
Accuracy of ‘J’orographic Maps Derived

f r o m  1’;1{S-1  lnterferometric R a d a r

Nlal’cll 23, 1993

‘1’0 I)c sul)ltlittcd to:

11;1;1; “J’ratlsactio][s  011 Gcosciellcc aIId lteIIIote Sensing

l’1(’asc’ address Corl’(’s])oll(l  cllc(’ to:

ll(~wrard  A. Xcl)licr

I14S  300-227

~Ct ]’10])11]S;011  ],a]){JI’atOl~

1800” (lak (;ww l)rivc

l’asadelia, (;A 91109

‘IcI. (S18)  354-8780,  11’AX (818)  35!-9176



A radar illtcrferollletric kclillique for tol,ogra],hic ~napping  of surfaces ~Jrorniscs  a

IIigll resolution al~],roactl  to gcllcratioll of digi~al  elevation rnode]s. We present here

ar)alyscs of data collected I)y tllc sylittictic a]jcrtur-c  radar illst, rulncnt  On board  t,]lc

1;1{S-1 qtcllite on success ive  orbi ts ,  lJsitlg a single satellite iIL a IIcarly rcpeati~lg

ort, i! is attractive for rcducillg  cost and sl)acct)orlle hardware  comr)lexity;  also it

I)crltlits illfcrcllcc of cllatlgcs ill ttle s u r f a c e  froln tile correlatiol[ pro~jrxtics o f  t h e

radar cctlocs. ‘1’IIc clata IIavc I)cctl reduced to correlation maps and digital elevation

II~odcls. ‘1’lIe cc)rrclation II Ifi]M SIICW that tc]]ll)oral correlation decreases sigllificailtly

with time, but not necessarily at a colmtant, well-defined rate, liticly  deimnding  on

cllvironllkcl]tal factors. \\’heII correlation) alno]lg passes remains high, howcvm, it

is ])ossil~lc to form digital elevation tnodels. Analysis of I]oise  exrwcted in ERS.1

illtcrfcrolnctric  data collected over Alaska and tile southwestern U.S. indicates that

llla]~s with relative errors less !I)all  5 III r]lls  arc I)ossil)le  in soIIw regions. IIowcvcr,

c)rt~it unccrtail)ties  itlll)ly  tl]at tic l)c~irlts arc rqliircd i~l o rder  to  reduce a b s o l u t e

Ileiglit errors to a siltliltir ]Ilagllitudc.  \\re filId that al)out 6 tiq)oillts per 4(I by 4 0

kIII SCCIIC  ~vitll 5 111 or better rll)s  lleigtlt a c c u r a c y  a r c  needed to keep  s y s t e m a t i c

)na])  IIcigllt  errors hclow  5 III rills, ‘1’IIc ]jerfor[llal)ce of tllc 1;1{S-1 radar systc[n for

tol,ogral)])ic  a])],licatiotls, tlIougl I useful for a variety of regiorlal a~ld local discipline

studies, ]nay  bc illl])rovcd  \vitll  res]~cct  to tclt)l~oral  decorrelation errors and absolute

IIcigllt  acui ty  l)y IIlodifyillg tllc orljit re[mat [)criod  and incorporating p r e c i s e  o r b i t

detmltlillation tcclllliques, ‘1’IIc resul!itlg illl[,lell)elltatiorl  will )nect many ,  bu t  no t

:ill, objectives of a glot~al IIlal)l)itlg  IIlissiotl.

IIltroduction

ltadar interferomctry is now ,gai]li]lg i]lcrmsi]lg  credibility as a technique for rapid, accurate

tol)ograllllic clata collcctioll. As digital elevation ]IIOCICIS  produced ill this manner arc becoming

avail  ahlc to tllc gellcral sciclice and ol)eratiollal coinlllunities,  allcl as a number  of interferometric

r a d a r  systcllis arc in tile })lanni]lg  slid illll)lc’lllelltatioll stages, it is ilnporta]lt to  unders tand the

accuracy and li]nitatiolls oftlic’ teclllliquc. III tltis })a})cr ~t’ccxall)il~c  tliecrcdibility  alld u s e f u l n e s s

c)filltcrfc’lc)~lletric  r a d a r  topograp]lic  data gelieratcd l)y OIIe ~)articlllar illll)lclllelltatioll, the 1;1{S-1

ra(lar syste]l), whicli  generates illtcrf[’lc)lllctlic illforlllaliolt by colnbillil[g data frolll  two successive

l);isses of tile satellite over a given surface rcgioll. here we will briefly review theoretical concel)ts,

cstilnate l)erforlnancc frcrll~ tile lI;l{S-I radar  systclll l)aralneters, ~)resent  l)EMs p r o d u c e d  b y  t h e

sYstcl[l,  {lcl]lollst, ra,tctllat toobtail~  IIigll aljsc)l~lte acc~jracic’s kllow]l  illlagc tie~)oillts areriecded, a n d

finally cliscllss  tllc`l)c)ssibili  tyof(lsillg tllclJl{S-l systclll tc}gcllerate aglobal, collsistellt to})ogra~)l1ic

lllil]).

A  r a d a r  illtcllfcloll~ctc’r  is forl~led l~y r e l a t i n g  tllc sigtlals f r o m  two sl)atially scl)aratccl ra.clar

alltcllllas; tllc scparzitioli of tlic two alltc’llllas  is called tile base l ine . ‘1’lle  two alltellllas may bc

IIloullted  011 a  single })latforln, tllc usual ilill)lelllc’lltatioli for aircraft syste]ns [1,2], or a synthetic
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illterfcromcte] may be realized hy uti]izillg a sil@e antenna on a satellite in a nearly-exact repeating

orl)it-  ill this case tllc intcrfcrollleter Ijaseli]lc  is forllled  by re]atillg radar signals on repeat passes

o~’cr t i le  same si te.  lI;ven tllougll tl]e  alltc]l]las do IIOt illunlillate tllc sa]ne area at the salnc t i m e ,

if  t i le grou IId is colll})letcly  ulldisturl)ed })etweell k’iew’illgs  t i le  two sets of signals will  be IIigllly

c o r r e l a t e d  a]id a s~)atial  baselil~e  ltlay Ije sylltllesizcd. ‘1’opogral)hic  Inaps using this techliique have

I)ec]l dclnollstratcx] l)y <;oldstei]l c1 ol. [:3],  (Jabric] C( al. [4], (;abriel and Goldstein  [5] ,  and Zcbkcr

a]ld \Tillasenor [6].

‘l’lie  })erforl[lallceofa  la{lalil it~’lfc’rollletcrsy  stcll~.del )cl~dsotl thcradar instrulnelIt parameters ,

tllcorbit })a]all)ctcrs,allcl tllec’rlolsil~(l~lcc’cl  l~ytlle data ~)rocessil~gal~d  ~Jost proccssillg opera.tions.

](`c)l' tlIel'c})c:it-} )assillllJlelllc`lltatio1lill  })articll]ar,tcltll)c)l’a] decorrelation  constitutcsa]l ilnportant

a]ld ill Inany cases tile lilnitillg error s o u r c e  ill tile operation  o f  a  t o p o g r a p h i c  Inal)ping r a d a r .

Zt’l)kcralld \~illascllc)l[ 6]ilivcJsti~;tteclt  c~Jl~~)c)lalcl  c'colrc latiol~~J llc'Ilolr~ellaf  ortlleS1';ASArl`24  c11l-A

(1,-l)and)  radar and \\relca }~lcto(l  etc)lllillcrate  sofclec orrclatiollfors c\'eralty})  csofsurf  aces. M’e

allalyzc llerc lI~l{S-I 6 CIN-A (C~-l~alld) data aIId fiIId  that tlie dccorrelation  rates  are  of ten so much

IIigller  tllall ill tlic Sl;ASArl’  case that it is diflicult to lneasurc the rate given tl[e t,lLrec-clay salnpling

of tllc surface })rovidcd  by t]le  satellite orl)it. L\’lie]\ tile correlation drops significantly, the utility

o f  tlic tol)ogra})llic  mal)s d e r i v e d  fro)ll t]ie  r a d a r  l[lc’asl]rcll[~c~lkts is li]nitcd. l’rati c1 u1. [ 7 ]  h a v e

rel)orted  silllilar dccorrelatio]l cflects ill l;l{S - 1 illtclfclc)l]lctlic da t a  ovc’r };uml)e.

S e v e r a l  I)rolJleIIIs are ol)scrved sl)ecific  to tile 1;1{S-1 / Alaska SA1{ l’acility (AS]’) ilnplclncll-

tatioll. ‘J’l]e coveraxc area of this syste]]l  is li]nited by tile IIeed to downli]lk  real- t i ]nc data froIn

tlke satellite tc) tile ]’airba]lks, fllaska,  receiving s tat ion, thus  o]ily  data acc~uired over a 3000  -kI1l

radius circle centered 0]1 tile receiving alltelllla are available. As we will discuss Lclow,  IIigll cor-

relatioli IIlay hc achieved only ~vlle)l litllc lvcathcrillx or otllcr Cllvirolilncntal change occurs-  this

is an illlportallt consideration  ill arct ic rcgiolls. III addition, the small }1{S-1  incidence angle of

al~out  23° is far froln  opti]null~, as sigliificallt layo~’cr  regio]ls  arc observed wliich  lead tc) gaps in the

II Ia])  that  lnust bc inter] )olatcd CJVCI. l’ilkally,  during  tllc conlmissioning  phase of the lnission tllc

1’;1{S-1  orbit \vas adjusted IIiany tilllcs so that large, u]iusable illtcrfcromcter Lasclilles of ten were

tile result. l)cwl)ite  tliww lilnitations, ill certain cases topogra~)hic  map~)ingis not only feasible but

})erllal)s  tlieollly lneans to obtain liigll  quality  digital clcvatioll data ofselectcd sites.

‘1’hcoretic.al  S u m m a r y : IIeight  Equa t i ons  and E r r o r  S o u r c e s

‘J’lle theory  of tol)ogra~)liic  Inal)l)illg  using radar  illterfcrolnetry  }Ias a l r eady  bcwlI })resellted  in

sol[le  detai l  [1 ,2,6,8,9] ,  so licre w’c o]lly  sul]llllarim tltc Inai]l  results and cstahlisll  notat ion.  If’or

repeat pass imaging gcolnctries,  oll each })ass  tile radar acts as both a t ransmit ter  and reccivcr,

tlicreforctllc total l)at]l  diflc’rcncc’  foreac]l laclarol)sc’r~’atio]~  toa givell  point on the surfacers twice

w’]lat would I)e ex~wctcd  if a single sl)acecraft  or aircraft wit]) two plLysical antennas is used. Thus,

SOII)C  Of t]l~ equatio]ls listed ]Icrc difler fro]]] tlIose ill tile rc’fcrenccs  by a factor of two.

Give]l  twoantcmnas Al  and  A2 as slloivll  ill figure  1 , surfiacc  to})ogral)l~y as given by z(y), tlic
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s})acecraft,  altit,{ldc  1/ above ii taIIgc’l  It l)la][e at tile l)oillt  of i n t e r e s t ,  tile basclille distallce 11, the

I’allge  to a  p o i n t  olI tllc grou]id  ?’, tllc look aligle 0, and tlie angle of the baseline wit]l  r e spec t

to IIorizo]ltal  0, t~vo r a d a r  signals trallslnitted froln  each antenna,  a n d  rcceivcd a t  t}le poillt o f

tlallsl]lissioll wi l l ,  WJIIc’]t  }Jrol)crly resaltll)lcd and clc)ss-]llultil)lic(l,  for]n all iIlterfcrograIIl  wllcre t h e

])llasc  at eaclI l)oillt  is ])ro])ortiolla]  to tile diffcre])cc  ill ])atli  lengt]ls, 26, w i t h  t h e  c o n s t a n t  o f

l)ro~lortiollality *. ~\ little algebra and geolnetry  yield the following equations for height as a

function of tllcsc l)arall]etcrs:

(~+ ~)2_.  7.2-. ]jz
sill(# - ci) = —--— ---–

‘21’11

(1)

(2)

:(?’,())  = /1 --  7’COSO (3)

l)iflirelltiation of (1-3) w’itll  res})cct  to 4) yic’lds tllc error ill llci.gilt estilllate as a function of the

e r r o r  ill l)llase  Cstilllatc to first ordc’r:

(4)

W’llc’r(’  C72 and o~, arc tllc standard  dcviatic)ns c)f IIcigllt  a]id ])llase,  r e s p e c t i v e l y .

‘J’lIe seco]ld  significant error source r e s u l t s  fro]]) errors ill linowlcclgc  o f  the synt]letic  illterfer-

o]tletcr hasclille aliglimcllt, that is it is ilnl)ossi}~le to distinguish a haselillc angle know’  lcxlge error

fro]])  a slo~)e  on tile surface tol)ogral)lly, and tlierefc)le  extrelllely precise knowledge of the baseline

gyolnctry is required if al)solute lic>i~llt estilnatic)ll is ]Iccdcd.  l)ifl’erclltiatio]l W,itll resl)ect to ~k yields

o: =- 7 sin Ocrc, (5)

Since  tllc })rillcil)al  cflect f r o m  all a t t i tude error  is  to  illtrc)ducc a t i l t  across the r a d a r  swat]),

accu ra t e  lleigllt measurelllents  lnay still be achieved NJIICI]  a large ul]certaint$y  in C2 exists - this

Clltails  correct ing tllc’ ilnage IIeigllts  with tie l)oillts to deter] nil]e  tile absolute height values. This

al)l)roacll  will be described in greater detail ljclow,

l;quatiol]  (5) call be r e w r i t t e n  exl)licitly ill ternls c~f tile ulicertai]lties ill the h o r i z o n t a l  a n d

ver t i ca l  colnpolle]lts of tllc basclillc m~jg and m~j, as:

r
c72=— sill 0 cos o crj~z

11

((X1)

(6fI)
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‘J’llis  forl)l of tlic ullccrtaillty equations  is useful  wllcll  evaluating  e r r o r s  froln  t r a d i t i o n a l  orbit

IJositiol]  il~forlnatioll.

It isillll)ortalitt c)le:llizc’tllat tllc'al)cjvc`  tl\()tyl)cso  ferrorsa  resigllificalltly diflerellt in na tu r e :

tllc})ll;ise clrc)lsil ~clc’asetl~ cstatisticzil v:i]iatic)llofcacll ])ointill  tllcl)l;hfl, ivliilc  t}leattit~lde errors

iirc systen)atic  ill that a large ground  region will cx]iihit a comlncm  mror. As  s t a t ed  p r ev ious ly ,

t]icrc is tllc ol)portu]lity  to correct attitude errors using linowledgeof  the height of a few points in

a givcll  illlagc sccllc.

Successful  illll)lcl]lclltatioll of all illtc)lfcrc~ltlctric  to~)ogra})hic  ltlal)l)illgillstrulllcllt requires that

Imt]l tile u)~certaillty ill tile l.)asclil~c’ coll~poncvkts  aud tlLc ~)hase  n o i s e  k millimizcd. A n a l y s i s  o f

tllc forlner  is stlaigllt-follvar(l  and results froln  characterizing the platform position for each orbit

and al)l)lyil~g coll~l)cltsatic)ll  algc)ritlll~lsill  tllc radar processor- the residual uncompensated base]il~c

error  deternlilles  the ILcigllt  error fro]!)  (5) or (6). 11’cIr  convelltiolla] orbit detcrminatic)n p rec i s i on ,

this error ter]ll is usually uliaccc])tal)]y large, llotvcvcr, as discussed previously, these errors can be

rcduccd furtl)cr by illfcrclicc o f  t h e  rc’si(lual l~asclinc  colnl)ollcnts froln kliowll  ~)oiuts ill the scene

(sw,lnc)rci]l  tiel)oillt discussion] 1JC1OIV).

‘J’lle ])llasc  IIoisc tcrlll r e s u l t s  frolll  valious factc)rs  illclu(iillg tllerlnal  Iloisc,  saln~)]illg  al[d pro-

c~ssillg  artifacts, and correlat ion of  tile inclividua]  radar ccliocs before’  tllcy are col(It~illed to  form

tlleilltc’rferogralll.  l;ach of tllesc lklay bc cllaractcrimd eitlier hy an equ iva l en t  sig]lal-to- noise  ra.tio

SNI{ o]collc’latic)llp, ~i’llicll arc]clate(l by [6]

1

‘= l+SNR-’
(7)

()llc`cc)llllll{  )lit(`clllii(l  Llc'foll c'(lllcillgst atisticalll oiseilla signal isaveragillg, all(l forilltcrferogralns

tlic ol)timal estilnator  in a IIlaxilllum lilielillood scmsc is  to  average spat ial ly t}le colnp]cx s i g n a l

values,  as was sliow’n  by l{odrigucz [10]. II) radar jargon this is equivalent to ‘taking looks’ in

c)rdcr to rcdum  statistical variatiol}i J\’c plot ill figure 2’l)hase ILoise ad, as a function of looks and

cc)rrelatioll of tllc signals as determined by llulncrica] silnulatioll  (figure 2 is all cvctcmsion  of work

rc])ortcd by Ii and Goldstein [9]), As illdicatwl ill the figure, phase noiscis reduced by maximizing

I}ot]l  tllc IIulnbcr of looks and Lllc corrclatic)l).

l’mccssillg artifacts suc]i as sidelol)cs, qualltizatiol~ I[oisc,  illtcrl)olatioll  ]Loise,  a n d  ~cfocussing

call  contribute  to ralldolll and systc]l)atic l)llasc’  e r r o r s  ill I)roccssed  r a d a r  s c e n e s  alicl r e s u l t i n g

illtcrfc’1’ogl:ill~s. ‘J’llesc randoln  c’rrors call  Le viewed  a s  an eflective l o s s  ill the SNR  to Le usccl in

e q u a t i o n  (i’) Yvllcll colnl)utillg tl]c’ tllc’rlllal  lloisc  cor!elatioli coeflicicllt. l)efocussingwil]  affect tile

al~solute  })llasc c)f all ilnage or  ilnagc l)air. ‘1’llis Iiilld ofcrroris  IIlillilnizccl  in systelns  s t e e r e d  t o a

zero l)oI)I)ler  gcc)ln~try  as is tllc cascI Ivitll 1;1{S-1,  however  incwitably solllc  error will exist.

l)ccorrelation noise  arises fronl  srveral s o u r c e s  distinct froln  tllc a l r eady  mentiolicd t h e r m a l

cflicts and l)roccwsilig  art i facts . Llost  illlportal]t  forraclari  lltc’rferollletryi llgellc’lal a n d  forrcpeat
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])ass illllj]eIllclltatiolls in p a r t i c u l a r  ale \\’lIat \vc refer  to as Lasclilic a n d  tcmlmral  decorrelation.

(I{otiition of tile viewil)g  angle is also iln})ortallt w’l ien illtcrferometric  tcclLniques  are apj)liecl  to

s a t e l l i t e s  ill crossing orl)jts [5],  b u t  tlIcsc systc)lls tvoul(l llevcr be ])ractical f o r  glol)al  Inappi Ilg

a])])  licatiolls,  aIId we will igllorc this Icrln IIere. ) IIaseline dccorrelation  resul ts  f rom viewing the

surfacct  at tv’o sliglltl,v  diilirellt l o o k  angles

I)asc)lille) [9]. ‘1’llc corre]atioll I)etlveell  e c h o e s

at zero l)asclinc to zero at a critical baseline

aIId illcrcascs w’it]l illcrcasilig diflerclltial all,gle ( o r

Vill’i CS a])})  roxilnatcly  linearly, dccrcasillg fro]n  unity

]], .. -L_
21(Y Cos $

(8)

w’licre A’y is tlie ,grou IId range resolution and 1? is t]le  local inciclellcc  angle. The critical baseline ill

(8)  isllleasur~d IJcrl)c]ldicular Lotlle]ook d i r ec t i on ; th~ colnl)onc]lt J)arallcl  to the look direction

d o t s  IIot afi’ect the I)aselillc  (Iccc)llc’l:itic)ll  [6,8]. l“or ol)tilllal systcln perforlnallcc,  tllc baselille m u s t

lx’ large cIjJougl)  to give suflicic]lt  ])llilS(’ sc]lsitivity to llcip;llt (eqs. 1-3), yet slnall enough as not to

introduce too ]IIUCII  dccorrelatio]l IIoise,  tllcrcforc this defi]ies  a traclcoffili int,crferomcter design. We

llotc that this analysis  is valid  only  for level  su r f ace s . If them is sigllificaut tol)ograpl}y, variations

ill tile local incidcllcc an~lc cali  rcxlucc tllc largest haselinc useful for topographic lnapping.

‘J’he ot]ler importtint source of (lc’cc)l]cl:itic)l~  for repeat  ])ass mapping is telnpora]  decorre]ation,

If wIe ]IlodcIl a surface as consist il]p, of a randoln collection of scatterers in each resolution clmnellt,

a]ld if tile s c a t t e r e r s  arc) [Illdist  UJI)W1 bet ~vt’cli radar o}]scr~  ’ations, tlierl  tile scattering  cverit  i s

raIIdoII~  but deterll~illistic and tile exact sti]]ic signal ~vill be received at tile second o b s e r v a t i o n  a s

011 tlic first ol>scrvation. s:i~rc for tllc al)c)t’c’-lllc’litiollccl tllcrlna] and spatial  basclillc effects .  7Jcbker

slid Villa  seltor [6] sltolv t h a t  correlalioli Inay lw exj)rcsscd as a fu]lctioll of the r-ins Inotion of the

scat, tcrers al)l)roxililately by

(9)
1 “x 1 z<.l,2@#  (7~CC)s20)}p,. mp{-+~-) (~y.

iir]lerc CJy and crz arc the rms lnotions  in tile across track and vert ical  direct ions,  respect ively.

‘1’licy re])ort this ~)hcllo]ne]lo]l as oljscrvcd ill SJ;ASArl’ eclioes  obtained over l)eatli Valley, CA, and

Orc.go]l  forested regio]ls  over a 20 day l~criod in Sc~)tc’lllLcr/October ]978, and note for most types

c)f terrain gradually decreasing corrc]atioll with time on tlie scale of days. Assessment of the utility

of tlie 1’;1{S-1  radar data for tol)ogral)llic Inal)l)ilig  thus requires an cquivalcwt measuren]ent  for the

s]lorter ~vavclengt]]  C-band data JJ’llicl~  I)y equation (9) is lnorc sensitive to small surface change by

a f~ctor  o f  f o u r  tha]l tllc SI’; ASA’I’  1,-l)alld signals.  -

‘J’llcmretica] ERS-I  lnterferome~cr  l’erforma]icc

IN ~]lis section N’e estilnatc tile tolmgral)hic l~~al)l)il~g  l)crforl~lallce  of the l;RS-1 radar  systmn in

a rcl)ea t-pass  con fl~uratioli$ Sollle  systcl]~ ~)aralnetcrs of tlie 1;1{S-1  radar are given in ‘l’able 1.
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\\’av(’lcllglh, 111

l’cak  ]) OR’CI’,  IVatts

l’ulsel”atc,  IIz

l’ulsc’1{’llgtll,  // Sc’c

AlltcIllla lmlgth. Ill

AIItcInl Ia Ividtll, ltl

Antcjllla gain. d]!

l{allgcl)2ill{l\vi(ltl~,  hlllz

l{meiver ]Ioisc tclnl)crature, K

IIltcgratcd Si(lelobc  ratio, dl]

Qu.alltizatioll Noise  (5 bit), d]]

Slant ra]lgc rcso]utioll, ]il

(;roulld  range rcsolutio]~,  Ill

Azimuth rcsolutio]l, 111

orbit altitude, Iilll

IIlcidellcc a]lp,lc, de:

orl)it rcl)eat illtcrval, days

lRS-1 value

0.0566
4800
1679 nc)millal

37.1

10.0
1.0

43.2

15,55

3700

-14

-30

10.2

25

G

790

24

3, 35, 165

7

‘J’IIcI radaI systcvl~ cxllil~its  a typica] sigl}al to lloisc  ratio of 11.7 d]] as der ived using the dcsig[l

control tal)le sl[ow]l i n  ‘1’able 2. ‘J’liis SNT1{  Corresl)onds  (cq. 7) to a correlation of 0.94.

‘1’al)lc2,  1;1{S-1 radar dcsigll  control table



l’aralncter l’:ll s-l value ill dll/dllW

Syst(’111  losm

36.8

45.9

-3

-11

-118.6

78.4

-14

-11

-118.6

10

-3

‘1-,

1.8

‘1’eta] -109.3

‘J’llerma] ]lOisc’(krJ’ll) -121.0

Siglla]  tol]oisc ratio 11.7

11’roIII  (8), tlIe  critical I)asclillc  for 1;1{S-1 is 1115 ]n. Ol~serveci 1’;1{S-1 c)rbits  h a v e  rc}wat  }mss

I)asclilies  of ralldoln c)riclllatioll a]id IIigltly  valial)lc lcllgt]l. l’or a ty~)ical observed orbit spacing

pcrl)clLdicular to  the l o o k  dircctiol] o f  J)J = 165 m, tllc basclille c o m p o n e n t  o f  correlation  is

0.85.  ‘1’lius,  tlie total c o r r e l a t i o n  frolll  lxisrli]lc cfl+cts  a]ld signal to IIoisc rat io ul[dcr t h e  a b o v e

assulll])tiolls is 0.S1. III order to reduce p h a s e  e r r o r s , lvc \vill assulne that t.llc illtcrferograln  i s

al’cragcd,  resulting in about 10 cflcctivc looks giv[’n by

N ~ ““P
1(,. l(Y

(lo)

where Ar, is the grou]l(l  area of IIIC ll~ultilook  l)ixcl al]d I{J. allcl I?V arc the groullcl  r e s o l u t i o n s

ill azilnuth  and range. l’rom  f igure  2 (Ilc ])lIasc  error  trill  bc 11 degrws, wrllicll  froln (4) results ill

a statistical lleigllt error of 1.S n) rttls.

‘J’his  llc’igllt e r ror  estilnate corrcs})ollds  to tlkc case Ivllelc 1) no errors are added by t he  r ada r

d a t a  l)roccssilkg  ol)cratiolls, and 2) ])0 telnl)oral dccorrclatioll  o c c u r s . In this smse  it represents a

lolvcr  llou]ld  to statistical CIrrors.

J\Te next {’stilllate tllcllc>iglit  crrorsillduced  l)y ullccrtailltyill tllc’l~aselilLe  colll~)olicllts,  wllicll  ill

tlliscasc isdominatcd l~yllllc(’ltail  ltiesillc)ll)it {I(itt’l]]lillatioll. Currcvltly tlic best operational orbit



9

estilnatm for l;l{S - 1 are almut 30 cn] [1 1], l’or a horizontal baseline lengt]l of 180 m corrcspondin.g

10 111 = 1 6 5  ln,  (6) gives  all al~solute  llci~llt  error of order 1 kin;  c l ea r ly  orbit dcternlillatioll alollc

calillot suffice  for gcllcratioll of tol)ogral)liic nla])s. It is ilnportant  to realize again that this is a

systelnatic error, that is it afl’ects every  IJoint ill tllc image with approximately tlie same error, and

that in a relative scllse  tile real)  lll;iy still t)e quite accurate, as indicated by tl]e 1.8 m calculation

al)ok’e. ‘J’IIus.  a ])ractical  to])ogr:i])llic  ]I]a])])illg  systc]n  using El{ S-l requires the use  of tie points in

tlIr ilnage or some other teclllliqlle 10 l)roduce useful tol)ograp]lic  nlal)s.

()]JSCI’VC!d  El{ S-l lnterfcromctcr  l’crformancc

M’c liave  produced several topo~ral)llic  lnaps from 1;1{S-1  observations and have used interfer-

ograll~s  directly to estilnate telu~)oral  decorrelation  o v e r lnultiplcs  of tllc three day orbi t  repeat

interval. M’c ~)rmelit  ill t h i s  section correlatio]l  ol~scrvatiol)s  over  hi t .  Katmai, ‘J’oolik  l,akc, a n d

h~alllcy  IIot S1)rings sites in nlail}la)ld  ,llaska and of SllishaldilL  v o l c a n o  ill tllc A l e u t i a n  ls]ancls.

tfle  tl]cll  slLow d i g i t a l  elcvdtioll IIlodrls of tllc ‘1’oo]ik  and hlalllcy sites and discuss tllc o b s e r v e d

accuracy. Altl Iougll wc ha~c cxalllillcd over 10 l)airs of illlages of tlic volcanic sites, IIo]lc prcwided

suflicie]lt correlation over the entire scc]le  to l)erlnit ge]leration of a useful ~na~). III order to show

tha t  given  the right elll’ilolllll(’111:11 cond i t i ons ,  liow’c}’er, correlat ion may be sustained  over long

tilnc lwriods,  we also SIIOW a l)l;hl of tllc l’isgall lava flc)w’ area in  Ca l i fo rn i a .  ‘I’l Lcse data were

acquired fro]n  tile Canadian receiving station at l’rince Alber t , Saskatchewan, when tile satellite

wras ol)cratillg ill tllc 35-day l’(’])(’ilt cycle, sllow’ill.g  that for SCCILCS  m’here no clisturbal[ccs occur

illtcrfclc)lllc~tlic  tcclllliques am l~ossiljle  w’itli  very  long  tclnl)oral hasc]ines.

l)ata ] ’ r e c e s s i n g  l’rocedure. ‘J’l)e d a t a  tvc use llcre, with tile excel)tioll of the da t a  ove r

t i l e  soutllw’esterll  lJ. S., arc I)roducts  of tllc Alaska SA1{  l’acility, bu i l t  by J]’], and o p e r a t e d  b y

tile lJILiversity  of A l a s k a  at l’airl.)allks. lnstit utc for Geol)]lysical  research,  w’IlmJ tllc facility is

located. ‘1’lle soutll~vest  11 ,S. data  ivcrc  recorded I)y tile Canadian l’rincc Allmt receiving station.

M7e r e q u e s t e d  standard  con)])lex  l)roducts for each  scwle, and each was identified by a locatic)ll

ill latitude and longi tude and })y date. As the tllrcc day ort)it re])eat correspol[cls  to 43 orbits,

orl)it l)airs witli revolution )lulnl)crs  differing I)y 43 were  requcstecl. ‘1’hc  complex images represent

ground areas approximately 40 by 50 !i]n, at a slant range pixel sl)acing of 7,9 m and an azimuth

l)ixel sl)aci]lg  of about 3.9 in. ‘1’]ic  da t a  a r e  ill co]lll)lcx  forlnat, with 16 bit representations for

eac]l of  t i le  real a n d  illiaginary  l)arts. Ollc  coltll)lex  scellcl two of which arc ncwdcd to forln each

i]ltcrferograln,  has 2048 range clelnents slid 12S00 a~,ilnutli  lines for a total size  of about 106 Mb.

‘I1lie Canadian data are sul)l)lied  ill raw siglial sall~ple  form and wc p r o c e s s e d  these at J]’],.

‘l’lie next step ill tllc data  processing proccdurc.  is to determine the spatial oflset of the two

ilnages at several locatiolis. A S sl ight ly diflkre]lt look allglcs arc involved, tl~c range and a~illlutll

ofl’sets vary with rallgc across tile ilnage. If tllc orbits arc nearly l)arallcl, as is tile case for all data

allalyzcd IIcre,  we call  assullle tl]at tli( ral]~c  and azilnut]l spaciltg d o  n o t  v a r y  w i t h  azi]nuth.  J!rc

c a l c u l a t e  tllc oflscts by cross  l]lllltil)lyillg a 32 l)y 32 l)ixcl ~)ortioll  of o]lc illlage by tllc c.oml)lcx
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colijugatc  of a  s imi l a r  scctioll in the c)tllcr  illlagc and c a l c u l a t i n g  tllc l’ourim trallsforln  of tllc:

rcsu]t. Since WIIOII  tllc al ignment is  ol)tilllula tllc visil)ility of the interference fr inges  is  high,  in

Il)at illstallcc tllc l’ouricr trallsforlll Ji’ill cxllibit a  strolIg })cali. Wcscarcll a small rallgcofintegcr

l,ixc]  of f”sets until t]lelllaxilnulli trallsfc,rln ])cak and s e v e r a l  IIeiglll)orilip;  vallles  are follllcl. l’llesc arc

tllc]l  illtcrl)olatcd  quadrat ical ly to cstilllate tlic actual ofl’set at that location. ‘J’lic entire procms

is rcl)catvd for  difikrcllt rallgcs, and tlie lallgc’-(lc>~j(’ll(lc]lt  oflsct f u n c t i o n s  arc found by fitting a

J)c)lyllolllial  by least sqIIarcs  t o  tllc ]nc’asurd  rallgc’ and azilnutlloffscts.

OIIcc tile offsets arc dctcrlnincd. oltc  illlagc is interpolated using a local quadratic }Jolyliolnial

to lnatcli the second image 0]] a l)oillt  for l)oint })asis, ‘1’hctwfoimagcs  arctlLcn cross laultiplied,

and tyl)ically 2 pixc]s  ill rallgc :illd 10 ill azilnut]l are a v e r a g e d . Since t]lc pixels are not entirely

[I]lcorrelatcd.  tlic resllltill~ ilitctlfc~l{)~lalll  cxllil)its statistical pro}wrties c)f roughly 10 look images.

C;ormlation IIlc’asllrelllellts. ‘J’licI  corrclatio]l coeflicicllt a t  e ach  o f  tllc multi]ook l)ixcls  i s

calculatml according to

(11)

wlicrc c1 al]d cz arc tllc corrcsl)olldillg COJI1])IQX  kwlucIs frolll  tllc t~vo i m a g e s  after il[terpolation. i n

tllisscctioll }vewril]  dis~)laysci’cral corrclatio]l ll~a})sfollc’gic)]lsill  Alaskaobscrved  by lI;RS-1,  wllcrc

cacl[ ))ixc’1  will be color coded suc]i that tllc l)riglltacss of cdcll l)oillt is related to the radar cross

soctioll and tile color is tlic correlat ion coeflicicll(  dcfi]lcd  by (11), wllcre tile ave rag ing  i n t e rva l

is dcfi]lcd  Ly each 2 by 10 l)ixel illl)ut f i e ld . l’or tlic l)urposm of  this  paper  we areilltmestecl in

illdicatillgwllere correlat ion ~;’ill IJC lligll C]IOUSII  to lwrlllit rc’asolla  Lle})liasc cstilllatioll. Acc.uratcly

illterpretillg tile observed corrclatio]l values ill tcrlns of geol)hysica]  factors of the ground is au

illtcrcst,i]lg tol)ic left for future Ivorli.

~j sumlnary  o f  da t a  s i t e s  illvcsligatcd llcrc, ltRS-1  j)asscs, and other ancillary information arc

p,ivcll ill ‘J’AI)I(I  3.

‘J’ah]c  3. Sites and l)ata ~tcquisitioll l’aramcters



Site II: III ICI ],at. l>ol}~. orbit ])ai]  ]], ]]1 a ]]J , Ill b
PB ‘ m“ d

‘J’oo]ik  ],ake

l’lanlcy not  S})rillgs

hit .  Kittll)ai

Sllisllalclill  VolcaIIo

l’isgall lava 1’1ow

68.7  N 150.91V  913,  1029 106.2 40.4 0.96 0.90

1029, 1072 233.5 201,2 0.80 0.75

61.9  ?! ].]{).:]  ~f~ 892,  cJ~~ 177.8 155.9 0.84 0.79

.58.3 NT 155.()\\’  943,102!) 144.2 44.5 0.95 0.89

1459,  1502 99.3 62.0 0.94 0.88

51.7  h’ l(jl.1 lV 2670,  2 7 1 3  48.7 44.3 0.95 0.89

:31.5 Y 116.3 JV 5 8 7 3 ,  62S4 112.8 89.5 0.90 0.85

mmmi-
~’ IIasc]illc co]ll})o]ic]lt  l)c’lljcllclic(llzil  to look direcliol]; cri t ical  baseline ]]C =: 1115 m

‘ - IIaselinc correlation

‘{ IIasc]illc +  tller]l~al  correlalio]l ilSSlllllillp, SN1{ := 11.7 d]]

Salnl)lc mal)s of tllc correlii(ioll cocfliciel}t  fc)r tllc ‘1’oolik  site area  arc sllowrn  il[ f i g u r e  3 .  ‘1’hc

co]c)r  scale is suc]l that zero correlation is rc})rcwlltecl  by bluish l)urple, while unity  correlation is

given  by yrllo~visl] grecll. ‘1’l]c  ol)servcd  corrclatimi coeflicicllt depicted here is tllc ~)rocluct of all of

tlIe  Jwrious  factors  afl’cctillg  sigllai corlelatioll, including tllerlnal ILoise,  .Sl)atial  haselillc IIoisc,  and

tclnl)oral cl)a]lgc  l]oisc. Since we call predict tllc forlller two with kliowledge of the radar systcm

l)arti]t~eters,  d ividing tllc olJsertrcId corre]atioll I)y tllc })redicted  value I)rovidcs  an estimate of tile

telill)oral decc)rrelation on a l)oillt  l)y l)oilit })asis. ‘J)wo illlagc~s  are shown, one corrmpollding  to a

G day re})cat  illtcrval a n d  otlc  to  a 3 d:iy i]lterval. Note that tile 6 day ilnagc is significantly lnore

co r r e l a t ed  tllall tile 3 day inlage. Since  signal t o  Iloisc  ratios are silni]ar a]lcl t)aselille dccorrclation

fol  Imt]l  cases is s]nall  ( s ee ‘Ial)le  3),  tile tmnlmral correlat ion is  higher  over  the longer  r a the r

tllali tllc snor ter  tillle illtcrval. ‘1’l]us,  (Jllvirolllllc’llt:il  factors wrllicll  occur s])oradically  rather than

cc))itilluously  o~’er tillle are dolllillatill~ (Ilc olmrvml co r r e l a t i on .

‘1’hc  lnajority of tile six day illlagc l)ossesses  all average correlation of 0.50 or lnore, ilnplyi]lg

Illat for 10 look data pliase errors are less t hall  30° , wllicli  corresl)ol]ds to height errors of 17.3 m

(eqc 4), all u n r e a s o n a b l y  lligli  lilllit for usal~le tol)op,laphic lnaps. ‘1’IIcI  three day illlage has large

:ireas ill wllicll  the correlation clrol)s l~cloJv half, llo}ve~’cr l~ecausc  tile ~)rojectecl  baseline is five times

longer tllall that of the 6 day data, tllc height errors are apl)reciably slna]ler. Most of this image

]]as a correlation of 0.25 or above, ilnl)lyillg IIcig;llt  errors of 7,5111 or hettcr, thus approaching a

sllitablc error for tolmgral)]lic lllal)})illg.

l’igiire 1 dcj)icts tile correlatio]l IIlal) IIlcasurcd over tile Manley IIot Springs site, and it resemb]cs

ill corre]atioll })ropc’rties  tile ‘J’oo]ik  d a t a , ill]l)lyillg  that tol)o.gral)hic  lIIodels  derived froln  the data

will be of useful quality. ‘1’llis contrasts Ivitll l’igure 5, corre]atio]l  images of tllc hit. Katmai area,

ill wllicll  lar~e sect  io]ls o f  tllc i]llagc  aw ullcorrclatcd. \\’llile certain subscctio]ls  exllit)it very nigh



corre]atioll YWIUCS  of al~out  0.85, OIIIY  tlIese sIIlall  l)ieces  lnay  k e x p e c t e d  t o  yiel(l  accurate  Pllasc

estilnates  aIId hence  useful digital clevatioll nlodels. IC;xalnillatioll  of figure 5a shows SOIIIQ cvidcllcc

of all c]evatioll effect. l)articular]y  olI !11. (;riggs,  tllc l a r g e  ][]oulltain  n e a r  thcimagecenter.  ‘J’lIc

avcra~e  of tllc correldtioll  cocflici~’nts  e,xcecds 0.5 ol) tile lower  slo~)es of tllc lllount ain, b u t  a b o v e

a collstalll a l t i t ude  i t  drol)s  to IIear]y  llllcc)ll(~latclcl. ‘J’llis could indicate a]i clevatioli-(lc’J)cllclcllt

tveatl)er factor. ‘JIIIC distributiol~ of correlat ion values  ill figure 5tJ is less obviously related to

al t i tude I)ut al)l)cars 10 Ile highest ill tlIc valley floo Is.

]i]la]]y, ill figure 6 wc SIIOW the correlat ion lnap Of SllisllalClin  volcalloi~l tlIC AlcutiaIl lslall~ls.

‘1’he  water is of course com]~letely  ul~correlated,  as is tllc land area over  much of the i!nage. O n l y

a few outcrolx  o]) the l’o]callo  itself and tlke ilnlllediate beach area exhibit  sufficient  correlat ion

10 perlllit accurate l)llasc  estilnatioll, ‘J’llus, dcrivil18  tol)ograplly using rel)eat pass il)terferomctry

a t  (~-band  in tllc l\leut iall lsla])ds ill willtcr (dat:i tverc c o l l e c t e d  in IJccemher) is  at  best  a. risky

l)rol)osition.

l)igital  e l e v a t i o n  moc]els and b a s e l i n e  esti~nation f r o m  t i e  p o i n t s .  O]ice  ~ve IIavc de-

terll)illd  ilnage ])airs  exllil)itillg suflicicllt correlatio]l over  large ground  areas,  we call  p r o c e e d  t o

forlll  tlicilltc’lfc’rc)gl:  illlsall{l re(lucc  tlIeIil tollei~llt ]nodc]s. \t’c  detcrlni]ie tltc relative phases of all

tlIc })oilltsi]l tllcilltclfc’loglalll Ilsillgtllcl)llase llllit’lal)})illga l~c)litlllllof (;olclstein et al. [3], which

a(lds  tile l)rol)er  lllultil)lc of ‘2n to cacl] I)llase  IIlc’as(llel]lt’llt.

l;(l{laticJlls( l-3)giY’c’st  llc’lclatic)ll bctivccll  thelmtll  (Iifr[’rellccforagivcll  base l ine  and thcphasc

It]easured ill tile illtc’]ferc)g]:t]ll, assu]lli]lg  ]}arallel  or])its. II) actual i ty ,  the F;RS-1 orbits collvcrge

sli~lltly, llOt eI~OUgli to a l t e r  tllc’ alollg,-t  rack  ljix(’1  spaci]lg, but el~o@ t o  ill(lllce  all along-track

col]ll)oncllt  t o  tllc IIleasured differelltia] l)llase. ]n terlnsof  (l), tllissituatioll can  bcapl)roximated

I)J’

(12)

w’liere 7 is tile alo]~g-t rack posi t ion, 7~73. is tile o]ljit  cc)]lverge]lcc  ])hase  r a t e ,  ancl @O is a constant

]jllasc.  \\rc  a l r e a d y  ]Ioted  that .  tie])  oillts  are Ilcccssar y to  determine  tile absolute  hcigllt  on the

s u r f a c e .  JVC llavc i]nl)leme]lted  this  as all c]n])irical  l)aseli]ie  estil]lation  scheIne,  w h e r e  the Lascline

lllilgllit  UdC’ 11, orie]ltation  0, aIId alc)llg- tlackl)lii~sc`l )ar:illlc'tf`rsa  re(lctcrlllille( lfrollle c]llatiolls(l  2),

(2) ,  and (3), llsillg tllelilllvral)l) e(lilll:ige l)liases at the tiepoilits in (12) and ma~)-derived height

lllc~;ts[llc)lllel~ts in (3). ‘1’his \vas dollc  for tile illlages lierc by fixing tllc ve r t i c a l  componen t  o f  t he

l)aselillel;z tol O1~~ctclst ill~cstll[~c)ll)it lelwat tilne(tllc];l{!ll  orbit decays})y 10ml)erday)and

collll)utillg t,llc cross-track baseline colnlmllellt f~ ~, t!lj. and q~~ frolll  three tie])  oints in tl)c sccnc.

‘1’his co]]] pletely c]l]])irical  a])proacll i s  I)otll ~’xpo(litio~ls , as it is extremely difficult to obtain

lligll  accuracy orbit lccollstl{lctiolls, a]id it is nccessaryl l)ecause thec)rl)it reconstructio)ls  do  not

l)rovidc  tile al)solute llc~igllt accuracy we require . AIL alterl~atc al)proac]i is also ~)ossiblcl  ill 1~’hic.1[

a c c u r a t e  orl)it itlforl)]atic)n  is I]scd as llluc]l as ])ossible, and thc]i tie])  oilits a])l)lid to correct t’or a
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height  offset. IIowevm, tllcles(llti llgaccllr acics~vill IJcsilllilar,alld still del)enctent oll the tiepoints.

once tlic baselillc a n d  a l o n g - t r a c k  l)lIasc })aralllctcrs arc dcterlnincd,  cquatiolis  (12), (2), and

( 3 )  l)rovidca colIvcrsioil  fro]ll Ihc  u]]ivra})})ed l)hases Iolleigl]t: tile tllrc’e-clilllcllsic)llal  c o o r d i n a t e s

ofeacli })ixel arc know]) a]ld tllc ])ixel  calI  bc’ ])laced 011 a grouIId  coordinate  gr id .  We choose all

assulncd sl)llerical eartl] lvith  radius cqua]  to tllc geodetic radius at t]lc center oftlle image for our

rcferclicc surface lIcrc. \VIIcII the ]joi IIts arc l)lacNl  ON tile  grid, a map such as the olIe s h o w n  in

figurc~7 results. 1(’igure7  isa reduction of data collected ovcrtllc’I’ooli  ksitc and isthesalnc3 day

orl)it l)air  SIIOWI)  in figure 3L. ]Ierc ]a(litl brightness  is sliow’])  as tlie hrightncss  o f  e a c h  point, and

Il]c color is dctermillcd I)y Lllc altitude, \\ ’llile ili digital forlnat  we retaili the actual height value,

fc)Itllc`(  lis~)l:lyl \'c(lllalltizct lic`llci~lltsa s(lescril~c{l  ill tile figure c a p t i o n .

h’ote  that a lIu]nl)cIr of ‘no]  es’ rclllaili ill the fi~urc. Although the origil Lal radar image is contin -

IIOUS ill tllc radar  slalit ralige slid azilliutll coo rd ina t e  systclll, Illappillg onto  a grou]ld coordinate

refcrcncc  surface illustrates thal tllcrc are l)laces  for lvllich l~ei.g]lt estilnatesare  IIot available. ‘J’llrcw

l)rilicil)a]  causes for tllc Illl(lctc’llllillc,(l I)hases  ex i s t . l’irst of all, duc to forcshortcllingor  ‘layover’

e(l’ccts,  ill areas where the surface SIC)I)C al)l)roaclles tllc incidence angle, tile ground range resolution

I)CCOIIICS  ]nuch  larger than tllcolltl)llt rall~c pixel  sj)acillg, .so that a sillglc lneasurelllellt  character-

izes  IIlally  outl)ut  pixels . S i n c e  \vc II~a])  eaclI  ]]1{’:is[l]c~lll(’]lt  oIIly  at tile ))oillt cc)rrc’sl)oll(lillgtothc

ccllterof tlie resolution cell, sevcra]  I)oillts  ill tlic olltl)ut grid relnaill ullfil]ed.  ‘J’llis  effect doininatm

al low illcitlctlcc all~lcs suc]i as (I)c 21° Ilsc(l hy 1411{ S-1.

‘1’IIc  sc~colld eflcct is that of shadowing. Silni]ar 10  o]jtica] sliadows, radar shadows are formed

WJIIC]I  a taller ot)ject ilitercel)ts tile illull)illatioli Jvl[icll w o u l d  h a v e  illulnillated  a  sho r t e r  ob j ec t

l)ellilld  tllc’ f i r s t .  Sillcc  110 c’cl Io is avail  al)le  ill tllcse reg, ions, 110 pllasc estil[late is available. This

cfl’cct becolncs II)ost inl})ortallt :ls~l:~z,il l~illci(l('llcclg ('()1 llc\tliesar ellsccl,a1lcl isl]egligit~le forl’;RS-l.

l’illally,t  llc’leal eregiollsfor Jvllicll tll(>la(lall) :i(kscattcll  issilLl~)lytool c)t\'ortl lcsigllalsarel  lot

at all correlated over tilnc so that accurate l)llasc  Cstilllat ion is ilnpossiblc.  IN these cases the phase

ullwral)l)illg al~c)rith]))  identifies tile region  alId 110 attelu])t  is IIlade  to obtain IIeigllt  mtilnates.

JYe have clloscn  to overco]nc tllc ‘tlole’ l)rol)lc]l] t)y lillear]y interpolatill.g in ground  r a n g e  o v e r

tlic t~laltk areas, assulning  that tllct surface itself is s]llootll over  tllc scales of  interest .  A sample

l~lal) is show]l  in f i g u r e  8, a IIeigllt  lnap o f  t h e ‘1’oo]ik site with all corrections applied. Note

that in wide Mank areas SUCI1  as to tllc left :it tllc top or ]Iliddle  of the image, the simple linear

illtcrlmlatio]l scllcl[lc  ada~)tcd  illtro(luc(~s  IIeigllt a r t i f a c t s . %)llleof  tllcse artifacts call  t)c relnoved

using a difl’crellt  illtcr})ol  ation SCIIC]II(’, hmvevcr  SUCII scllelnes use data  two-dilnelisional]y and a r c

~cllcrally quite colllj)llt:itioli:tlly i)lcfliciclit. l,illwir interpolat ion serves todemollstratet  hel;RS-1

IIcigllt  mal)l)illg cal)ability. l’igure 9 is a l)ersl)c’ctil’c  view of these data wrllerc altitude and r ada r

I)ackscattc>r  arc’ colli’c’lt(’(1  illtc)lillc.s:itlllatic~ll a]id illlcllsity tolnafica pleasillga]ld n a t u r a l  effec.t.
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l)isgah lava flow in ~;aliforllia. ‘I]lis  il[lagc ~vas corrected f o r  a b s o l u t e  llcigllts witll tie IJoints  a]ld

cxliibits s t a t i s t i ca l  unccrtailltim of al)out 13 lil r]lls  ill tile flat areas. ‘l’l[is  desert region u]iclcrgocs

little w’calllcrillg  ill tllc SUIIIIIIC’r  (data lvcr~ acquird ill August and Sc])tc]nber),  delnonstrating  that

ulldcr tllc ]) Io]x21  c o n d i t i o n s  tlic rc])cat-])ass illl])lt’lllelltatioll cal I be used  with long r epea t  cycle

ra(lar systcl[ls. ‘1’IICSC loII.q cycles  arc Ic(]uird  f o r  glolml  covcragc,  t h u s  d a t a  may in ~)ril)ci])le  h

{jhtailld worldw’idc  and rcduccd tc)])c)gra])liically.  IIowwcr,  ellvironm~lltal f ac to r s  p robab ly  l im i t

tll(’llscf[ll])css oftlie(lata  set tosclwted rcgio]lal  s tudies .

Accuracyof  thcAlaskaHR  S-1 I)EMs.

A c c u r a t e  digita] elcvatioli l~lc)(lcllsc)f~flaska  do]lot  exist and thisgrcatlyc  onstrailiso  urabi]ity

trst the accuracy ofour  al)l)roach to tojmgrapllic mappillgo lVC can, however, analyze the perfor-

II Ial ICC C)f (IIC IIlapl)illg  ])rocdur~’  ill :1 nulllkr of wrays: 1) w’ecal]  s~)ot check thcaltitudc of obvious

fcaturw \vitli  COllV(’lltiOllill  to])ogral)llic Inapsl 2) \vc CaII com])ute the statistical errors over flat

awas t o  ascertai]l W’llctllcr  o r  1)01 tlIcy agrm  \vitll  tlleor~ ‘, and 3) wc call  evaluate statistically the

cx])cctml  licigllt standard  dcvia[iol] froln  a hsclilie (lcril’cd  fro]n  a  ty~)ical tie]) oi]lt  set.

‘J’al~le4 gives tllc results of a])l)lying  l)rocdurc 1, cxa)llilIillg tile elevatioxl  of s})mific features ill

tllc ‘1’oc)lik  site da t a :

‘1’al)]c .1, ]~]cvatio]l  S])01 CIICJCkS  of ’1 ’oolik S i t e  l’caturcs

l“c’a t 11 rc l;lvvatioll llcvation l)clta

IJS(;S hdap 1;1{S-1  Rada r

1.

2.

3.

4 .

5L  .

6.

we note

Slnal]  lakcllcar Sil~ l{ivrr 61’1 613 1

‘1’oo]ik  I,tlliC’ 719 718 1
Z!nd lake IIear Sag l{ivcr 507 505 2

IInllavait hlountaill ~,2~ 1102 20

Slope hloul)tain 1223 1221 2

Slllall  ]Iill  llcarrJ’oo]ik  ],ake 93() 912 12

that  the ]]la})s  agree w’itliill ttvo  IIIcters ill tllc first thrm areas cl Ic)sen b u t  d i v e r g e

slightly 011 est imates of  tlic I[]ountaill ))caks  cl IoscJII for tile latter tlIrcc sites. III fact tllc vcr.y close

aSrcemcnt see]] on the fiat regions is due more to our illll)lclllclltatioIl w]lich  usd estimates ill those

areas as tic ])oints to detc’rmillc  OIIr I)aselille  distance and tllc dc.grec of convcrgcwce  of tile orbi ts .

‘J’llcrcalizcd })lecisiollo  ftl~etccll] li(lllei  sljett~'](l c'll~ollstlate(l l~ytllc rcll~ai~~illg ~ralucs w’llicl~ratlge

frolll  2 to 20 Illetc’rs. Since accuralc digital clcvatic~li ]]]odcls  of these areas are ILot availab]c for

trutllil]g illl’cstigatiolls lvc arc Iilllited l~y tllc ability t,oidclltify  features 011 200 foot co]ltour  Il]aps.

I t  i s  very  diflicu]t t o  idclltify tllc l)caks  o f  tllc IIlolllltains wllicl~ tyl)ically d o  IIot IIavc IIleasured

I)c’llc]llllarks,all(]  w’emust  illtc`rl)()]:itc'  t]lc`colltc)~l]` st{)()ljtaill ]leig]lt  estill~atcs froll~tlle lJS~;  S1lia~)s.

lJ\cII  \vitli  USC; S IIIal) lwIIclIIIIa  Iks, ])r(’ciscly lc)c;lt ill~tlle cc)rres])c)ll(lillg })oillt ill tlLc:il\tcrfcrogra lll
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is very diflicult.

\\’c’  c a l l ,  llo\w’vcl’, Ineasurc  tlIcI s t a t i s t i c a l  variatiol~  ill flat areas allcl coml)arc tile r e s u l t s  to

tllc IIolllillal  IJrcdictioll. l’or cxa]lil)lc. i f  we  clioosc  tlic f lat  reF;ioll llcar ‘1’oolik l,ake ill tlic 3 day

itllagc, lvc ol~taill  all rltls ]Ieigllt  deviatiol~  of  2 .5  II]. \\’enotcd previously that acorrclationof  O.25

corrcsl)ollds to 7.5 III IIcigllt  e r r o r . ‘I’l Ic 2.51tl  error (3 tilllesslnaller) deterlnitled  IIerc inconsistent

fvitll tlic correlatio)l of 0.75  (3 tilllcs larger) ill tliis region  sccli in f ig .  3L.

111 figure 11 we ~)rescnt  the digital e]evatioll IIIodcl derived frolll  data acquired over the! Manley

]Iot Sl)riligs  site. llc’lc’tllcllllsll(’iglit  ellc)rc)vc~rtllcflat rcgionin  tllec.ellter oftllcilIlage  l)clowtllc

river is almul 2.0 nl, less  evc]l than that found in tllc ‘1’oolik data set, as the t empora l  co r r e l a t i on

lIerc is  0 .85.  ‘J’lleelcvation  slmt cllec!i r e su l t s  aresllowu ill Taljlc5. Again the fiat areas arcquitc

close aIid tile two IIloulltaill l)caks  cllose]l  exhibit 3 and 31 meter errors.

‘1’al)lc5.  II;lcvatio]l  S1)0(  (Tliecksof hlalllcy IIot Sl)rings  S i t e  l’eaturcs

l’eat urc l;lcvatioll I;]cvation l)clta

~JSC{S  Nlal) 1;1{S-1  Rada r
— —

1 .  l,alics sout]l of 110{ Sl)rillgs 8’1 83 1

2. l{ivc’1 IIear  (Uos]]a 7’6 7’1 ,5

3 .  Small lake IIortll  of IIrar lake ](JT 193 4

4. Slllall IIill ]Icar  IIcar lake 269 2(i(i 3

5 .  hloosclIeart  Nloulltain 651 620 31

l’or l)roccdurc  3, ive llaI’e devcIloj)cd a stat ist ical  ]netlIod to evaluate tlie errors in tllc baseline

aI~d tlIe consequent  RNIS llei$llt error over all illlage, as follows. l’iducial heights were read from a

~ls(;s to])c)mal)  (Natiollal (jcodetic Vert ical  l)atulil of 1929).  l<;ach height tiepoint was  loca t ed  in

tllc 3-day rclwat ‘1’oolifi i]ltcrfcrograln , such that a datal)ase of tiepoi]lts  was generated, including

row,  column,  IIeiglltl  pllasc and ]Jllasc’ variance. ‘1’lke  relative ranges of spacecraft to any point

(row, colu*nn)  in the i,nage are well k],owl,, so tllc database information  is sufliciellt to reconstruct

tllc illtcrfc’lc)llletric  I)asclille.

l’or N ticl)oillts, i~’c)lalldol]~ly  cllosc  hl sets of]i tic~l)oilits,~vlic~re  K < N. ‘1’lIQ raliclolll  draw was

done so that no set of K tiepc)ints COlltilill S a dlll)licatc tiepoint, 110 two ticl)oillt sets are tile same,

a]ld t]ie  ticl)oillts in a set sl)all  a suf[iciellt iluage area to give a good basclinecstimatc. l“orcach of

lIIC M sets, a I)aselille  rvas colll])utcd accor(lillgto tllv  IIlctllods ou t l i ned  ~)reviously.  111 this w a y  w e

~cllerated a set of baseline cslilnatcs frolll  wllicll  lve can  develol)  an intuitive and statistical .cwllsc

for the rol)ustness of tile tccllniquc. in  l)alticlllar, fore acli l~aselillcestilllatc(l,  the hcig]lt at each

il]lage ticlmillt call  lW lec{)llstl(lctc~(l. ‘J’llercsidual l)etlvc’c’ll tllcrecolistr~lcte(l  ILeigllt and thelLcigllt

IIleasurcd froln  tllc 111:11) call tllcn I)c USC(I as a IIlcasure of tile success of tllc tccllniquc.
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‘J’lIc r e s i d u a l  for o]lly  tllc ticl)oillts IIscd to forll~ tlic Liisclilie  estilnate i s  u sua l ly  slnal], on the

order of ,5 to 10 Inctcrs. IIoivcvcr$ tllc’ rmidual over  all illlage tiepoints i s  ]Ievcr less  than about 15

Illctcrs, and is frcquc]ll]y liIucli greater . ‘1’llis is colisistcllt w’it.h  tlte spot Clieck nlcthod  in which the

IIc’igllt errors nea r  tllc ticl)oinls usc(] 10 forlil  tllc’ l~ascline  w’crc slna]l.

III tlic ])rwcIIce  of IIoisc’, it is virtllally ilill)ossil~lc  to estilnate tile physical baseline (two cross track

coII~l)oIIcIIIts)  }vllilc also cstin]ati]lg  a lil]ear ])hasc  raII~p in azi Inuth (slope and iIltm-cept)  with only

a fcw ticlmi]lts. ‘J’IIc variatio]l of tl~c illtc]felc)IIl(’tlic  })lIase with Lascli]Le oriclltatioll is  s inusoidal

aIId is esselltia]ly tllc sa]t)c  for  all loo]< aIIgl es. ‘1’llis  {) Iielltatic)]l-( lel)(’]\clcIit  I)hasc  co]lstallt can be

ahsorkl  ill tlIc 1)11.3sc  co]~stallt  f o r  tlIcI azilllutll raIIII). ‘J’lius  tllcrc is a large llulnl~er  of  possible

l)alalllc’tt:rc  {)l[ll~illatiolls tllilt  C;ill f i t  tll(’d;ita.

‘1’IIc  solution is rx’lativcly  i]lscl15itivc  to tlIcI aSSIIIIICd gmid  as lo]lg  as a local quadrat ic .  approxi  -

lllilti  Oll to l’hirtll  CUI”  V:IIIII’C is :1( ’( ’oullt(’d  fol’. All incorrect  asslllned radius of curvature ilitro(luccs

(’1”1’{)1’s  of 1(’ss  tllall ] Illet(,]. .III i]lco]r(ct  &(c)c()]lt] ic(]c'fc`lcllce) raclil]siIl tro(ll]ces\'i ltl]ally]]ol  lcigllt

(Irrors,  as it translates to ir l)lIasr  consta]]t across tlIc  ilnage, wllicll  is fitted arid  rcmovwl. ‘1’bus, by

csti]liati]lg a]l arbi t rary })lIasc coIIstaI1l. al)sol  IItc llci~llt illfor]llatic)ll  is lost.

\\ ’c’ ])c’rforIncd tlllw difl’(’rc]lt  Ieslso]l  data Silllllliltod  tollaVe.5  nletcr random he igh t  dev i a t i ons

])ut no statist ical  })lIasc crro]s. 111 tlic first test, four  l)arametcrs  were  fit using 4 or II]ore h e i g h t

ticl)oi]lts. l’c)]l) asclill  osflc)]lltllel)(st s(lts[~f  tie}) c)i]~ts,t llosc\\'iclc'ly  scl)aratecli llrallgca It(lazi]lllltll,

tlI(’ rmidua] IIe.igl]t  errors lvcre  olI the [JrdcIr of a ]ncter or less, correspolldi]lg  to baseli]lc e s t ima tes

\vcll matched to tllc silllulatcd  va]ues. O v e r  all the ])ossible  tic])oint sets, howcwr,  tlLc esti]natcd

I)as(’li]ic’s(lifl’c’]c’cl  sigllifica]ltly, a]ld tllc:ivc’]agc,ll(’i~l]t  rcsidllal (lcviatio]]  \vasllcvc’r  better tllaIl t h e

b ]l](,ter  ]I]casur(tmcnt errors. ‘] ’]lis reflects tllc correlation a]nong fitted parameters. increasing tlIe

IIUIIIbCr  of ticl)oi]]ts dccrcasm the IIcigllt  e r r o r s  OII average, .such  that tllcy apl)roac]i t he  he igh t

lncasurcmellt  errors.

I II tllc’ second test, tlIrec l)aralnctcls lvere fit, lvitll  tllc fourt]l, the vert ical  com~)ollent  of tllc

baselillc, fixed at its silnulated  value. ,Iscxl)rctcxl, tile horizouta]  ljzisclil~es  gcllcrally colllccloscr

t o  tllc silnu]atcd valum, a]ld tllc ave rage  lloip.ht r e s idua l s  apl)roach 2 or 3 lnctcrs wlIclI  using, 7

tic’l)oilkts. ‘J’lic b e s t  l)aseli)lc  ehtilll:itcs agai]l  yield ]wsiduals  o f  order 1 lnetcr. I t  is  iIn])ossil~le

t o  k])ow’ a }Iriori if tllc ticl)oillts IYill yic]d  a llcigllt r e s i d u a l  better t han  the I)leasurelncnt e r r o r .

‘J’llc,rcforc,  it is  illll)ortalit tollsc as IIIa IIy tiel)cjilltsas possib]c ill thmcstimatcs.

III tlic’ tl]ird test, \ve f i x e d  tllc ve r t i ca l  hasclillc co]l~l)o]ic]]t  tc)all illcc)rrcct  value allcl f i t ted tile

rclllaillin~ tllrm l)arall~ctcrs, 11 is IIo\v ilnl)ossil~lc  to al)l)ro:icll  tllocxact  bascliue, and as a  resul t ,



‘J’llus  ill fitting 3 I)aratIIctcs, it i~ i)lll)ortallt to Ilavc a wliable esti]llate of the fixed parameter  or

t o  llavc slnal]  lJIIasc noise and lIeigltt  ItlcIasLlltIIIl(IIIt  cIrroJs, III fitting 4 Imrametem, it is important

to usc  as l)lany  ticl)oillts as l~ossil)lc’,  slid rcxluce tlic variance of the ticpoi]lts’ height error and tile

data l)llase  IIoisc to levels of tllc dmiwd hci2.llt  accuracv.

‘1’llcsc results relate to tllc licigl~t I)ial)s ill this work ill tlic following way. ‘1’hcse  ma})s were  gell-

cratcd by fixing  tllc vertical co]lll)ollcllt  of the basclillc and fitting the rcmainiug  three parameters ,

‘J’ltr(Ic lic]millts w’erc LJscd f o r  1 IIC fil. l’ro]l) our sil]lulatioll (5 l]] IIciglit  errors ,  IIo ~)llasc e r r o r s ) ,

(Iic a~’eragc IIcigl]t rmi(lu:tl f o r  t l)is case \vas almut 15 ]netors; tlIc lninimuln residual was about 1
Ill(’t( ’l’. 1“01’ t lIC 3daj’ IT]wat ‘1’oolik  data, tllc avera~,c  IIeigllt  residual  lvas about 5(I meters, while

(Ilc llliniluu]~l  was ;ibout 15 IIIcters. ‘1’lIoIe is ail cssclltia] di(iirellce bctiveell tile simulation residual

ca l cu la t ion  slid tllc actual. ‘~’llc sillllllatioll residual is tllc difrcrc]lcc  of tile dcri~~cd IIeigllts  a]id  the

IIcigllts  w’it]l no noise. ‘J’llc a c t u a l  r e s i d u a l  l)y IIcccssity  IIlust  usc  tile lieigllts nlcasurcd fro]n  the

llS(; S ]IlaI) fvitll  tlte :issociatc’d  Illeasurclllellt lloisc. ‘J’li(’refore$  tile lnillilnulll residual variance is

likely to I)c tile eflcctivc llei~lit vaciallcc of tile data, Illat is a colnbillatiol[ of the pllasc variance

ilitcrjjreted as liciglit varial)ce iInd tllc actual IIlal) heigl  Il IIlcasuremellt  variance.  1)) this case, it is

15 111(’ters. ‘J’IIc  UI)])CI lilliit C)II IIeigl]t c’]ror  I)ased 011 l]]easured decorrclation  and looks i s  abou t  7 .5

IIletrrs. ‘J’he s]nal]  residual dcterlnillt’d ]icrc usillp, lalmrious hand measu remen t s  ofl’a topomap is

actually quite cllcou  raging.

~lt tlic ti]ne of this tvork,  alI accuriitc orl)it  rcrolistructioll  was IIot available, so onc of tile baseline

collll)ol)cl]ts  was fixed, tllc otllcr estilllatcd. \\TIICII  al) orbit reconstruction is available to 30 cln

accuracy,  ~vc call  fix bet. ]1 l)asclillc colll})oltcllts  to tllcir al)l)roxinlate values, and fit two ~)arameters

- just tllc alolig-track  ran~p. ‘1’liis case is silllilar statistically to rows 5-9 ill ‘J’able 6, where three

})aralllctcrs were  cstilnated, and IJ: Jvas fix(xl at its corlcct va lue . \l’e  can see that about 6 tiepoints

o f  5 III rills a c c u r a c y  a r c  llceded  to ol)taill a]] ]II)S Dl;h! ]Ieigllt  a ccu racy  o f  5 III. If tllc ticpoints

llci~llts cat~ b e  l[leasured in situ. for exalnl)]c Jvitll (;1’S receivers, ratllcr than off a map, then the

lilllitillg tie]) oint,  error is tllc })llasc  noise. l’ivc  ]tlctc’r equivalent rltls })hasc noise is acliicvable with

1<11{  S-l  dilta tvll{’11 ciecorrcla{iol]  is slllall.

‘1’al~]c 6. II:isclill(’ l)c~l(’ll])i)li]tioll Sill]ulaiioll l{wu]ts
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IVC l)rol}osc  the following  il]~l)lclllc’llta[icjll as o~)tilna]  for a satellite identical to l;RS-1. All orbital

a l t i t ude  o f  561 kII~ })rovidcs  a o]le day relwat inter J’al. I;VCII  at this relatively short repeat interval

tile possil)i]ity rclnaills that c’llvilc>lllllt’llt:il factors such as raili or s]low could  clccorrelate  tlic ecllocs

over wide areas. At a rcduccd altitutlc of .561 kIII, tlic look allglc lnay be i]lcreascd to 40° while

acllicvill~ tllc salllc noise equival(’llt  r a d a r  signal to noise  rat io of 11.7  d]], ilnprovilig  tl~c currcllt

1;1/S-1  ])rol)lo]]l  with l a y o v e r . IIoivever,  as the norlnalizcd cross section of most targets decreases

willl increasing  allglc so]l~c degradation of signa]  to ILoise ratio will occur. IN tlLis ilnagi]ig geolnetry

tllc usal)le s w a t h ,  dcfilicd  as tile 1.5 d]] l)oilltsoll tllcolle-kvayalltell]~a ])attern, is !50 kin.

‘]’]Ic i]])agi]lgsc(,]lalic) i s  as fo]lo!vs: l’irst, Inap  a sillglc 50 k]n swatli for one day, theli, r e p e a t

this covcragc to obtain ilitcrfcro]lletric data over the swath on the second  day. A single day period

co]ll})riscs  ]5 imaging sw’atl~s  for a total illu]llillatwl wicltll  of 750 km at the equator if only ascending

o r  dmccllding l)assm arc collsi(lcre(l. ‘]’]Ic  data lllay tllc~ll I)e processed and checked  for gaps due to

t{’llll)oral  plIenc)mc]Ia  and if desiwd tllc lnissi]l~; :ireas l]]ay be reacquire’d.  At  this  point  the orbit

IIOd CI nlust IW a d v a n c e d  about .10 k]l) for the Ilcxt lmir  to allow  so]lle  overlap bctweell swaths,  and

for a total  equatorial  distallc( of .10000 kltl (~1 SIICII  IIialleuvcrs will Le required.  ‘1’his fvould resul t

Sillcc  tllc orl)its co]lvcrge  iit t  he I)olc’s, t]ie  illtclfc,lc)l]lcter  baseline wi l l  a t  solne l)oillt  become

t o o  s]lort and tile errors T{’ill IJCCOII)C  Ullll Si\l)l~  IIigll. If we select 75 ]n as this millilnutn baseline,

cc)lrc’sl)c)li(lillg  rougll]y to ii factor of tllrcw decrease ill sillp;le-ilnage  accuracy, the  maxilnuln  useful

(~rljit latitude is 68°.  lloivcI’cr,  IIl(lltil)lc  coverage at tllc higher latitudes ])crmits  some averagilig so

Illat tile total accuracy dccrcasc  is lcIss tliall tile factor of tllrec Qxl)ccted  from tile baselillc variation

Iil 01)(’. ‘1’llis lllisscs the ]) Olin’ rq+iol)s  I)ut d o e s  ol~(aill toljogral)llic data over  most  of  the l;arth’s

]alld  surface.

I\rCI IIiust ]Iote  liere that tllc al)ovc  assu]ilm that we nave severa]  tie po in t s  d i s t r i bu t ed  in range

writllincacl) segment  of tlie radar stvatl)-  tllcsizcof tile segment is determined  by tile orbit s t ab i l i t y .

‘1’]  ICSCI Licpoilltswril]  ill all l i ke l i hood  ]Iot Ijedistriljutcd cvelllyacrosst]lc l;arth’ss  urface,tllusthe

accu racy  o f  tile nlal)s l)roducwl  ~vill vary  Ividcly  with tile qual i ty  slid IIumber of tic poillts. Sillcc

tllc ~)rccisiol]  of lnal)s ol)tained ~vitll 1;1{S-1 call  cx]lil)it values as poor as 12-15 m for ullfavorat)le

orbit latitudes and locations wit]] lar~c tclnl)ora] dccorrelatioli,  such  a piecemeal global data set is

IIOl sigllific.alltly  super ior  to  ivhat is itvailal)lc ]IoIv. llo~veverl  for regional studies of sclcc.tcd  sites

for wllicli  citllcr absolute accur<icy  is ullilnlmrtallt, (Jr for lvllich  tie poi]lts are readily obtaillcd, tllc

111{  S-1 der ived {Iigit:ilclc’vatic)ll  II}o(lt’ls  lvill I)e i!lvalual)le.

11’e IIote  tl~at  if l)rccisioll  orbit dcterlnillatioll is ]jossiblc  oll a future satellite, such as tlie3 cm

s u g g e s t e d  hy cxl)crilnents ilivolvillg tllc (Jlobal l)ositioning  Satell i te 011 the hTASA 2’C)I)l,X oceal~

altill~ctcr lllissioll, tlie :ilm)lut(~ accuracy I)rol)le III l)ecoIIIcs  lCSS of a collstraillt. Assuming a 200 In

illterfcrollleter  bascdinc,  all orbit IIeigllt  uncertainty of 3 cm for each orbit and equations (6) give’ a

rcsultil~g  absolute  IIeight  error of SO III for a 5(i I kIII orljit at a 40 dcgrcc look angle. ‘J’liusj orbi t
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{Ictcrlllillatio]l alone CaII acllic’k’e sol Ile\v IIal accurate al)solute llcigIIts, but tic poi]lts will hc required

to reduce tllc alxwlutc error to tllc 2 III lci’c]s obttii)lwl frc)l[l statistical signal va r i a t i ons .

I I I  oIdc’r  to rducc tllc al)solutc  IIeip,llt  e r r o r s ,  tlie sl)acecraft  c o u l d  be equi])])cd w i t h  a  ]ladir-

looki]lg” l a s e r  altilllctcr t o  ol~taill  lic lmillts writll wllicll  to lnil[ilnizc ahsolutc  IIeigllt, atld S1OIJC

errors. ‘1’11(’  laser lrould also c)l~taill lIlaIiy good Illcasurc’lncnts  over tile }Jolar regions which  1 ) arc

]Iot lnal)l)cd  Yve]l  I)y a rcl)eat l)ass  ladar due to  tllc convergilig orbits and hence s m a l l  b a s e l i n e s

a]id 2) arc relatively flat and do l]ot llccd tlic raclar system’s abi l i ty  for  high spat ial  resolut ion.

Sitlct’ tllc radar  resolves tllc local to]mgral)hy, the laser tie points  ]nay  bc q u i t e  s p a r s e  e v e r y  1 0

k]]l orso~vould  suflicc.  'J`llcl ocali()lls{  )ftllcr eft'lclllce}~ oillts~l  lust }~cvclry  accl~rately corc’gistcred

wit]l  tllc radar data, a llontrivia] task iii itself, of course tile rcfcrencc  poil)ts will be available as

tvcatllcr })crlnits; tllc laser systelll lvill not work ovm  cloudy regions at all. ‘J’bus, the success of

this illlljlclllclltatic)ll ill Icr]m of rcdllcing tlic al)sc~l lllct’rrorlevcls to tllosc associatcwl  with relat ive

IIlc’:lslll’cll]c’llts dc~wilds  oll tllc al)ility to gc’llelatc  a IIigll-qua]ity auxil iary data set .

summary

‘J’ol)ogral)liic  ]IIaljs wit]l  r e l a t i ve  e r ro r s  o f  5 III rills or 1[’ss  call bc der ived frc)]n i]ltcrfcromet-

riu radar data collcctd  by tlic 1:1{ S-1 radar syste[ll, providing a  relat ively illexpcllsivc Ineans to

gc’lieratc  di~ital c]cvatioll ]I~odcls o v e r  legions of  tllc ];artll }vllcre littlcor  110 tol)ogral)llic.  data is

available.  ‘J’liis  mclllod Ivould also yield a collsistclit aljl)roacli to ol)taillillg hig]i resolution topog-

ra])lly  over difl’crclit  areas; a collsistc]lt Jvorldw’ide data set dom Ilot  exist today. \Ve llavc de r ived

di~ital rlcvatio]l ]]lodc]s  frolll  1;1{S-1 d a t a  a c q u i r e d  ot’er ‘J’oolik  l,akc a])d hlanlcy  Ilot S1)rings in

Alaska and over  l)art o f  tl~e hfc)javc  desert ill C;aliforllia, Since  1) te]nporal  decorrclation  at t h e

t~-l)alld  Ivavelengtli can  y i e l d  IJ1’;hlsw’it]l  l)oorlleig,llt acuity, and 2)orl}it uncertailLtics neccwsitatc

t]ic  usc of tie l)oillts to lnillilllizc al)so]utc llcig]lt  er rors , regiolial studies call  he accolnlnodated  but

.gIol)al Iilal)l)ing  Ivitll  tllo s a t e l l i t e  wou ld  no t  rc’su]t in a data set significa~ltly  sul)crior  to What  is

already avail  ab]c. \\ ’llilc  tllesc cflccts call  he mitigated by utilizing a satellite orbit witl L a shorter

rc~’isit til]lc and ll)ore  l)rccisc  orbit (lc’tc~llllillatic)ll , SUCII  as that ~)rovidcd by G] ’S, it is ulllikcly

that tllc ullccrtailitics of tlie IIleasurcd IIcigllts  c o u l d  b~ reduced to levels  acce~)tat)lc  for prccisc

global to})og]a})llica l)l)licatiolls. ‘J’llc’c~xistilig,all(l  l}ro})osed  illll)rok’c’{l,F;ltS-l  systelllsclol)rolllisc,

IIc)lvevcr,  tllc ab i l i t y  t o  generate  a lIPJV set of tol)ogral)llic data that will l)rovc  u s e f u l  f o r  m a n y

discil)lillc studies.

l’i~urc cal)tio]ls.

l’igurc 1. IIitelfc’lc)lllctel  illl:igillggc)c)lll(ltly. ‘J’ww a]ltellllas Al aud A2 both illult~illatc the salne

l)atcll o f  ground.  Surface’ tol)o~ral)lly is ~ivell  I)y :(y), the s])acccraft  altitude is h shove a tangmt
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ljla]]c  at the ])c)int o f  intermt, L]lc I)asclinc  distauce  is l), the range to apoint on the ground  is 7’,

tllr l o o k  allgleisfl, and tllc allgleoftllc I}asclillc  with rcslwct tohorizoutal  iso. ‘J’heradarsi.guals

tl’illl SlllittCd  frc)ln cacll  a] Ite]ii Ia a]Id rc’ceivcd  at tllc I)oillt  c)f trallsluissioll  will forln an illtcrferogra]n

N’IICW tllc phase at eacl] IJoillt is Ijrol)or[iotlal to tllc’(lifr(’1(’llccill  path ]engths,  4, w i th  t he  cons t an t

of l~ro})c)ltic)ll?llity  ~~-.

l’igurc2.  (Jl~ccltailltyil  lil~tclfc’lolllc’t~rl)llasc’ as afullctioll of corrclatioualld IIuluberoflooks.

l;igurc 3. ~;orrc}ation ]IIal)s  o f  tile ‘1’oo]ik IJalw s i t e , dcrivwl from orbit pairs 943-1029 (6 day

illtcrval, 3a) a]ld 1029-1072 (:3 day illtcrval, 31)). Zero  corrclatiou  is rcpresmtmd  hy b l u i s h  p u r p l e ,

w’llilc  unity  correlation is givcll  by ycllolt’isll  grecu. ‘1’IIc  majorityof  the six day i]nage possesses au

average correlation of 0.,50  or Inore. ‘l’lie  tllrcc day ilnagella.s  large areas in which tllc correlation

drol)s  I)c]ow  IIalf. Siuce  sigual t o  Iloisc  r a t i o s  arc sinli]ar and baselillc dcc.orrelation  ill bc)tli cases

is s]ual], tllc tc~ml)oral co r r e l a t i on  i s  lli~licr  over  tile lo]lger  rather than tile sllortcr  tilnc iutcrva].

II;lll’ilollll]c’lltal  factors w’llicll occur sj~or;idica]ly  ratllcr tha]i cc)ntilluously over time are domilIatilLg

l’igurc 5. (~orrelation  illlagcsof tllc \lt. Katlllai area, sl~ow’illg  that  large sectionsof the region

])roducc  Ullcorl’(’lat(’d  Cclloc%. IVllilc  ce r t a in  subscctious  cxllibit very  h i g h  correlatioII  values o f

about  ().85, c)u]y these sIIIall  p i e c e s  IIIay l)e cx])cctd  to  yield accurate l)llase mti]uatm and hcllcc

usc~ful di~ita] clcvatic)]]  IIlodels. l’i~u]c’  La sl~ow’s sol IIe Cvidcllcc  of all clevatioIL  effect, particularly on

hll. (;rig~s,  tllc large’  IIloulltail]  Ilcar  tllc ilIlagc Celltc]. ‘J’llcavcragc oftllc correlation coe~ciclltsis

greater tllall ().,5011 tl]e IOIVCI  SIO])CIS of tllc ]Ilou]ltai]l, I.)ut aljove a collstant altitude it drol)s  to the

().28 av~’ra~e maguitudc Valuccx])cctcd  for  lo- look u]lcorrclated sig]lals. ‘J’hc correlation in figure

[Jl}islcss c)l)l’iollsly]  c’latc(l toaltitudcl)ut  a])l)cars  tol)elliglkest  ilLtllc valley  ffoors,

lrigurc6. (;ollelzitic)lll[ lal)of Sllisllz~lcliltv(  )lcallcji]  ltllcl.41e~ltial11  sla1l(ls. ‘1’hc ocean is completely

ulicorrc’lated, as is tllc laud area over  lnucl) of tllc iluagcc Olllyafew outcrol)sou  thevolcalloitsc’lf

a]ld tllc I)cacli area cxllil~it  suflicie]lt  correlation to lwrnlit accurate phase cstilnation.

l’igurc 7 .  IIeigllt IIlal) o f  tllc ‘1’oo]ik s i t e  frolll  tile salnc 3 day orbi t  pair  show]l  in figure 3b,

gcocodcd l)ut uot  interpolated. ‘J’ILcw  arc a llulubcr of  large ancl a plet]lora of  slnaller ‘l[olcs’ in

tile illlagc due mainly to fc)lcsllc)ltc’llillg  effects (SW tc’xt). llcrc raclar brightliess  is sl)own  as tllc

I)riglltllwss  of each l)oillt, and tllc, color is dcterluillcd I)y the al t i tude. Wl]ilc in digi tal  forJnat  WC

]ctaill tllc actual IIc’igllt  value, for tllc (Iis])lay Jrc qua]ltim  tllc licights to multiples of 18.75  meters

aIId lua])  cac]l to  a  16 (Jlclllcllt rc}watil]g  color  tvl Iccl. ‘1’lIus tile color rel)cat illtcrval, say from red

to red, for tliis Inal) is 300 nleters.

l’igurc  8. l)ata froul  f i g u r e  7 aftcrlillcar illtcll~olatioll. ~hlor repeat iutmval is 300 meters.

]’i~ure  9 .  ‘1’oolik.  Alaska (lata frolli  fi~urc  8 ill l)ersl)cctivc ~’iew. ‘1’he  colors and iutmsities ill

tllisa]ld tll[’follc)~vil]gfigll]c~s  \vQrLIclIosc~II foraesthctic a]~l)cal; blue does lIot represeut  water, grcml
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]’ip;urc lo. I)crs})cctivc  view of l’isg:ill  lava flow gcllcratcd from 35-day rel)eat cycle data. See

c:i])tio]l to figure 9.
●

l’igurc 11. l’t’ls})(’ctiv(’llc,igllt  ll~a])of Manley lIot Sl)rillgs  site. Scc caption to figure 9.
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