
JOllmal oJ C,'laciologl' \ '0 1. cl2 :'\0, 140 1996 

Measurentent of ice-sheet topography using 
satellite-radar interferontetry 

1.\ "i JOL GH I .'\ ," D ,\LE \\' L,\EBRF.:\,.'\ER, 

. lfJI!lied P/~J 'si('j LaboraIOI)'. Cllil'er.l'i{J' oJ II 'aJhillglon. Seallle , 1l '(uhillglOIl 98105, C, S .. I , 

:rvf.\R~ F "\H "i ESTOCK , 

JG' I~'SS, Del){l/llI/fIIl 0/ .Ileleololog)" Cllil'eJsi£i' oJ .I/(/I~rlalld al College Park. College Park , . \ /(/I~)'lalld 20N2, C,S .. l. 

Ro\' K\\'OK , 

J el Pro/JIIlsioll '-abolalol)'. California IlIslill/le oJ Technology, Pasadella. Ca/ijomia 91109, C ,S,.4, 

W I LLl ~\:\1 KR,\ HILL 

Obse/'mliollal Scielll'l' Brallch . Cor/dard .)j)({('f Flighl Cmler , II 'a!lop,1 Flighl FariliU, II 'a//ol),\ lI/alld, I'il}{illia 23337. C. S ... I, 

ABSTRACT, D eta ilrd d ig i ta l elc\ 'a ti on mod els (0 E:- fs do no t e"is t for III uch of' th e 
Gree nl and a nd ,\ nta rcti c ice sh ee ts, R ad a r a ltim erry is a t present tlI e prim a r>, in m a n y 
cases the onl y, so urce of' topog-ra phic da ta O\ 'C r th e ice shee ts, but th e hori zo nt a l 
reso lu ti on of su C' h da ta is coarse, Sa tellite-rada r it1le rfcrometry uses th e phase di fference 
be tll'ee n pai rs o f s\' nth eti c a p e rture rada r S,\R ) images to m eas urc bo th ice-sh eet 
topogra pll\' a nd surface di spl ace m ent. \\'c ha\'e a ppli cd thi s tec hniqu e usin g ERS-I 
SAR data to m a ke d eta iled (i,C'. 80 111 hori zo ntal reso luti on) m a ps o [' surfaee topograph y 
in a 100 km b y 300 kill strip in \\'es t Greenl a nd, e" tending north \l'a rd fi'om just a bO\'C 
J akobsha\' ns l sb nt', Compa ri so n Il'ith a 76 km lo ng line of'airbo rn e laser-a lti mc ter d a ta 
sholl's tha t lI'e h a l 'e ac hi ew'd a re la ti l'e acc uracy of 2,5 m a lo ng the profile, Th ese 
obs(,I'I'a ri ons pro \·id c a deta il ed \' ie ll' of d yna mica ll y support ed to p og ra phy nca r th e 
m a rgin of a n ice shee l. In th e lin ed senion 11'(' compa rc our es tima te of ropograph\' Il'ith 
ph ase co ntours due to motion , and co nfirm our earli e r ana h"sis conce rning I'crti ca l i('c­
shee t mo tio n a n d com ple" i ry in ER S-I S. \R in te rfe rogra ms, 

INTRODUCTION asp ec ts o f' th e stud y o r ice shee ts, T o pogra phi c d a ta a rc 
use ful [o r m a ppin g a nd de tcc tin g c h a nges in th e 

bo und a ri es of th e indiyidua l d ra inage basins tha t m a ke 

up a n ice shee r (Bincl sc had ler. 1984- ) , S ho rt-sca le (i, e , a 

[e ll' ice thi ckn esses ) undula ti ons in th e topog ra ph y a rc 
oft en causcd 111" o bs tructions to fl oll' c rea ted by the basa l 

to pog- rap hy (Pa re rso n , 1981: j oha nn esso n. 1992 ) , Th e re­

fo re, s urf~lce to pogr a ph y ca n be used to he lp infe r 
co nditi o ns a t th e b ed (Th om as a nd o th crs, 198 5 ) , 

Furtherm orc, de nse ly sa m pled surface topog ra ph y is 
impo rta nt [or mod cling g lac ier d yna mi cs , 

Th e ice shee ts o f G recnl a nd a nd .\ nta rCl ica pl ay a n 

import a nt m IC' in th c Ea l'lh 's c lim a ti c b a la n ce , O f 

pa rti c ul a r impo rt a nce is th e poss ibilit y o[ a sig nifi cant 
ri se ill sea I(' \ 'C I brought on b y a cha nge in th e mass 

b a la nce o f'. o r th e co llapse o f. a la rge ice shec r 

(Bindschadl e r , 199 1) , ;\n und e rstanding of th e processes 

th a t co uld lead ro such cha nge is hindercd by th e in a bilit y 
to d eterm ine ('yc n th e currcnt s ta te o f th e ice sh ('c ts, f or 

ex ample . it is not c lea r \I 'heth e r th e mass of th e Gree nl a nd 

ice shee t is in c rcas in g or deereas ing (\'a n der V een , 199 1 l , 
G ro u nd-bascd m casu rcments a r e ca pa bl c o f sam pling 
o nl y sma ll a reas of an icc sh ee t. Therefo re, th ey ma l' 
indi cate onl ), reg ional changc, Onl ), in the p as t [1-1"0 

d ecad es has sa te llit e rc motc se nsing offered th e poten tia l 
fo r wid c-sca le m o ni to ring of ice s hects , 

Surface cle \'a ti o n observa ti o ns are importa nt to m a ny 
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Alth ough rad a r a ltime ters ha lT bee n uscd to m eas ure 

a bso lute c1 n'atio ns ['o r ice shee ts, th ey do no t h a \ "C 

suffi c ient rrsoluti o n to m eas ure sho rt- scale topogra ph y , 
Ph o toe lin o metr y c an m eas ure th e d e ta il ed SUI-fa ce 

to pogra ph y of ice sh ee ts (Bindsc ha dlcr a nd \ 'o rnbe rge r , 
1994) , Th is me th od is limited, howeye r , b\' th e need fo r 

a n c" tensil"l', lin ea rl y continuous g rid 0 [' ground-co ntro l 
points, Thus, wid es pread a ppli ca ti o n o r thi s tec hnique 
a \\'a its th e necessa r y co n tro l d a ta, Il'hi ch mus t b e 
provided 1]1' g ro und-based o r a irbo rn e a ltime tr)" sUl'\'eys , 

I nt e rfe rom e tri c sy nth e ti c a pe rture rad a r (SAR ) 

prO\'id cs a m eans to m eas ure bo th d e ta il r c/ to pogr a ph y 
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(Ze bkn a nd Gold stein , 1986; L i a nd Go lcl s te in , 1990 ) 

a nd surface di s p lace ment (m o ti o n ) (Gab riel a nd o th ers. 
1989 ) , usi ng th e ph ase cl i ffnence be t \\'ee n pa i rs o f 

compl(":\; SAR images. \ \ ' he ll the images a rc acqu ired a t 

d iffe rent tim es from nea rl y re pea tin g o rbits ( re pea t 

p ass ) , in te rferomet ri c ph ase is <l ffeCle d b y b o th 
topograph y and surlice di sp lacem enl. I f th e images 
a re acq ui red sim ulta neo usly (single pass ) I\'ith d ua l 

S r\Rs. plnse is a lTeClcd on ly b y to pog ra ph y . Thus. 

re pea t-p ass inte rierogra m s prO\'id e mot io n a nd to po­

gr a phic data, w hil e sing le-pass interferog rams yield only 
topograp hi c inlc) rm <l ti o n . Th e repea t- pass a p p roac h has 

bee n a ppli ed to space bo rtl t' a nd a irbo rtl e SARs. \I·h ile 

th e single-pass a pproac h h as b ee n used o nl y Cor a irbo rnc 

s\'stems. Thi s pap er ('"am in es th e repeat- p a ss ap p roac h 
\I'ilh images fro m th e fi rs t Eu ro pea n R e m o tc Se nsing 
( ERS-I ) S AR. 

The to pograph y of ice shee ts is cha racte ri zed b y mi no r 

u ndul a ti o ns \I'i t ll small su rrace slopes . Th is t \ 'pe o r 

to pograp hy is \I'C II su it ed to in terferom etric meas ure­
m ent. Th e Ca n a di an Centre fo r R emo tc Sensing (eeR S ) 

a irborn e Si\R h as acq uired sing le-pass illlerierogr ams to 
m a p th e topog ra pl1\' of g lac ie rs o n Bvlo t Isla nd in th e 

C a nadi a n A rc ti c (.\ l atta r a nd o th crs, 1994) . i\ lo ti on­
induced frin ges (m odul o-27T ph ase con tours)' hO\IC\T r. 

hinder intcrli:' ro m e tri c S. \ R est im a ti on or w p ograpl1\ 

fro m re pea t-pass I i.e. ERS-l ) intnferog rams. Th ese 
additi ona l frin ges, \\'hic h may be grea ter in n umber 

than the topogra phi c frin ges, ma ke it impossi b le to 
es ti mat(' to pogra ph \' d irec t ly fro m ,I sing le-diffe rence. 

repea t- pass in Le rlcrogram . K \u)k anci ot hers \ in press ) 
ha\T sholl'n th a t \I 'hen th e \T loc it y fie ld dews n o t c ha nge 

\I·ith ti me, interfl'rograms can be dilk renced to ca nce l ice­

shect m ot io n a ncl , t hu s, o bt a in a to pogra ph y-o n k 

int rrk rograrn. Th is pape r e"amines th e use of d o ublc­
d inerence int c rfc rograms to meas ure tht' d eta il ed topo­

g ra ph \' of' ice shee ts. Compa ri so n lI'ith laser-a lti me ter 

da ta ind icat es th at hig h-reso luti o n (i.C'. 80 m pi "e is ) 
cl ig it a l eln 'a tio n mode ls (D E i\Is ) \I·i th rela ti \'C ace u racics 

o n the o rcler or 2 .5 III ca n b e ac h iC\TcI. Th ese resu lts 
es ta bli sh th a t re pea t-pass sate llit e-rada r interferome try 

ca n be used to m a p the topogra ph y of ice sheets \I·i th an 

acc uracy suita b le fo r ma n)' resea rch goals. 
This pa per begins lI'ith a ;'C\ 'ie\\, o f in te rfe ro m et ry, 

fo ll o \ITcI bv a d escr i p t io n of' th e dou ble-d i ITerenei ng 

tec hni q ue uscd to cance l th e efTects o f ice-sh ee t m o tion 

(h.. \\'o k a nd F a h nesLOcK. 1996 ) . The ne" t scct io n d esc ribes 
th e gc nera ti on o f' D E.\ [s re) r a single S,\ R rramt' in \\' es t 

Grce nl a nd . Ai rbo rne laser-a lti nlCter data a rc used to 

es tabli sh acc urac\·. Int er fero l1l ctrica lh' de ri\T cI DE \l s 
from adj ace nt fi'a m es a rc a lso c"am ined. Fin a ll y, o ne 01' 
lh e DEi\ [s is co mpa rrd lI ith th e mo ti on-de pe nd e nt ph ase 
\ 'a ri a ti o n o f a n icc'-shce t int e rferogram . 

INTERFEROMETRY BACKGROUND 

Single-difference interferotnetry 

The gco me try o r a n inte rierom('l ri c SAR is sho\\' n in 

Fig ure I . The int erferome ter aCCJuires t\\'o images or th c 

same scc ne \\' ith SARs loca ted a t SI a nd S2' Th e first S:\R 

is at a ltitud e H . From SI th e ra nge, "'0, an d look a ng le , (), 

JOllghill and others: ,I/f({\lIrflllfllt n/ ic(-she!'t to/JograjAJ' 

H 

Fig. 1. (;I'OllletlJ 0/ all illtnjtrometric S. IR. 

to a poi n t on th e s u r!~lce a rc de term ined by th e gro und 

ra ngT, y, and e ln ·a ti o n . z . The ra nge to th e sa m e p o inl 
fro m the S,\ R a t S~ differs from to b y ,1 . For a sing le-pass 

sys te m . such as TOPSAR IZebker a nd o th crs, 1992 ) . t\\'o 

im ages arc acq uired simu lta neo usly using se pa ra te an ten­
nas. In con lras t. a repea t- pass interl'rromC'ter acquires a 
single image o r th e same a rea t\I'ice fro m lI I'D near ly 

re pea ting or l)i ts o r fli g ht lin cs. Th c base lin e se pa ra tin g th e 
S :\ iZs can I)l' n prcssed in terms o r components pe r pend i­

c ul ar LO. 13". a nci pa ra ll e l to. Bp, a relC re nce-loo k di rec t io n . 
A co n\Tni en t chu ice is to I(' tth (' Il o mi na l ce nt er- Ioo k a ng le , 

()e , defin c thc re rc re nce- Ioo k direct io n . 

Th e additi o n a l info rma ti on ga in cd by using a n 

intcrIlT()mc tl'r O\'CT a s ingle S.-\R is th e ra nge diffe re n ce, 
,1 . Th e range reso lu ti o n ol'a t\'pica l S AR is no t su[licie l1t 

to ill eas ure tlri s c1i1j(: rcncc acc ura te l\- for to pogr a phi c 

m a p p ing . Instea ci , th e ra nge cl ilfe re nce is dctcrm i n ed 
usin g ph ase-d ifl i.-re nce informat io n fro m th e p ,lIr o r 

cO lll plc" S. \ R im ages . For a d istr ib u ted ta rget a pi "e l in 
a complc" im age ca n IX' rep resented as • 

(1) 

\I·h ere /,- is tir e \\'<1\T number a nd IVj is a comple" , c irc ula r 
G a uss ia n ra nd o m \'a r ia ble RV ) w ith a mplitud c AJ a nd 

ph ase <P I (R od rig ucz a nd !l l a rtin , 1992 ). Bcca use th e 

m oduI 0-27T ph ase is u n iformh d is trih ll tcrl , a sin g le 

CO l1lp\e" image ca nn o t be used to d e ter mine ra n ge 
inr;xm <l ti on . 

A ('o m pie" inte rfe rog ra m is fo rm ed as th e produ c l of 

o ll e comple" SAR im age \I'ith th e co mple" co njuga le o r a 
seco nd . ,\ p i"el in th e int crft'rogra m ca n In' ex pressed as 

(2) 

Th e ph asc o r th is prod uct is gi\T n b y 

; "" V2 * = [2k:,1 + (<PI - <P2)]",ud (2;r ) . (3) 

Alth o ug h <PI a nd <P2 are bo th unifo rm ly di stributed, ifvVt 
a nd IV2 a rc co rrela ted th eir d iffere nce , (<pj - <P2), is n o t 
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uniformly distributed Ijoughin , 1995 . In fact, the 

di stribution of the phase d iOl' ITnce can be quite sharply 

peaked if the complex im ages arc \\'cll co rre lated. 
E\Tn \\'ith a naITO\\' phase distribution, the phase 

diffcrence is st ill onh' kn o\\"n modulo 271. A phase­

ulI\\Tapping algorithm , Go ld ste in and o th ers . 1988 , 

mu st bc used to remO\T th l' modu lo-27T ambig uity. The 
range d ilTcrence for repeat-pass in tcrferome try can then 

be determined using 

(-1) 

\\· here 91111\ITap denotes th e un\\Tappcd interkrometric­
phase difrerence. 

For a repeat-pass int erferometcr. .d is afrected b\· both 

topograp hy and a ny mO\'cmcn t of the target be twee n 
o rbits that is directed to\\'ard or <I\\'ay ri-o m th e look 

directioll of the radar. The interferome tri c phase can hc 

exp ressed as the sum 0 [" motion- and topography­

dcpendcnt term s. 

Th e disp lacement-dependc n t tcrm is gi\'en Iw 

1Jdi,pIH(('"I1'"1 = 2k[ (Y2 - YI) sin e - (Z2 - ZI) cos e], (6) 

\\ 'here th e su bscripts a rc used to (knote th e coordin a tes at 
th e (Clller of the S, \R reso luti on cel l during first and 

scco nd sa tellite passcs. Wh en the efTeCls of motion and 

topograp hy arc se parated , 1Jdi,plilc('"H'11 ran be used to 
estimate ice -sheer motion Goldstein a nd others, 1993; 

.J oughi n and others, 1995; R ignot and ot hers, 1995 ). 
In o rder to exam ine the effeCL of th e baseline on the 

int erferometric phasc. the topographl'-dependent term 
can be approximatcd as 

{ 
- BII [) . ] 

1J1ol'o!\rapll\' ~ 2k ~ (y - yc cos et" + Z SIl1 BC" 

(7) 

\ 'aria ti on in ground range, y, introduces a phase ramp 

across the interferogram. This ramp can be remol"('d by 
subtracting the intcrferogral11 correspond ing to a zero­
height surface. For a lixed range, I'll. y and Z a rc not 

ind epe nd en t \'ariables and arc related by 

y = J I'll 2 - f·P + 2zH - z2 . (8) 

Applying Equation (8) to compute the phase ramp 

cor respond i ng to a zero- heigh t su rfacc, the c!c\'a ti on ­

ekpenden t phase \ 'ariation is g i\ 'cn by 

CP: ~ - 21~JBII [ ( V 'I'(J 2 - H2 + 2 zH - Z2 - VTo 2 - H2) 

. cos Bc + z sin ec] 

-2kBll 
;::::---z . 

sin BcTo 
(9) 

This indicates th at the se nsitil"ity of Lhe interferometer to 

topograp h \' is proportional to thc length of E ll' 

12 

Double differencing to cancel ice-sheet IIlotion 

'\] otion-dcpencknt phase \'ariation often dominates 

topograph:'-depcncicnt phase \ 'ariat ion in ice-sheet inter­

ferograms. The e!lect of"motion must be rem o\"t'd ri'om the 
in terfcrogram before topog ra phy can bc cstim<l (ecl. K \\ 'ok 

and others , in press ) halT sho\\"n that th e motion­
dependent phase \'ariation can be cance lled b\' ciifI(')'en­

Ci ll g interf<:rogram s. Thi , technique reli es on the assump­
tion that ice is displaced b\ the same amount o\"('r the 

periods spa nned by t\\"o intcrferograms. In this case the 

base line-independent 9di'pla,",'IIH'1I1 terms arc identi ca l for 
each illlerfcrogram. I fphase ramps are ITmo\TcI from the 

interi'e rograms. th en, apph'ing Equations IS) and (9, 
these in(crierograms can be approximated as 

and 

(10) 

The tl\'O interferograms arc cii(rerenceci to lorm a double­

d i fT(')"c nee in terferogram. 

(11) 

This resu lt is eCjui\'alent to a topography-on ly int crk' ro­
gram \\ith a baselinc equal to the dillerellce of the 

base lines for the sing1c-diITcrellcl' intcrierograms . 
Figun> 2 shol\'s an example of cioulJIe difkrencing to 

cancel ice-sheet motion for illt e rferograms from li 'ame 

2 169 sce Fig ure 3 for loca ti on. Both single-diflerence 

intcrferog rams are forlllcd using 6 d pairs. These inter­
fcrograms ha\ 'e not been ul1\\Tapped, so the fringes due to 

thc modulo-27T alllbiguit\· arc still present. The interkro­

metric pair ShOWll in Figure 2a \\"as acquired during 
orb it s 32 18 and 330,1· alld has Ell ~2m. The baseline is 

sl11a li , so thi s is essentially a motion-only interfe rogral11. 
Figure 211 sho\\'s the interkrogram for orbits 3 132 and 

32 18, I\'hi ch has Ell ~ 183 m. Phase ramps correspond­

ing to zero-heig-h t sUlfaces halT been remolTd 11'0111 both 

in terferog rams. The dou blc-d iflrrel1ce in (erferogram is 
S11O\\"I1 in Figure 2c. The motion-dependent (j'inges, w hi ch 

are the cause of" most of the complexity seen in the single­

d ifference in tcrrerog- rams, a rc cancelled, Iea\'in g- on ly 

fr inges due to topography. The baseline 01" this topogra­
phy-only interlcrogram is approximately 185 m. 

Although the inte)"lerograll1~ in th is eXilmple have the 

same temporal basel ine , it is not necessal"\' that both 

interfcrograll1s spa n th e same number of da\'s to cancel 
1110tion. For cxample, the phase of" a 3 d intcrferogram can 

be doubled. This doubles the motion-induced phasC' 
\ 'ar iation so that the resu lt can be diOl'rellced w ith a 6 d 

pair. The baselinc of a doubled interferog ram is a lso 

efrect i\TI y dou bled. 
An interfe rometric pair 01" complex images must be 

co rrelated to succeed in creating a sing lc-difT(-rencC' 

interfc rogram. To form a doub le-difTcrence illl eriero­
gram, hO\\'e\'e r , the constituent si ngle-d ifrerence in tcrii:.'I"­

ograms do nor need to be cor re lated wirh eac h ot h cr. 

because much or th e phase \'ariation ri'om sp ec kle is 
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c 

cance lled II' hell th e singlc-d ilk re nce int cril-rogra lll s a rc 
[CJrJllCd , T his means th a t a, lo ng as th e mo ti on licid does 

no t c ha nge, int n rerog ra ms ca n be dillc')'e nced nTn \\' he n 
sc p a ra tcd b\ long in tcryals. S nTrL helcss, corre la ti o n 

l)(' t llTe n intcrkrog rallls a ids in th e ir reg istra ti on , \\ ' hc n 

int e rfc')'ograms a rc cor re lated and th e base li ne' is knO\\'n , 

Lll l'Y ca n be reg istercd \\ ith su b- p ix cl «cc uraC\' using th e 
cross-corre lation ru nt"liol1 computcd IClI' O Il C imagT fi 'o m 

eac h intcr ilTo lll eL ri c pa ir ,j oug'hin , 1995 ), 
\\ ' h ere th erc is n o corre lat io n het\\"t'C 1l inlc l' rel'O­

g ra m s th e loca ti o n s or the co rn c l' po illls computed b y 

th c S ,\R p rocessor at the Lni ted K in gdo lll Process ing 
and A rc h i\ 'ing Fac ilit y (U K-P,\F a re used to rcgistc r 

th e i nt criC-rogra I1lS .J oug hin, 1995 , Th e acc u racy or 

thi s Ill e th od \\'as dClcrlllin ed by com p a ri so n lI'ith th e 
m o re acc ura te cross-co rre lat i() n I1ll' thod le)!' sc\-e ra l 

inte riCrog ra m s th a t cO llld b e reg is tered lI ith b o th 
m c th od s, Thc i nle r il'rog rams used [e)r thi s tcs t ,U T 

se p a ra ted b\ intc lya is or 3, 6 and I S d, Er ro rs fo r th e 

co rn e r-po illt rcg is tra ti o ll Illet hocl a rc est imated to 1)(' 
7,5 m in ra nge a n d 22,1, m ill ai', ill1u th , Th ese a rc 

r e la ti\"(' crro rs, F o r compari so ll , t h e n om ina l a bso lulc 

acc uracy or th e co r nl'l'-po int loca ti o n s is 50111 (Smith 
a nd o th ns, 199-1,) , 

.loughi/l a/ld a/hers: ,1/ert.\/lrfI/ll'II/ 0/ ice-shee/ /u/Jogra/)/!J' 

b 

Fig, 2 , , Ill e\(/lIIjJ/C I.!! dOllble riijji'rl'll!'illg ,\illgll'-riUierm("f 

ill/cr/~r(}grrtIlB .FOil! ((/ ) O/'bi/.\ 3218 :'f.'10-1 alld ( b) orbi/j 

3132(321 R /0 /,"l'lll'rrtl!' (c) ({ /ojlOgraj)/!) '-oll(), ill/elji' rogralll, 

DEM GENERATION 

,\rtn th e cl o u b le-d ilf(')'e ncc int erli:-rograll1s a rc I() rnwd, th e 

Ilcxt ste p is to 1"(' Ill O\T th e modlll o-27r ;Imbig uit )' in lh e 

pha,e, Thi s is do nc w itlt a ph ase-un w ra pping a lgo rithm 

Co lcls \e in anci o th e rs, 1988; j oug hill , 1995 Because 
in tcgr, lti o ll o l' th c d il k rc nccd ph ase is lI seci to l'(:'mO\'(' th e 

lll oclul o-27r a lllbigu it ;., th l'l'l' is a h \ <I\ ' S all unkn o \\'1l 
cO ll stan t assoc ia ted \\' ith th c ull\\Ta p pcd so lutio n , a nd 

ti l ll S o nl ;. tit e rela ti n' ph ase is knO\ \'n, This unkn O\\'n 
co ns t;l nt is SO hTd fo r as pa rt of" th e h ase lin c cs ti m<l ti o ll 

procedure .J o ug hin , 1095 ), 
ERS- I o rbit s a rc l1 0t kl1 ()\\'Il \\'c ll (, lIough to es tim a tc 

Ilase lines \\ ith tit e 1('\'('1 o f" accu racy needed to ge ll era tc 
DE\ ls, ,\ s a resu lt. tit e b asciill c must 1)(' de tCl'lll ill cd using 

. ' 

: -./ ':' ., .. ,' . ,' " , "", 

L 
75:', 

.. , '; AOLFilghi'.,Line 

i/ : 

"' ,' , .. ,7',5.0 "" , 

Fig, 3, Low/ioll O/F({IIII' 2169 ({lid jJllr/ o//;'e .' 1()" J7I~!',;'/ 

lille ji-Olll 27 }II()' 1993, 
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J ournal 0/ G'/ariologl' 

ti e po ints (po ints o f kn o ,,'n e lent ti on ; Z ebker and o th ers, 

199+a) , \\' h en t he basel in e is m odelled as \'a r ying li nearh ' 

a lo ng trac k, a t leas t fo ur li e p o inls a rc needed, A g reate r 

nu mber o f ti c poi n ts can b e used in th e least -sq uares 

so lu ti o n to h e l p red uce th e e ITec t of ti c-po int e rro r on th e 

baseline es tim a te \Ze bker a nd o th ers, 199+a ) , 

\ l a n y o f th e existing topograp hi c d a ta fo r ice she!"ts 

" 'I" IT ac CJ uired usin g rada r- a l t i me try d a ta , \l'h ich has 

coarse ho rizo n ta l reso lu tion (i,e , a fC',,' kil o m eters l. T o 

d e te rmin e th e base line leng t lL " T use tie poin ts ex trac ted 

fi'o m th e ~at i on a l S Ulyey a nd Cad as tre of D en ma rk 

(K Vf S ) DE~l (pe rsona l communi ca ti on fro m S, Ekh olm. 

1994) . \\'hi ch \\'as d eri \Td princ ipa lly from ra d a r a lti me lr\'. 

Beca use th e ice shee ts a re rcla ti \'e ly sm oo th , this D E \I 

yield s t ic points with erro rs of a bo u t 20 m in th e p resence of 

undula tin g to pograp h\', S imul a ti o ns indi ca te th at base lines 

es tim a ted usin g 100 o r m o rc ti e points ex trac tcd [i'o m th c 

K~ IS DE7\ f yie ld re la ti\T e r ro rs of abo u t 2 3 m in th e 

es tim a ted topogra ph y (joug hin , 199.1 ), 

Afte r baseline es tim a ti o n , th e next step in creat ing a 

DE\1 is to add back th e ph ase ramps th a t \\T IT rClll o\TCI 

prio r to phase un\\Ta pping , The range diITe rencc is then 

es tim a ted b\' sca ling th e un w rap ped p hase usin g th e relat io n 

gi\T n b y Eq ua ti on ( f ). Th e b aseline an d L'I a rc used to so l\-e 

for th e loo k an gle. e I Li a nd Go ld stein . 1990; R od rigucz and 

\Ia rtin. 1992 ). Eleyation a n d gro und ra nge, rela ti H' to a 

curn:d ea rth . a re comput ed usin g IJ oughin , 1(95 ) 

z = - R" + V R,.l - 2(R,. + H )TO eose + TO 2 + 2HRe + H2 

and 

- R " ,( 2HR,,+ If
2

+ Z
2

-TIl
2

+ 2Rp( R('+Z) (?) 
Y - " ill eeos () ( ) , L 

2 R" + z Re + H 

T he fin a l ste p in DE"[ genera ti o n is to inte rpolat e th e 

u ne\ 'e n I y spaced g ro u nd -ra nge a nd elent ti o n \',tl ues to a n 

C\'C nl y sp aced grid , 

INTERFEROMETRICALLY DERIVED DEMs FOR 
AN AREA IN WEST GREENLAND 

Study area and interferograJlls 

This sect io n cxamin es DEi\ l s crea ted fo r th e a rea co\'c red 

b y fi'a m c 2 169 from trac k 25 o f' th e ERS- l S AR d uring th e 

fir s t a nd scco nd ice ph ases , Th c loca t io n of' thi s 

a pprox im a te ly 100 km b y 100 km fra m e is shO\m in 

Fi g ure 3 , Fo ur sing le-d i ff e r e nce int e rfc rog ra ms we re 

gen era ted using da ta li'om six o rbits, T a bl e I gin 's th c 

orbit pa irs, tempora l baseli nes ( timc het \H-en th e acqui si­

tio n o f im ages in a n inte r fem m etri c pa ir) a nd £ S. \ baselin e 

es tim a tes (Solaas, 1994) fo r th e si ngle-diITe re nce in terfe r­

ogra m s, Eac h intcrfe rogra m in th e ta ble is ass igned a 

numbe r , n, th a t is used for subsequ ent id en tifi ca ti o n , 

I nterfe rogra m s a re th en d e llo ted as I" , T h ese intcrfe ro ­

g ra m s a rc c rea tedusill g ERS -l , full-scene, com p lex images 

proccssed at th e U K-PAF, Th e co m plex interfe rograms a rc 

mu lti loo k- a \ 'e raged 4 pi xcl s in ra nge b y 20 pi xcls in 

az im uth to \' ie ld a pixe l spac ing of app roxim ate ly 80 m . As 

part o r th e process ing , ph ase ra mps co rres po nding to a 

ze ro-he ig ht surface are rem O\'Cd, 

The in te rferogra ms li s ted in 'fa ble I arc used to crea te 

six do ub le-difJe rence inte rferog rams, \\ 'hi ch a re .id cntifi ed in 

14 

T able I. Orbil 11 11111 ber.1 alld ES: f bmdille eJlill1al('s Jar 
illle/ferograms gelleraled for Jrame 2169 

Illler/no- l ,'irsl Serolld .fJ.T Ell Bp 
gralll orbil orbil 

d m m 

11 12838 1288 1 3 165,75 73,25 

h 3089 3 132 3 59,7 1 30,70 

f:l 3 132 32 18 6 182 ,70 ·~ , 96 

I , 32 18 330+ 6 1. 56 23,00 

Ta ble 2, Th e seq uence o f' o p e ra ti o ns an d th e sin gle­

diiTerc ncc illt e rferograms use d to form eac h cl oub le­

diffe rence res ult a re includ ed in th e fa r lef'th a n d co lumn 

o f'Ta ble 2. Th e base lin es in thi s ta b le a rc ckri \'Cd from the 

base li ne est im ates g iH' n in T a b le I , Three o f' th e d ou bl C' ­

d ifTere ncc intc rfe rograms d o not in ciJlde I" F o r th ese 

in te rferograms reg istrat ion is pe rfo rm ed by cross-co rrel at­

ing one im age fi'om eac h pa ir a ft e r compensa ti o n fo r the 

base line, Beca use th ey a re sepa ra ted by 22 mo nths, the re is 

no cohere nce be t \\'ee ll 11 a nd th e ot her in terCerogra m s, ,\ s a 

r es ul t. do ub lc-diffe renced p a irs t h a t inc lud e 11 a re 

registered usin g th e corn er-point regist ra ti o n a lgo rith m 

m en ti oned ca r l ic r . The com pkx i 11 te rCerograms a rc d ou bl e­

diITc rencecl by mul tiplying o l1 e in te rfcrogra m \\'i th the 

com plex conju ga te of' the o th e r. Phase d oubling o f a 3 d 

complex in terferogram to m atch th e motion or a 6 d 

interfcragram , d e no ted as 2 x I", is ac hi e\-ecl by mul t ipl ying 

it " 'ith itse lf. T o es ti mate the basel in e, 132 cye n l)' spacedti r 

points. Zt, \\T IT ex tracted fi'o m th e K7\ IS D E\ l persona l 

co m lll uni cat io n fro lll S, Ekh o lm. 1 99 '~ ) , 

D E\ Is gene rated d irenh' [i'om th e cloub le-ddk rcnce 

int erfcragrams h a\"(' la rge er ro rs ( i.l', a fe\\" hun d red m cters ) 

(joug hi n, 1995 , ,,'hi ch \'a r y pri ma ril y in th e az imu th 

d ircct ion, Th c length sca le or t h ese errors is g reate r th an 

a ho ut 15 km . I t is likely th a t th ese e rro rs arc th e res ult or 
p hasc irregu la rit ies in th e complex images from th e UK­
PAF, \\'c es ti ma te the erro r by lo\\"-pass fi lte ring th e 

d ifference be t\\Te n th e inre rle rog ram a nd a sy n thet ic 

illlerferagra m created using t h e K \IS DE\ !. l n te rk ro-

Table 2, {)oub!e-dijJerfl/ce illlfl/erograllu Iorji alllf 2169 
and corre:,jJoIl(/illg baselilles derilW/ ji-olll ES.'l baselines 

DOllble-diflerelJ[e 
illl fllerogralll 

h - 11 
2 X 12 - 1;1 
2 x h - I, 
2 X I , - 1:\ 

I t - 1:3 
2 x I , - I, 

Ell 

III 

106 .04 

302. 12 

11 7,86 

5 14 ,20 

184,26 

329,9 '~ 

B p 

111 

42.55 

66.36 

84.40 

15 1.46 
18 ,04 

169 .5 
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g rams a rc corrected by subtract ing th is estimaie oCt h e error 

J o ughin , 1995 . ! n th e resuiting DE\! th e kil onlt'ter-sca le 

info rm at ion is pro\ 'ided by th e interferogra m. \I 'hil e the 

lo nger-scale informat ion (g rea te r than 16 km is suppli ed 

b>' th e K\IS DE\!. Th is i, not th e ideal so lution, h owe\"C r, 

as i t a llo\l's 10 ng -\l'a \T length er ro rs in th e a ltimet J"\'-d e ri\Td 

K]\] S DE]\L 10 be propaga ted to th e interferometrica lh' 

de ri \Trl DE\! . Furth er researc h is needed 10 estab li sh th e 

ca use of th e und e rh-ill g 10ng-\\"l\Tlc ng th phase e rrors in th e 

illlerk rog ra lll s so th at uitimatch- th ey can be e li minated 

\I'itho ut th e aid of a supplem entary DEJ'lI. For n o w. thi s 

co rrect ion a ll ows us to procecd \\' ith our ill\Ts tiga tion o f 

inte rferom etric esti III a ti on of ice-shee t topograp h\·. 

Analysis of interferoD1.etrically derived DEMs 

. \ rler correction fi) r lo ng-\I '<!n' le ng t h e rrors, th e in terf(-ro­

g ra ms are used to creatc a set o r six OE\! s. These DE\ls 

arC' a\'e raged LOgether to crea te a compos it e DE\J. Z". This 

2500 

2000 

1500 

1: 
1000 

500 

,J1, --

J OlIgltill alld ollter.l' : .l/ea.III/1'1I/1'II1 III iCl' - .llzfl'llo/)ogra/)/~l' 

DE l\! is di splayed in Fi g ure 4a as a shaded surlilce \I 'it h an 

ill uminat ion so urce directed rrom a bo\'l', a long th e z ax is. 

Th e I o pogra ph\' co nsis ts or a gc n tic slope ex tc nd ing from 

about 2400 m in th e top r ig hthand co rner to abo ul 1100 m 

in th e 10\lTr kfth a nd co rn er. Kil ollleter-scalc undulati o ns 

t\ 'pica l of ice-shee t te rrai n arc clearly \·isibie. To be lle l' 

illus trate th ese lCatures. Fig ure 4h sho\ls the OE\ ] as a 

shaclcd surfau' fi 'o lll a \ 'a lll age-point direc tl y OITrhead. The 

ligh t source is the sa llle as th a t used in Figu re "~a . \' isua ll y. 

th is e n h a nces th c a ppea ra nce or sho rt -sca le u nd ula tions. 

\I 'hile d e-emphasil. in g the lo ng-scak tre nd of th e slope. 

Th ere arc no detailed DE\! s fo r th e e ntire S.\R frame 

io co mpa re \\' ith th e interferome tri c DE\] ,. I nslead, 

differences hc t\l '('e n th e indi \' id u a l DE\] s a nd th e 

composit e DE\ ! a re examin ed . Because th e erro r lor z" 
is unknown. these diffe re nces a rc m eas ures or D E,\f 
co nsis tenc\' ra th e r t h a n alTuraC\·. I\ e\"cr[ he less. it is 

ins truCl in' to examine h O\I' the DE\! s diffe r. Acc urac y 

is e\·,tlu <1 ted by compa ri son with laser-a lt im e tc r data for a 

sing le ni g h t line ill th e next sub-sect io n . 

\Ica n and standa rd dn'iat io ns or the d iffe re n ce, 

Z - Z", a rc g i\'Cn in th e seco nd a lld third columns or 
T a ble 3. Thc m ean d ilfe rence , 11 :-:., ' \ 'ar ies b\ aboui 

±3 m. Beca use m ea ll d iffc lT nces shou ld be d e te- rlllin e d 

la rge ly b\· ti e-po inl bi as. \I'hi ch is th e sa m e lor a ll the 

DE\ !s. th e 1'<1riabilit\· In the-sc dim.'I'e nces sho uld b e 

"maller than o iJsc l'\Td. 

Standard de\'iations range from moderat e- to quite 

la rge. ! 11 gc nera l. smal ler \'a lucs cor res po nd to lh e 

interl(-rog rams \\ 'ilh th e large r baselin es . The diffe ren ces 

a re loo l<trge to be exp la in ed I)\' base line-es tim al ion erro r 

a lone IJ o ug hin . 1995 . I t is a lso unlike ly t hat ra nd om ph ase 

error duc LO speckle ca n ex pla ill these differcn ces. beca use 

Ih e illt c rfi: rograms han' bce n hea\·ilY multil ook -anTaged . 

Loca lized phase-un\\Tapping er rors co uld increase the 

erro r , hilt onl\' fiJ r I h o se parts of th e im ages wh e re 

co rrel at io n is lo\\' o \l os t or th e un\lTap ping erro rs arc 

~- - conlin cd to the lo\\'c r lcrthand corn er o r th e li ·a llle. \\ 'here 

a ~o 

100 

80 

60 
E 

.Y 

x 
40 

20 

20 40 6 0 80 
b Y ( km) 

I ;ig . .f. Shaded .I/II/are q/ Ihl' (olll /)()., ile D /,',1 l .fin Fa llle 

2169. The l'(llIlage-/}oilll ij ( a) FOIII Ihe .Iidl' alld ( b) 
j;-U/1/ abOl'e. T he light .\ource i.1 dirfcledjiolll abo /'I' . alollg 

Ihe z (ni.\. 

mo ti o ll is grea test. ELe\ 'ations are less th a n 1400 III in th is 

regioll of' Ih e DE\I. Ph asc- un\\Tapp ing erro r, a re e limi­

natcd rrom tlt e compar ison h\' comp ulin g tite sta ndard 

dl' \'iat io n o n lY lilr that part o r lit e l)E\! \\' hlTC' (,lc\ 'a t io n is 

g rea ter th a n 1400 m. Thesc \·a lll es. re po rted in the las t 

co lll llln o f'T a ble k do n o t shm\' a recluct io n signifi ca nt 

enoug h 10 attribute the largT \'a lLl es o r (J' : 0;, to eITors in 

Tol;!e 3. (;olll/Jari.\'(JII (!I illlelfl'romelrica/~)' deril 'erl 

('1(,Nllioll.l, Z. l[ 'ilh cO I///}o,lile j)l,~'J/ , z" 

DOIlb! e-d if/mll(1' 
illll'lji' rogwlII 

h - 11 
2 X 12 - I:! 
2 x h - TI 
2 X 11 - / \ 

14 - 1:! 

2 X 11 - 1 1 

~L : - ; \ 

111 

0.66 

0.72 
3 .02 

2.79 

1. 'W 

l A l 

(J' : ':;1 (J' z - z" Z 

'2 1-1-00 III 

m 111 

7.57 6.24 

"L4 1 3.54 

11. 24 10 .46 

6.84- U O 
9 .79 R.69 

5.94· :1.96 

15 
https://doi.org/10.3189/S0022143000030483 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000030483


]Ollllla! of (;I(lriologl' 

phase-un\\,ra ppi ng, 

Th e differenccs brtll'ce n the com posit e a nd indil 'idu a l 

DE.\ ls indica te that th erc mal' st ill be so me un a nti ci pa ted 

phase e rro r in th e interferograms, Shacled surfa ces Fig, S) 

a re use ful for obsc J'\ 'ing differcnces aillong DEf.. Js, R a nd om 

phase error due to spec kle appea rs as a high-frequencl' 

pattern beca use it I'a ri cs indepcnd enth- fi'om pixel to pixrl. 

This erro r tends to bc la rger far images \\' i th shorte r 

baselin cs, F o r C'xal11p le, th e sh acled surf1lce in Figu rC' Sb is 

more tex tured th an the surfilce or th r DE.\ [ Sh O\\'ll in Figu re 

Sa , \I 'hi ch co rres ponds to a much longcr base lin e , Errors th a t 

sho\l' up a s ho ri zonta l lines can be sce n in th e DE .\l s illus­

trated in Fig ure 5 as \\ell as in th e DE .\[s that a re not ShOll'll , 

These erro rs a rc th e res ult or mino r phasc d iscontinuiti es in 

the complex S,\ R images , :\ ei th er of thrse e ffe c ts is large 

eno ug h to exp lain the la rge standa rd dCI'iat io ns, 

The DEf.. 1 shOll'n in Fig ure 5b has s tructures th a t 

appea r as lo ng rid ges o r \ 'a ll eys a nd ('x l(' nd nearh­

ho ri zo ntall y most of th e \\'a\' ac ross thr frame , I n co ntra st. 

th e DE'\1 in F ig ure 5a is r e la ti\T h ' fi 'ee of su c h s tructures , 

i\ [any of the o ther indil 'idu a l DE '\Is (n o t sh o\\' n ) halT 

a 

b 

16 

Fig, 5, Shaded Sill/aces I!filldil'idllal DE.',I/s genera/edfrom 
in/elferogralllJ (a) 2 x 11 - 1;1 alld (b) 2 x h - 1~ , 

feat ures \I ' ith shapes and ori enta tion or the sam(' kind as 

the ['r a ture s \'isiblc in Fi g- ure 5b, Thn' arc llot 

topographic [ealures, bcc<[u<;e the\ ' dille.'r fi 'om D£:-'l to 

DE'\ 1. These "s treaks" tend to <[\'('rage out in rhe 

compos ite DE:-'I so that little of this type or struct ure 

ca n be see n in Figu re I. 
The phase flu ctuatiollS that cause streak erro r arc 

es tim a ted hI' subtrac tin g an intnre rogram simulated using 

the composit e DE.\[ [1'0111 an inclil 'idual douhle-di ffercnce 

interfcrogra m, Ph ase e!Tor estimated in this \\'ay fc)r h ~ I1 
and 2 x h ~ 11 arc elisplal eel moelulo-2" ill Figure 6, 

Altho ugh th e est imates or phase error in Fi g ure ti 
correspond to int e rfcrograms that hal'(' similar baseline 

le ng th s, the magnitud es of the streaks in each interfcrogralll 

-
a 

b 

Fig, 6, Residual /Jhase ajia IlIb/rac/iu/!, the v/ee/ of 
/o/JOgra/!/{)' '/;-01/1 /ll!a ,lf-COrrerll'fl ill/elji'rogralll,1 for (a) 
h ~ 11 (Ell >:::: ~1O(111 ) , alld ( b ) 2x h - 1 1(B II ~ 

118//7 ) , 
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diffe r g rea Li y. Obse lya ti ons of simil a r es timates fi'om seyera l 

o th e r interferograms a lso indica te th a t s trea k intensit y is 

ind e pend ent of base line length. The sensiti\ 'it y ofa DE\I to 

streak a nd oth er ph ase errors is il1\"C rse ly proport io na l to 

base lin e length . T hus, th e best D E'\Is are achi eved fo r 
inter ferograms ha \'ing both 101,' streak error and lo ng 

baselines. Beca use th e widths of th e strea ks arc of simil a r 

scale to th e topogra phic undul a ti ons, it is d iffi cult to 

es tim a te and remO\'e thi s error I)y m eans o f filt ering . 

Th e re arc simila r s treaks in th e co rrelation im ages for 

the in terferog ra m s. J ezek and Ri g not ( l 99"f ha\'e a lso 
o bsenTd strea ks w ith sim il ar ori e ntati o n in co rre la ti on 

im ages fro ll! a nearb\' ERS- I swath. They ha\"C sh own 
th a t th e s trcaks a re re la ted to hig h- frequency varia tions o f 

the az imuth registra ti o n. Th e underly ing cause of thi s 

s treak "noise" is st ill unknown . 

COlTIparison with laser-altitneter data 

Th e ;\,ASt\ Airborne O ceanograp hi c Lid a r (AOL ) ha s 

made se\Tra l fli g hts over th e Green land ice shee l. This 

lase r a ltim eter perfo rms ove rl a pping co ni ca l scans about 
150 m in d iamcte r. Eig ht y cln'a ti o n m eas urements a re 

m a d e pe r sca n . AOL meas urements of ice-shee t eln'at io ns 

arc repeatable to w ithin 10cm (Kra bill a nd o th ers, 1995. 
in pITSS ) . Acc uracy is on th e order o f a few ce nti meters. so 

comparison with AOL data pro\'ides a good es timate o f 

th e accuracy of inte rfe ro metri c DEl\ls . 

An AOL fli g ht line from 27 Jul y 1993 crosses the uppe r 
ri g h thand co rner o rf'ra m e 2 169. Fig u re 3 sho,,'s th e loca tion 

of frame 2 169 a nd th e AOL fli ght lin e. T he port ion o f th e 
(Li g ht lin e that illlerseCLs th e S,\R fi'ame is 76 km long. T he 

AO L d ata a re subsampled a long th e cente r or the sca n to 
ob ta in m eas urements with 80 m spac ing, wh ich is approx i­

mate ly th e pi xe l spac ing of th e inte rfero m e tri c D E\Is. T o 

a ll o ,,' compa ri so n with illlerlcrome tric DE\ ls, th e e le\ ',, ­
ti o n , lat itude a nd lo ng ilUde of eac h po int a long; the profile 

,liT cO lwertcd to th e g round-range coord in ates oC the SAR 

fra me . It mig;h t ha\T been possibl e to o bta in more acc urate 

base line es tim ates b y using ti e po ints from thl' i\OL d ata. 
This was no t attcmp ted , h 0\\,('\'(' 1' , because the goa l is to 

esta bli sh th e accuracy o f OE"- ls created using thl' radar­
a ltim e try ti e points a lo ne. 

The mea n, / i Z-ZAOI , a nd standard de\ 'iat ion, CJz O\()I' o r 
th e diffe rence betwee n th e AOL clC\ 'a ti o ns, ZAOL. a nd th e 
inte rfero lll et rica ll y d e ri\ 'cd ele\'ations , Z, a re repo rted in 

T a ble 4 . The va lues o l { i z-z \()l \'a ry fro m abo ut 0 to 5 m . 
Th e m ean diITerence betwee n th e AOL profile a nd th e 
pro file ex trac tcd fi'om th e Kl\l S DEM is 3.43 Ill. Thus, th e 

mean difTc rence of 3.8 1 m ror thl' composite DEl\1 is mos tl y 

attributab le to differe nccs betwee n th e AOL profile a nd 

Kl\I S DE\!. Streak no ise proba bl y co ntributes to so m c o f 
th e varia bilit y in th e m ea n difle rences d ircc tl v. a nd also 

ind irec tl y through a n increase in base lin e es tima tion e rror. 
Sta nd a rd dev ia ti o ns for the indi v idu a l DE\ ls a rc a ll 

in ro ug h agreement w ith th e results fl-o m th e compa ri so n 
of composit e a nd indi\'idu a l DE\![ s (T a bl e 3 ). Onl y two 

of th e indi\ 'idu a l DEt-.1 s d ifl<"r from th e AOL da ta by 
sig nifi canth' mo re than 5 m . Th e re latiyc acc uracy of th e 

compos ite DEl\1 is 2 .56m, which is a lmos t equal to th at o f 
th e bes t indi\'idua l DEt-.1. 

R e lative diffe ren ces in elevat ion fo r th c AOL d a ta, 

th c composit e DEl\ [ a nd th e bes t individu a l DEI\J are 

J o lIg11 ill alld olher:, : ,1/ faSlIremfll1 oj ice-sll eel 10/lograp/I)' 

Table 4. COIl1/)(lrisoll oJ illleljerolllelricall)' measured 
ele1'aliol1s , Z, lI.'ith If 0 L eleval iolls, ZAO L 

DEAl 

h - 11 
2 x h - lJ 
2 X h - 14 
2 X J 1 - 1:3 

11 - 1:1 
2 X 11 - 1~ 

Composite DE\[ 

I i Z-ZAOI 

m 

4 .95 

4.+2 

0.05 

5.20 
5.86 
2.49 

3 .81 

CTZ-ZAOI. 

m 

5. 12 

4 .71 

10.07 
') " -_.:J :J 

10 .01 
4.4 1 

2 .56 

id e ntifi ed by compa rin g th e profi les a Ct e r subtrac tion 

of the <l\ 'C rage e leva tion (i'o m eac h profile (Fig . 7) . 

DE\J (, ITo r is la rges t (abou t 5 m ) for th e firs t 10 kill of 

th e profile , but s tays b e low abou t 2.5 m for th e res t o f 
the pn)filc . This com p a ri so n d emons tra tes th at it is 

poss i bl e to gene ra te ice-s h ee t D E\ls w ith re la ti ve e rro r 
of ahou t 2.5 m. Elimination o f s treak n o ise a nd be tter 

ti c po ints ( i.e. AOL d a ta ) sho uld furt h e r reduce 

e le\ '"ll io ll e rror. 
E rro r from random-phase noise d ue to spec kl e \'ar ies 

nearly ind e pe nd entl>' fi-o m pi xcl to pixe l. Th e refo re, th e 

f ~l irl y sm oo th interfero m e tri c profiles indi ca te th a t thi s 

type of phase noise is a rclati\Tly min or so urce of crro r. 
Th e AOL p ro file is sm oo th (i.c., th ere is li ttle \T rti ca l 

\ 'a ri at io n g reate r than I m ) o n the sca le of th e + (ra nge ) 
by 20 (az imuth ) multiloo k p ixC" 1 size, so co nsidera bl y 

more l11u ltilook ave ragin g co uld be app li ed to further 

red uce \\'h a t lill le phase no ise there is from sp ec kle. 
There m ay be co nsid e ra bl e pene tration at C -band 

(i. e . up to 25 m for dry sn o\\' ; \Litz1cr. 1987 ) . so th a t 

th e mcasured surface dirIe rs from th e ac tual surfacc. 

An y bia s nea ted by pCllctra ti o n to a ullifo rm depth \I·ill 
be remon'd during the b aseline est im a ti o n proced ure, 

w hi c h te nd s to fi x the Cl\T rage heig ht to th a t of the Li e 

po i n ts. Spa ti a ll y \ 'a ryi n g d e pth o f penet ra tioll could 
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I 
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Fig . 7. C:ol77pari:'oll oj A 0 L /mjde:, lI 'ilh Ih f (Om/JO.Iile 
Dl~' ,H alld wilh Ihe DEil/ cOIII/JlIled usillg 2 X It - 1;1' 

To iLlustrale reialil'f differences thf mean elevalioll is 
sllblracledIrom e(fch profile. T/l f /lIoJde rtlIIS}i-OIll. \ ' /1 '10 
SE' and corresponds 10 Ihal /Jarl oj Ihe A 0 L .flighl lille 
illuslraled Ihal inlersects Jrame 2169 ( Fig. 3) . 
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JOllmal OJ Glaclolog), 
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b 

Fig. 8. Shaded slllface oJ Ihe com/Josile DE. II /orJim1Ze 
2151. The van/age-floill/ is ( a) Jiom l/ie side al/d (b) 
from abol'e . The /ig/lI source is dim/ed/rom ab01'e , along 
/he zaris. 

ca use r e la ti "t' difTe re n ces be twee n th e m eas u red 
topog r a ph y a nd th e ac tu a l su r face to pograp h y . 
Co mp a ri so n with AOL da ta indica tes th a t th ese 
diffe re n ces a rc less th a n 2.5 m in th e a rea we ha ve 
examin ed , w hich is ill tb e perco la ti o n zo ne . \V e ha ve 
no t done a compa ri so n fo r o th er snow fac ies, w here 
pe n e tra ti o n is like ly quit t' diffe re nt . The ef1ec t o f 
pe ne tra ti o n on inte rfe ro m etri c DE.i\I accuracy IS a 
to pi c tha t needs furth e r s tud y. 

DEMs FOR OTHER FRAMES 

T ntc rfero metri c D L \Is a re a lso deri\"Cd for the fra m es 
adj acent to 2 169 : fra m es 2 15 1 a nd 2 187. The orb i ts used 
a re the same as th ose g ive n in T ab le I . The base lines a re 
simil a r to th ose listed in T a bles I a nd 2 . Se\'e ra l of th e 
inte rferogra ms for fra m e 2 15 1 have m a n y streaks a nd 
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genera lly 10\\' co rrela ti on . Sa ti sfac ton- D E:'.Is can onl y be 
c reated for h - I ), 2 x TI - f..J, a nd 2 x I t - I t . Figure 8 
shows the composite DE:'.I [o r fr a me 2 15 1 fo rm C'c\ using 
th ese three DE;-'Is. Beca use e\ 'en th e interferom e tri c pa irs 
for these DEl\ Js a re not stro ng ly co rrela ted , to pogra phi c 
errors in th e DEp.ls for thi s fra m e are grea te r tha n lo r th e 
D E " Is from fl"ame 2 169. Som e o f thi s ad di ti o n a l error is 
seen in Fig ure 8 as streaks and m inor d isco lltinuitics. 

The D E~l fo r fra me 2 15 I sho \l 's a shar p tra nsition 
fi"o m Cl ge ntl y undula tin g sur face, like th a t see n in frame 
2 169, to mu ch smoo ther to pography a t higher e leva ti ons. 
Becaus(' th e scale of d yna m ica ll y su pport ed to pog ra ph )' is 
d e termined b y ice thi c kn ess. \"C loc ity a nd bedrock 
topograph y (Pa terso n, 1981 ; J o ha nnesso n , 1992 ). thi s 
tra nsition mos t likel y rell ec ts lh e effects of thi c ker ice a nd 
10\\Tr surface slo pes towa rd th e int eri or of th e ice shee t. 

Figure 9 sh ows th(' compos ite DE~J for fra m e 2 187 . A 
la rge region co rres ponding to a n out1(' t glac ie r is a lmos t 

100 

80 

---. 60 
E 
~ 

x 
40 

20 

0 
0 20 40 60 80 

b 
y (km) 

Fig. 9. Shaded slllfare 0/ //If com/JoSile DEll! Ior frame 
2187. The 1'all/age-/Joilll is ( a) from Ihe side and ( b) 
/ram above. The i1j!,hi 501l1"(e is diree/ed Ji-om ab01'e, alollg 
Lhe z{['(is. 
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completely deco rrcl a ted . This reg io n co uld not b e 

un wrapped for a ny o f the interfe rog ra m s. Th e miss ing 
eleva tions in this a rea h a ye been replaced with eleya tio n s 

from the KMS DEM. The interfe rog rams for this fra m e 

ha\'e more streak erro rs th a n those fo r fra me 2 169. A s a 

result, DE~1 accuracy is likely to be less th an that fo r 

fram e 2169. ~evcnhcl ess, a lac k of v isibl e strea ks on the 
ri ghth and sid e o f Fig ure 9 indica tes th at a reasonable 

le\'C1 o f acc uracy (i. e. a fe\\' meters ) may ha \'e been 

achicved. 
The DE~ r s in earli er fi gures a re presented in th e 

ground-ra nge coo rdin a tes of th e SAR [i-am t' . f or m os t 

ap pli ca ti ons it is d es irabl e to rep resent th e DE:-.r in so m e 

o th er geogra phic coo rdina te system, such as th e po la r 

s te reog rap hi c coord .in a tes of th e SS i\f /I g rid. This 
coo rdin a te transforma ti o n ca n be m a d e using a geocod ­

ing procedure (Joughin, 1995). Beca use th e interfero­
me tri c eq ua ti ons yie ld b o th c1e\'ation a nd g round ra nge , 

te rra in-correc tion is accompli shed autom a ti ca ll y (Li a nd 

Co ld s te in , 1990 ) . Transfo rmin g th e DEi\Is into a 

com mon coo rdin a te sys tem ma kes it is poss ible to 
co m bine a nd compa re th em with o th e l' c1e\'a ti on d a ta 

se ts. For example, Figure 10 shows th e sh aded surface of 
the inte rferometri c D Ei\ I s for frames 2 15 I , 2 169 and 2 187 

combin ed with a sec ti o n of th e K:'IS DEi\f. The inc rease 

in topographi c de tail offe red by int e rferom ctry is striking. 

TOPOGRAPHY AND PHASE DUE TO ICE 
MOTION 

i\fo ti o n ca uses comp lex Crin ge patterns in icc-sh ee t 

int e rfe rog rams . For examp le, the interferog ra ms in 

Figure 2a a nd b ha \'C many c1oscd-phasc contours duc 
to mo ti o n th a t r(' sembl e bull 's-eyes. An understanding o f 

the com plexi t y s('(' n in th esc fri ngc pa Iterns is need cd 

before es timatcs of\T loc it y can be made. In particular, it 

is important to determine th e rela ti\T contributions of 
\Trtical a nd hori zo n La l m o ti on to the interferometric 

x (km) 

J Ollglzill alld others: NleaslIrelllent oj ice-sheet Loj){)grap/~y 

phase. J o ug hin and others ( 1995) used a simple mode l to 

demonstrate th a t bull' s-eye p a LLerns a rc ca used by vertical 
di sp lacem e lll as ice nows oye r bumps in th e surface 

topography. Their mod e l indicates that, over leng th sca les 

of less th a n a few ice thi c knesses, phase va ri a ti on is 

dominated by \-er ti ca l ye locity. This is beca use th c steep 
(23°) inc idence a ngle of the ER S- I SAR m a kes phase 

more se nsi ti \ 'C to long i [ud i n a l grad icn ts in vertica l \'eloc i t y 
th an to longitudina l g radi e nts in hori zonta l velocity, by a 

factor of roughly 2.4. Over longer length sca les, \\·here th e 

magniwd e of th e slope va ri a ti on is not as g rea t, phasc 

va ri at ion is dominated by ho ri zonta l displacement. I n thi s 

section we co nfirm thi s ana lysis by compa ring phase 
varia ti on due to motion with th e surface topography of 

our interferometrically deriyed DE1\1. 

We begin by using th e DE1\[ from frame 2 169 to 
simulate and remO\'e th e direct effec t of topograp hy (i.c. 

<Ptopograph,Y ) from th e in te rfe rogra m formed w i th images 

from o rbi ts 3089 and 3 132. The phase, <Pdi,plael'IIl(,lIt, is 
unwrapped a nd th en hi g h -pass filt e red to remo\'e 
varia ti on with \\,a\'clengths lo nge r than 7 km , which 

corresponds to at leas t three ice thicknesses_ T opograp hy 

and hi g h-pass filt ered <Pdi,plaC<' II1(,llt for a 96 km by 86 km 
subscctio n of frame 2 169 arc comparcd in Figure 11. The 
DE:'I is sh own as a shacled surface with a v iew [i-o m 

abo \T. The li ght so urce is directed downslope to 
illuminate slo pes in th e approximatc direct ion of now. 

Uphill sid es of bumps are illumina ted, wh il e downhi ll 

sid es appear dark. The contou rs of th e hig h-pass filtered 

phase a rc plotted O\'er the shaded surface . A \'Llri a ble 
con tou r intelyal is used. For magnitudes less than o r 

eq ua l to 271" , red and blue contou rs with a n inten'a l of71"/2 

arc used. Fo r la rge r m ag nitud es g ree n a nd cya n 
correspond to contou rs \\' ith a 27r inten·a l. R ed and 

cyan a re used fc) r contours \\'ith negati\ 'e \'a lues, and 

g recn a nd blue fo r th ose w ith pos iti \T \·a lu es . 

Posi ti\' e co ntours correspo nd strongly \\'ith d O\\'Ilhill 
sides of undulations, \I·hile ncgati\ 'c contours correspond 

with uph ill sid es. This is exac tl y what would be cxpected 

F([!,. 10. Shaded slI/face oj the combination oJ illte(/erol7letric DH.llsJorji-ames 215 t . 2169 alld 2187 alld j){frt oJ Lhe ft 'M S 
DEll1. The Light source is directedjrolll abo l'e, a/ollg the z aliJ. 
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o ~ <1> ~ 2n: Contour Interval n: 
2 

2n: < <jl Contour In terval 2rr 

-2 n: ~ <1> < () Contour Interval n: 
2 

<1> < - 2n: Contour Interval 2rr 

Fig. 11 . Contours oJ the high-pass Jilter phase pLotted over the shaded s1l1face oJ the DEM Jor a subsection oJ Jrame 2169. 
T he light source is direcled downslojle Jrom top right 10 bollom lift . 

if the short-scale phase va ri a ti on we re d omina ted by th e 
effec ts of verti cal displacemenl. On th e uphill sid e of a 
bump , d evia ti on from th e average slope is positive, so th at 
vertica l motion is upwards, causing the ph ase to decrease. 
On th e downhill side, downwa rd ice mo tion results in 
positi ve-phase vari a ti on . The cha nges from positive to 
nega ti ve ph ases (from blue to red con to urs in Figure 11 ) 
genera ll y follow th e a reas of d a rk-to-Iight transi tion. 
Th ese tra nsitions correspond to peaks a nd valleys where 
the slope magnitud es a re a t a minimum . This close 
agreem en t between the high-pass filtered ph ase a nd 
surface slope is strong support for the conclusion tha t 
for ice shee ts, small-scale phase yaria tio n (i. e. bull 's-eyes ) 
is d o min a ted by the effec t of ve rti ca l ra th er th a n 
hori zonta l motion . 

CONCLUSIONS 

Ice-shee t DE M s can be genera ted successfull y from 
inte rferograms th a t ha \'e been diffe renced to ca nce l 
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motio n. C o m pa rison 0 f a lase r- a l ti m ete r-measu red 
topogra phic profil e with d a ta from th e inte rferometri­
call y d e riyed DEMs yield s rela ti ve erro rs as low as 
2.55 m. Absolute eleva tio n accuracy of a bout 4 m is 
ac hieved using rada r-a ltime try tic points. Thus, inter­
ferometri c D E Ms can prov ide eleva ti on d a ta with the 
accuracy need ed for ma n y g laciological inves tiga ti ons (a 
goal of 5 m is suggested b y Thoma and o thers (1985 )) . 
It is likely tha t these accuracies can be impro\'ed with 
better processing and m ore acc ura te tie-point informa­
ti on. 

Mos t of the topogr a phi c error in the interferome­
tri call y d e rived DEMs is ca used by va ri a tions in the 
registra tio n onset in the azimuth directio n , w hich show 
up as treaks in the co rrela tion and ph ase im ages . T he 
cause of these streaks is unknown. Because streak error is 
a majo r limita ti on to D EIVf acc uracy, furth er research is 
needed to d etermin e its cause and to find ways to 
elimin a te it. H streak error can be elimina ted , it may be 
possible to ac hieve accuracy below 2 m . This is because 
the sm a ll surface slopes o f the ice shee ts a llow extensive 
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multilook a\'eragll1g to reduce rando m-ph ase no ise due 
to speckl e, which is often th e limitin g factor to 

inte rferometric DENI accuracy . The rela tively sm a ll 
slopes o[ the ice shee ts a lso mean that large slope-related 
errors (i. e. layove r r egions) that a ffec t interferometric 
accu racy a re not a fac tor. 

Th ere are un ex pl a ined low-frequ e ncy errors in the 
double-difference interferograms. These errors can be 
removed using a rad a r-altimetry-d e rived DE1\I. This is 
not a n id ea l so luti on, howeve r, bccause any long­
wave length errors in the a ltim etry-d eri\Td DEl\1 are 
propaga ted lo th e interferometrica ll y deri\'ed DE~r. 

1\10re resea rch is need ed to determ i n e th e cause of thi s 
type of error. Th en it ma y be possible to elimin a te th e 
error wit hout th e a iel of an altim etry-e1 eriveel DE1\1. 

Our res ults are im portant to th e consideration of 
future interferom e ters. The acc uraci es reported here are 
for DE.\rls crea ted from double-difference, repeat-pass 
interfe rograms. Th cse interferograms a rc subj ec t to far 
more noise than sing le-difference, sing le-pass inter[e ro­
grams. Significantl y better topograp hi c accuracy co uld 
be ac hi eved if a single-pass, spaceborne interferom e ter, 
suc h as TOPSAT (Zebker and oth ers. 1994b ), were 
built. 

\Ve ha\'e demonstrated that doubl e-difference inte r­
ferogra ms can be used to cancel m o tion e\"e n when the 
in terferograms are acq u i red nea rl y 2 yea rs a pa rt. Th is is 
significant beca use it means thatinterfe rograms acquired 
during the ERS-l /ERS-2 tandem mi ss ion can be used to 
create ice-shee t DE.\ILs. Those inte rferograms will h cwe 
tempora l base lin es of on ly I d , so th ey shou ld yield be tter 
res ults than the 3 and 6el interfc rog rams used in thi s 
work. 

Interferometry has been shown ca pable of providing 
much more d e tail ed topograp hi c d a ta than ra dar 
a ltim etry. NeH' rth eless, interfrromf'try is not a substitute 
fo r a l tim etry. Interferometry depend s on ti c poin ts [or 
abso lute accuracy . In contrast, rad a r a ltimetrv meas ures 
absolut e ele\'ation , but pro\ 'ides limited topog raphic 
d e tail. lnterferom e tri c DEl\Is may a llow impro\ 'em enrs 
in th e acc uracy of radar-altim ctcr es timates of' ele\'at ioll 
(perso nal commun ica tion from R. A. Bindsc ha dler , 
1994) . Undulations in th e ice-sh eet topogra ph y ca use 
erro rs in radar-altim etry data. [nte l-fe rometri c meas urc­
ments of th e rela ti\'e topogra ph y, wh ich includ e th ese 
und ulations, poten tiall y could be used to remove su rface­
ind uced errors in radar altimetri c m eas urcments. 

Whil e other studies (Goldstein and others, 
J oughin and ot hers , 1995; Rigno t a nd others, 

1993; 
1995 ) 

have used sa tellite-radar interferom etry to examin e ice­
sheet motion , w c ha \'C a pplied tbi s techniqu e [or 
meas uring the detailed topograph y o[ ice shee ts. W e 
h ave compared our high-resolution es timates of topogra­
ph y with motion-onl y interferog rams to confirm an 
earli e r ana lysis (Joughin and o th e rs, 1995 ) th a t sh orl­
sca le phase \'a riation is dominated by the effe ct of vertica l 
di sp lacement. It is important to note that a powerful 
aspec t of interferom e try is its ability to co llec t co incident 
motion and topograp hy da ta. Com bi ned high-reso l u tion 
motion and topographic data should aid in th e und er­
stand ing of ice-sheet fl ow dynamics a nd help glacio logists 
to tes t and refine th eir models (personal commu ni ca tion 
from H. Gudmundsson, 1994). 

J oug/zin alld alhas: JIII eaSlITemell1 0/ ice- sheel lopograph)1 
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