing away 
from the rad ar illumina tion ) or wh ere radar rang ing is 
a mbiguous (slopes facing th e rad ar illumina tion) . Phase 

coh erence is a lso low when the surface properties change 
signifi cantl y in between successive passes, for instance, a 
a result of surface melt. In our imagery, phase coh erence 
was ve ry high on snow-free terrain , high on the icefi eld 
a nd snowy mounta in tops, modera te in regions of high 
stra in ra tes (side ma rgins of G laciar Sa n Rafael, icefalls) 
a nd low in regions of intense surface melt (ice fronts) . As a 
res ult , da ta gaps ex ist in the to pographic a nd ice-velocity 
ma ps. For exampl e, near th e terminus of G lac ia r San 
R afael, ph ase coherence was too low fo r interferometry 
a pplica ti ons, presum a bly a res ult of complex ice motion 
(ro ta tion of ice blocks), enhanced surface melt and intense 
glacier crevassing. To observe ice velocity a t the calving 
front , a repea t-pass cycle of less tha n 24 h would have 
been necessa ry. 

RESULTS 

Surface topography 

A color-composite image of th e SAR-derived surface 
to pogra ph y of the northwes tern !lank or HPN obta ined 
using the L-band d ata (24 cm waveleng th ) is shown in 

Figure 4. Hue a nd satura tion a re proportiona l to the 
inve rse of th e height, and intensity is p roportiona l to the 
rada r brightness a t L-band . 

Error sources th a t corrupt the height es tim a tes include 
unce rta inti es in ra nge di sta nce (a tmosph eri c delays, 
sys tem c1 ock-jitter, e tc.), baseline p a ra meters and plat
form altitude and a ttitude. In general , phase noise, aQ , is 
th e d omin a nt so urce of erro r. Th e corres po nding 
uncerta inty in surface height , a h, is 

)..R cos B 
ah = 47rB .l a <l> (1) 

where A is the rada r waveleng th (24 cm ), R is the ra nge 
distance (277 km ), e is the angle of the rad a r illumina tion 
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Fig. 5. False-color composite image oJ interferometric velocities in the radar-looking direction oJ the northwestern .flank oJ 
HP N inferred using SIR-C L-band intelfe10 metlY data acquired in October 1994. Ice motion away fro m the radar directio ll 
« - 6 cm d j) is cola red purple . Low ice motion « ± 6 cm d I) is colored blue. Large ice motion towards the radar direction 
is calor-coded light blue (6- 20 cmd-I

), greell (20--45clI1d 1),),eLLow (45-85 cm cri) , orange (85- 180 (mer l
), and red 

(> 180 cm cri) . Non-glacier areas are represented as a grry scale based 01Z the radar brightness oJ the Lenam at L-band. 

with the hori zontal plane (47°) , B .l is the component of 
the baseline separa ti on perpendicul a r to the rad a r
looking directi on (40 m) . The phase noise u </>' is 

1 ~ 
u </> = IN-''(-' (2) 

N is the number of looks of the interferometri c ph ases 
(36) a nd "( is the tempora l coherence of the ph ase 
measured from the d a ta (Rodriguez and M a rtin , 1992). 
With N = 36 and "( = 0.8 , we obtain Uq, = 0.09, yielding 
Uh = 9 m. Locall y, larger elTors may exist for lower phase 

coherence. 
For comparison, over rela ti vely fl a t p a rts of th e 

ice fi eld , we found an r.m .s. error in surface height of 
abou t 10 m on a pixel per pixel basis, consistent with the 
theoreti ca l error es timate. l\1uch sma ll er errors in height 
would h ave been obtained with larger valu es of B.l, here 
too small, because the shuttle orbits were repea ted 
somewha t too acc ura tely. With large baselines (100-
1000 m ), although phase noise would no longer be th e 
domina nt source of error, the technique is capable of 
meter-scale precision in topogra phic height. 

Ice Dlotion 

Simila rly, the uncerta inties III interferometri c velocities 
a re inOuenced by a number of fac tors th a t include 
uncerta inties in range dista nce, unce rta inti es in baseline 
gradient and phase noise. Phase noise here domina tes, 
res ulting in a velocity noise, uv , wh ere 

(3) 

U sing the same numerical va lues as a bove, we find U ti of 
the ord er of 3 mm d- I. Actu a l veloc ity profil es reveal a 

r. m .s. erro r of a bou t 4 mm d- I (or I m a \ consisten t wi th 
the above theoreti cal es tima te. 

Fig ure 5 is a ma p of interferometri c ve lociti es ove r the 
g lacier-i ce p a rt of the scene. Non-glacier a reas were 
mas ked ou t to simplify the presenta ti on, since they 
essen tia ll y corres pond to noi sy a reas of no motion. The 

velociti es a re absolutely referenced since phase unwra p
ping was performed ac ross areas of no motion. The larges t 
veloc ities a re reco rded ove r Glacia r San R afa el, where the 
d a ta reveal the presence of an ice stream or a part of the 
glacier mO\'ing at high speeds from th e central pa rt of the 
icefi eld a nd surrounded by slower-moving ice, not by 
rock. The flowlin es seen in Figure 2 reveal that stream 
Oow initiates well inside th e i!1lerior of the icefi eld . 

These interferometric velociti es only correspond to one 
component of ice motion, that aligned with the radar
looking direc ti on. T o obtain a full three-dimensional 
description of ice motion (in th e absence of oth er image 

pairs acquired a t difTerent trac k a ngles ), we ass umed ice 
Oows pa ra ll el to th e ice surface a nd th e flo w direc tion is 
pa ra ll el to the va lley wa lls or given by the fl owlines . The 
first ass umption is justifi ed by the fact th a t horizonta l 
velociti es (;:::::1 m d I) are seve ral orders of mag nitude 
la rge r tha n the es tima ted thinning ra tes « several m a- I). 
Surface slope and incidence angle of the rad a r illumin
a ti on a re co mputed from the SAR-d erived topogra phic 
ma ps. 

Th e res ulting horizontal-yelocity profil es offour outlet 
glaciers a long their center line are shown in Figure 6. I ce 
velocity exceeds 2.5 m d- I a t high eleva tion for G lac ia r 

San R a fae l, increas ing drama ti ca ll y 5 km from the ice 
front as the glacier enters the narrow termina l va ll ey. 
Longitudina l stretching of the glac ier exceeds l a I in the 
termin a l va ll ey. I ce velocity, meas ured by tracking of 
crevasses over a 3 d p eriod in th e pa rt of th e terminus 
wh ere ph ase coherence was los t, reaches 17 m d- I a t the 
ca lving front. In contras t, Glacia r Sa n Quintin moves a t 
I m d I a t hi gh eleva tion , reaching a max imum of 
2.1md I a t minimum glac ier width , a nd s teadi ly 
d ec reas ing towa rds its wes tern was ting front to near zero 
velocity. ?-'Ios t of the reduction in fl ow speed occurs in less 
th an 2 km , corres ponding to a longitudinal compression 
of 0. 2 a I, consistent with \" a lu es record ed on o ther 
a bla tion g laciers (Pa terson, 1994). The d ec rease in ice 
velocity downslopc is also an ex pec ted pa tt ern of a bl a tion 
glaciers. Glac iar Gu a las and R eicher a lso commence with 
high \'e locity va l ues below icefa ll s ( 1 m d \ d ec reasing 
rapidly to\vards the ice fronts. Ice velocity increases in 
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Fig. 6. (a) Hori;::.ontal velocity (continuous line) and elevation profile (dotted Line) along the center line of Glaciar San 
Rafael as afimction of the distance to the icejiwzt. Additional velocity measurements (squares) were obtainedfromJeature
tracking oJ crevasses 10 complete the interjerometric measurements. Same observations for ( b) Glaciar San Q.uintin, ({) 
Glaciar Gualas and ( d) Glaciar Reicher. 

areas of narrower ice flow a nd decreases in areas of wider 

ice flow , co nsistent with the mainta inance of ice di sc ha rge 
throughout the g lacier vall ey . No interferometri c velo
citi es were available in the lower reaches of both g laciers 
due to a loss of ph ase co he ren ce in those regions. 

Ice discharge 

To estimate th e ice discharge across a glacier sec tion , ice 
thi ckness and basa l velocities must be known. I ce 

thickness has never been measured on th ese four glaciers 

and basal velocities are unknown . Obse rv a tions on 

Glaciar Sol er on the eas tern side of HPN, however , 

demonstrated that basal sliding is a significant contribu
tor to glacier motion (N aruse a nd others, 1992 ) . Th ese 
observa tions are co nsis tent with th e warm clima te of these 
reg ions which should maintain hig h rates of plastic 

deformation a nd m eltwater production which should 

enhance basal sliding. 

To estimate ice thi ckn ess from th e ve locity a nd 
surface-slope d a ta , we used a m od el combining d eform 
ation velocity and sliding velocity. D efo rmation velocity is 
modeled as 

u. = _2_ [Td]rlH 
eI n+ 1 A 

(4) 

where UeI is th e mea n ve loc it y a long a transverse profil e, 
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n = 3 is th e fl O\v-law para m eter , A is the column

averaged fl ow constant and TeI is the driving stress a nd 

TeI = pgH sin f3 (5) 

w he re p = 900 kg m - 3 is the d ensi ty of ice, 9 = 9 .S m S- 2 is 

th e accele ra tion of g ravit y, f3 is the surface slope 
computed from th e SAR-derived topographic map and 
H is th e unknown ice thickn ess. W e used A = 180kPaa~, 
a reasonable value for tem p erate-ice g laciers (Paterson , 

1994 ) . Basal sliding was ass umed to follow W eertma n 's 

la w (W eertma n , 1964) 

(6) 

where m = 2 a nd B = 4 kPa m - 1 a1 includes bed-rough
n ess e ffec ts. Th e tot a l \ ·elocit y ave raged across a 

tra nsve rse profil e is 

U = (1 - 1) UeI + fUs (7) 

where f is an adjusta ble p a rame ter between 0 and 1 

which m eas ures the contribution of basa l sliding to total 

ve loci ty (Fas took and oth ers, 1995 ) . 

For Glaciar Sa n R afael, the calcul a ted value of H 
varies betwee n 475 m (f = 0 , no sliding) a nd 195 m 
(f = 1, pure sliding ) . Pure sliding is unlikely near th e 
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T able 1. ELA .from Alli,Ya ( 1988). altitude h q! the IrGllSl'erse lleloci(J! proJi'le eltlactedjor estimalioll Dj ice discharge . 
mean velocity U across the proJi'le, mean sll1jace slope (3 . glacier width W , calculated ice thicklless H , calwlated drivillg 
stress at slIljace Td and calculated ice .fllI.1 F 

Glacial' San Rajael Glacial San Qyintill Glacial' Gl/alas Glacial Reicller 

ELA (m) 1200 1200 750- 900 850- 950 
h (m) 1230 500 870 1020 
U (md I) 2.2 1. 3 0.83 1. 25 

{3 (rad ) 0.06 0.037 0.055 0.04 
W (km ) 4.7 3.8 1.8 1.3 
H (m ) 450 ± 30 590 ± 35 300 ± 30 370 ± 30 
Td (kPa ) 220 ± 20 190 ± 20 145 ± 20 140 ± 10 
F (km3 a I) 1.7 ± 0.2 > 0.9 ± 0.4 0 .25 ± 0.05 0.25 ± 0.05 

Equilibrium Line Altitude (ELA) of the glacicr, whereas 
no sliding yields \ 'e ry large ndues of the driving stress 
(Td =300kPa ) . With j = 0.05 , we have H = 450m and 
[J,/Ud = 26%. T his latter va lue is not unreasonable gi\'en 
the rat es of sliding of other temperate glaciers (Pa terson, 

1994) . \\' e therefore ass umed H = 450 ± 30 m for Glaciar 
San R afael. The 30 m uncertainty in ice thi ckn ess renec ts 
uncert a inti es in th e rate of basa l sliding. However, errors 
in th e column-averaged now consta nts A and B could 
produce la rger errors. For instance, a 20 % increase in A 
res ults in an 80 m increase in ice thickness a nd a 20% 
d ec rease in B res ults in a 30 m decrease in ice thi ckness . 

A similar approach was adopted for the other three 
glaciers, yielding the results summarized in Tab le I. Ice 
Duxes were computed ass uming parallel va ll ey wa lls and a 
ITat va ll ey bottom by multiplying the inferred ice 

thi ckness H by the mean velocity across a trans\'erse 
profil e extracted near th e es timated ELA of each glaci er 
(Aniya , 1988 ). For Glaciar San Quintin, thc interfero
me try d a ta on ly cO\'ered its lowe r sec tion , se \'e ra l 
kilometers below its es tim a ted ELA a nd below a large 
southern wasting front , so ice discharge is significantly 

underes tima ted. 

Mass balance of Glaciar San Rafael 

The ice di sch a rge of Glaciar Sa n R a fael ( 1. 66 ± 
0.2 km 3 a I) was compared to ice removal by surface 

ablation and by calving to d etermine its mass balance . T o 
es tima te total ab la tion , we ass um ed surface a bl a tion 
decrcascd linea rly from 6 cm d I at sea level to 0 cm d I at 
1200 m ele\'a ti on, based on th e spring and summ er 
measu remen ts of Kondo a nd Yamada (1988 ). From the 
histogram of SAR-deri\'ed eb 'a tion data of the g lac ier, 
\\'e obtained a total abla ti on flu x of 0.67 ± 0.2 km3 a I 
The uncertainty in total ablation renects the fa ct th a t 
winter surface a blation has ne\'er been meas ured nea r 
G lac iar San R afael. 

Th e cah ·i ng fI ux of G laciar San R a fa el was estim a led 
by \\'a n-en and ot hers ( 1995 ) to be g rea ter than 

0.74 km3 a I, based on \'isua l observat ions of calving 
e\'ents, and 1.9 ± 0.2 km" a I, based on a n ass umed mean 
cah'ing speed of 4000- 4800 m a I, a mea n terminus 
thickness of 180 m and a mea n channel wid th of 
2400 m. To estimate beller cah 'ing speed , we tracked 

cre\'asses within 100 m of the cah-ing front between the 
first image co ll ec ted by the SIR-C instrumelll on 8 
O ctober 1994 and the fourth im age acq uired on I1 
O ctober 1994 or 3 d later. On bo th dates , the C- and L

band im age data were incoherentl y a\'e raged together to 
produce an im age fil e with a noise le\'el red uced by 2. The 
position offsets were dete rmin ed using Fouri er transforms 
by detect ing th e peak in corre la tion of the two im age da ta 
to wi thin 1/32 th of an image pixcJ in both range and 
az imuth. The resulting \'Clocity profil e a t the cah'ing front 

is shown in Fi gure 7. Ca lvi ng H loc it y averages 
8.74 ± I m d I a long th e 2.48 km long transverse profi le, 
with a lm d I uncertainty due to amp li tud e noise , not to 

im age misregi strat ion. Ass uming a mean terminus thi ck
ness of 180 ± 30 m, a mean cah'ing speed or 3 I 93 ± 
370 m a I and no ice frontal change (Wad a and An iya, 

1995 ), we obtain a calving flux of 1.43 ± 0.2 km 3 a 1 

Th e res ulting mass balance of G lacia r San Rafael, 
calcul ated as the ice nux from the acc umulation area 
minus the ice flu x from surface a blation and minus the ice 
nu x from eah 'ing (neglec ting melting at the glacie r bed ), 
is negative and equal to -0 .44 ± 0.3 kl11 3 a I, co rrespond
ing to a mean thinning rate of2.5 ± 2111 a- I [or the entire 
a blation area (175 km 2

) . This thinning rate is consistent 
with the 40 m thinning reported between 1944 and 1983 
(1 m a I) by Aniya (1988) . Although th e un certainties in 
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each component of the mass balance a re large, the first
order es tima te of the mass ba lance of Gl acia r San Rafael 
seems to confirm its thinning trend . O ve ra ll , the net 
balance over the accumul a tion a rea ofGlacia r San R afael 
is +3 m a- 1 wa ter equivalent ( ±0.5 m a \ th e mean net 
balance in the abla tion a rea is a bout - 4 m a I wa ter 
equivalent ( ± 0.5 m a I) and two-thirds of the acc um ula
tion is released as calving ice and icebergs . 

CONCLUSIONS 

This stud y d emon stra tes th e use of L-b a nd SAR 
interferometry to monitor glac iological parameters on a 
spa tia l and temporal scale unachievabl e by an y other 
means. Long-term m ass changes can be ca lcul a ted 
directl y from a time series of high-reso lution SAR-deri ved 
topographic maps acquired ove r several years. Yfa ps of 
ice motion provide instantaneous informa tion on ice-Dow 
d yna mics and strain ra tes which can be used to es tima te 
driving stress a nd ice di scha rge from cal ving glaciers, 
other glaciers a nd interior ice a t an unprecedented leve l of 
spatial detail. At the calving front , very short repeat 
cycles are required to circum vent th e limiting effe cts of 
surface melt and rota tion of ice blocks. In th e ex treme 

situation of a temperate, fast-moving, tide-wa ter glac ier 
like Glaciar San R afael, th e repeat cycles need to be less 
th an 24 h and perha ps as low as 6 h (regions where ice 
velocity >5 m d I do no t co rrela te, while calving speed 
may exceed 20 m d- I

) . If these conditions a re no t mel a nd 
millimetri c precision in velocity is not a requirement, 

fea ture-tracking techniques can still provide a comple
mentary means of meas uring calving speed , as d emon
stra ted in this study. 

A more extensive interferometric cha rac teri zation of 
both icefi elds will be a ttem pted using SAR data co llec ted 
by the European Space Agency's ERS-l jERS-2 SAR 

tandem mission , which opera tes a C-band sys tem a t a Id 
repeat-pass cycle. Phase coherence of the C-ba nd d a ta is 
likely to be too low at the margins of the Pa tago nia 
Icefields but could be high enough in the vas t interior of 
the icefields where da il y surface changes are less dra ma ti c. 
In the dryer and calder Greenland and Anta rcti c clima te, 

these constraints will ce rt a inly be relaxed and SAR 
interferometry should be a m ore widely appli cable 
remote-sensing technique to measure meter-scale topo
graph y and millimetric daily strain ra tes of glacier ice . 
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