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Abstract.

\V(~(lcvc!lcJ])  herc!atnaI) oftllecms[\istt~  icclisl)lacc!rnc:tlt  fic!lcl  rcs[~ltirlg  frot[~ttlc!  l,ar\clc:rs,  C~A, June
28, ]992 cart, hquak(! dc!tived  using data acquired from an orbitiug  high rcscJution  radar system

olily,  a]]d achieve results more accurate than previous space. studies and similar in accuracy to

thos(! obtained by convelltiona]  fl(!ld survey tecllt]iques. l)ata from the }tl{S-1  syntht!tic  aperture

radar instrum(!nt acquired in April, July, and August 19{)2 are used to gc!ncratc!  a high resolution)

wide! arc!a  map of the displacements. ‘1’t]c(latare~~rcsc:tlt  th emotion in theclircxlioll  ofthcradar

lillcof sig}ltto  crI]]eve]  l)rNisiol] ofcac}l  30rrlresollltioll  clerr]cr]t  ir]al OOkrniJy  lOOkrr]il]lagc.  our

coscisr]]ic clis~)laccrrl[:rlt  col]tour  ma]) gives alobcd  ])attcvm consistent with theoretical Inodelsofthc

dis]dacement  fl(!ld from th[! earthquake. Fine! structure obs(!rved as clisplaccwmnt  tiling in regions

scv{!ral  kilometers from the fault appc!ars  to be the rt!sult  of local surface fracturing. Com])arison

of t,hcsc  data with GPS and l’;l)h4 survey clata show that either the two vahms agree within 10

CIN on an atxolutc scale or within w 300/0 ol] a r(!lativc  scak!,  thus the radar mcasurerrmnts  are

a m{!a]ls to [!xt(!nd th(! poit]t  mc!asuremcnts acquird  by traditional techniqu(!s to an area map
for]nat. ‘J’he technklue  we use is i) more automatic, ii) more prctise, and iii) bc!tter  valiclatwl  than

]nx!vious similar applications of differential radar interfe.rornctry. Sir]cc we require only rcvnotcly-

ser~scd  satellite data with no additional requirements for

better suited for global s[!ismic  rr-rorlitoring and analysis.

lntrocluct,ion

1 ntcrfm-ornetric radar tecbniquc!s  for the generation of

almillary information, th{! technique is

Iighly  accurat[!  digital elevation models

(1 )lth4s)  have! by now been wc!ll-[loc~l~ncr]tcxl  in the literature (Ykbkcr and Goldstein, 1986; Co]dst[!in
~!t ~]., ] {)~~;  ]~rati  ~}t a]., l~~(); ~c~}kcr  at ~]$, ] 992; Nvarls et a]., ] 9 9 2 ;  Madsen  ~!t al., ] {){)3a;

h4adscn  ct al., 1993b; Zebkcr et al., 1993), as htw been the application of such techniques to the

]nc!asurcrl]ent  of the! motion of all resolved points in a rmnotely-~!nsui  image (Goldstein and Yi!bkcr,

1987; Goldstein @ al., 1989). ‘J’hcse  rclatcxl tdmiqu(!s  follow from ma] ysis and intcu-pretation of

ir]tmfc!rograms,  which consist of the phase diffmences between two radar images of the same scxm!

acquired at scparat{!  locations or timc!s - a sensor ]ocatior]  change giv(!s sc!nsitivity  to topography

ard a sc!nsor temporal change gives motion sensitivity. A combination of the two aplm)aches,

dcmotd  differential radar interfcromctry  since the! phase nwasurwrncnts of interest result from the

diffm!ncc!  of two intcrfcrograms,  has previously hen used by Gabriel et al. (1988) to rrmp the
changes ir] surface elevation of agricultural fields over a large area to cm-level sensitivities.

More! rcwc!r]tly,  there has been activity by at k!ast twc) groups applying the capabi]iti[!s of raclar
interfcrometry  to the study of seismic phenomena. Ma$sonet  et al. (1993) of Centre National

d ‘l~tudcs  Spat ides (CNES) in ‘J’oulouse, France used an interfm-omot  ric digital c!levat  ion moclc!l de-

rived from 1’;1{ S- 1 satellite data for analysis of the rnagnit udc! 7.3 c!arthquake cc!ntered near I,anders,

CA on June 28, 1992. In this study a single ints!rfl!rograrn  which contained phase signals frotn th[!

local tcq)ography and from the earthquake! dis]dac(!rnents was subtracted from a manipulate USGS
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15 minute I)Nhf of the arc!a  and the residual Ihasf!s inter~mied  as ground displacements from the

ev(!nt  . ‘1’hc int,erferogram,  when corrected for topogra]dlic  effects, shows a displaced dual-lobd

patlx!rn  of fringes emanating from the fault zone, whcrx! each fringe reJmwmts about 2.8 cm of

motion in the radar ]inc! of sight direction. ‘1’hey also derive  a theoretical fringe! ~)attern from a

rnodc!l of t}]c [earthquake motion which Inatc}m the observations fairly closely,

‘J’horc! are several important limitations in the above study. Although a IJSGS 90 m s~)acing

1 )lthl  was available for this site, for many sites i]] the world no I)UM (!xists. In addition, an existing

I lItM may tlot be suf[icicmtl  y accuratx!  to yield t}lc! d~!sired  precision. ‘1’}](! CN}IS tt!am estimat~!  a

~nwcision  in thc!ir measurc!mmlts of about 2.8 cm in the radar line of sight motion, limited mainly

by imprecision in th[! lJSGS l)l~M ]dus radar system noise. Also, the I)14;M must be precisely

coregist[!red to t}]c!  radar imag~!, which itsc!lf may be a clifkult  task (see Mads[!n ct al., 1993b, for

rnorc! on errors induced by I)J’;M misregistration).  Finally, since the intcrfc!rogram ])hascs  are all

Inf!asured  modulo 27r, the absolute, or even rc!lat  ivc!, pha.w! relat ionshi  ]) between  art.) itrary ])oints in

tlw sccn(! is diflicult to detcrmin{!.  ‘J’bus, it is virtually impossible to fit continuous tw(~(lil]]c!r]siol]al
]nodels of the displacement field to th[! otmrvations.

‘1’l]csc liinitations  aside, it is itn~mrtallt tc~ rc!aliz(!  that the ])hase  dis~)lacemcnts du{! to motion
in arl intcn-feromctric  I)I+;M can tm hundreds of times more sensitive than sim~)ly diff(!rencing  the

actual  h{!ight rneasurt!m(!nts bcfcn-c and aftc!r  an cwcnt  (SW below). ‘J’his  obsc!rvation  is w}lat gives

the i]ktt:rfc:roll]ctric  approach the ability to map cm scale distortions over a rc!gion many tens of

kilomc!tm-s in size at a r(!solution  of a few meters.

]n this paper, we a])proach the l,anclers analysis differently from Ma.ssolmt [!t al. I)y utilizing

ol]ly data acquired by the ERS- 1 satellite. Our motivations for doing this arc! both technical and
])llilmm]dlical.  M’}lilc  reference 1 )HM data arc available for the 1,anders  site, reliance on thc!m in

general for intcrfcromc!tric  seismic monitoring is frought with uncer~aintic!sm ‘1’hcsc! I)EMs typically

contain errors and distortions on theorderofthe  phenomena b[!ing inv(!st,igated and furthermore

rrrust be precisc!ly  corx!gistert!d  to the radar interferograrn. Our approach in this papf!r  is more

rc!adily  quantifiable givf!n the raclar system parameters and can serve as a tmelinc  for the design of

a s{!islnic  monitoring program. Coregistration  occurs auton]atica]ly  in forming tk! irlterferograms

and the quality of the result can be measured “u~) front. ”

in addition to this fundarnc!ntal  differc!ncc! irl data manipulation, we extend and improve upon

th(! prc!vious rt!sults in other ways. In this study  the entire usable phase field is ‘(urlwrapped)”

rnc!aning  that the displacerm!nt  at c!ach ~mint is known digitally in an absolute s[!nsc, rendering the

displacement field  more amenable tc) computc!r rnodelling and analysis. ‘1’his permits the prc!cision
of the technique to be increased from t}w 2.8 crn radar line of sight reported by Massonct  to about

0.2 cm obtain[!ct hcrx!. Further l wc verify  the accuracy of the rneasuremcnts  by cotnpariug  to a

displaccnncmt  fkld dcrivd  from convcmtional  surveying techniques. ‘] ’hese survey data were de-

rived from a combination of lhctronic  l)istance Measurement (E1)M) lines and Global l)ositioning
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System (G} ‘S) sat,dlitc  reccivms.

‘1’h~! structure of t,hc pa]wr is as follows. We begin by summarizing the theory of radar interfer-

ometry  and diffcr[!lhial  illtc!rferornc!try,  t!rror sources, and (expectations of pcrformancx!  for s[!istnic

studi~!s.  Next wc prc!scmt the set of diff{!rcntia]  raclar intcrfmometric  observations of the l,anclers

earthquake, and discuss tb{!ir accuracy. Finally, WC! comparx!  our r[!su]ts with those of the! earlier
study and with tile in situ lr]c:asllrc!r~l(!~]t,s made by G1’S tec}lrliques.

Summary of theory

Consid(!r two radar systems ck!rving  tb[! same grouncl  swath from two positic)ns  A 1 and A2,

rf!spectivcly,  as illustrated in figure 1. ‘1’hc nwasurcd phase at c!ach point in each of the two radar

ilnagcs ]nay bc takt!n as equal to the sum of a pr-opag;ation  part proportional to the round-trip

distance travc!led and a scattc!ring part clue to the interaction of the wav[! wit}l the ground, If

each resolution elc!mcmt  011 the ground behaves the sa]ne for each ob.w!rvation (s[K! more on this

important condition t.wlow), calculating the differwncc  in the phaws removes dqmndcncc on the
scattc!ring ]nechanism  and gives a quantity dc]wndcnt  only c)n geometry. If t}]e two path lengths

are taken to be p and p -t 6P, tbc! mcasurc!d  phase @ will bc

(1)

or 27r timc!s the! round-trip difference distance ill wavelengths. ‘I’}](! law of cosim!s ~wrmits  solution
for 6p ill terlr]s of the irnrrging gccmmtry  as follows. ‘1’}lcrr

(p -1 6p)2 = p2 -1112- 2p}J sin(a  - 0) (2)

where!  the baseline length is I\, the range to a point on the ground is p, the look angle! is 0, and the
angle of the baseline  with respect to horizontal is ~. Neglecting the term of cinder  (15p)2  yields

(3)

For simplicity iu dcscri})illg the approach WC! used, we can make a scwond ap~)roximation,  although

it is r]ot necessary for the analyses presented below. ITI the! case of sl)aceborn[! geometries we can
ignore th~! second term on the right hand side of (3), and obtain

or

1111 = 11 sin(O -- a) is simply the coInl)c)nerrt  of the baseline parallel to the look direction. ‘1’his

is the ]mrallel-ray  approxirnatiox] uisc!d by Zebker and Goldstein (1 986) in tbcir initial paper on
tjo]mgra])hic  Ir]a])])ing.
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lkIuations  (1) and (4) show that the m(!asured  ~Jhas[!  of an irltcrferolnctc!r is the corn~mnent  of

the i]lterferomcter  baseline parallel  to the look direction to a given point, on the surface m(!asured

ill wav(!lcmgths,  multiplid by two for round-tri])  traw!l. llk~ note that, the }mig]lt  s(!nsitivity of the

ilwtrulncnt  cl~tcn-s through the dcqmndcncc  c)f the c!xact look angk! O on the altitude z : h -- p cm 0,

where! h is the hc!i.ght  of the sensor above the reference surface.

If a second (denoted prime) interfc!rogram  is acquirwl  over the same area, sbari~g one orbit

with tbc! prx!vious pair so that p and O are undlangecl  (dashed lines in figure 1 ), wc can compar(!

th! interfcrograrn  phases with each otb[!r. ‘1’his second intcrf[!rogram  is acquired with a diflk!rcnt

basclin[!  1? and baseline orientation cl, thus a diflkrent  IJ1l’. Cc)rllt)iT]il]g(l)al](l  (4)a[)c)vc:wcc)t)tai11

l’examination of the ratio of the two phases yields

4) }11/
p’ B,,’

(6)

(7)

in other words the ratic) of the phasm is equal to the ratio of the parallel ccmlpcmcnts  of tho ba,wlinc,

indep(!ndcnt  of ttm topography

Now consider t}m situation of two irltcwferograms  acquird  ovc!r the same region as bc!fore but in

this case al] earthquake! has displaced each resolution clement  bt!tween  observations for the primed
intcrforogram, ‘1’11(!  displacements are assumed small with rc!spect to a rf!solution  cell  so that the

radar echoes remain correlatwl.  1 lere in a&lit ion to the pha,sc! dependence on tol)ograplly  there is a
pha.w! change  due to the radar line!-of-sight cwm]wnent of the dis]kux!mcnt  Ap. In this interfw-ogram

the phase! # will be giv(!n by

(8)

‘1’bc displaccmcrrt  term Ap adds to the to]mgra]hic phase term, creating confusicm in th[! intc!r-
pretatiorr  of the result. J lowevcr, if the data frotn the initial un]mitned  intc!rferogram are prop(!rly

scalecl  and subtracted from the primed intmfc!rogram, we can obtain a sc)h]ticm  dependent on] y on

tho displaccrncnt  of the surface, as follows

(9)

Since! the quantity on the left is det,c!rrnined  entirely by the pbas{!s of the interf[!rograms  and the

orbit geometries, the line of sight conlponcmt  of the disph-wcrncnt  Ap, is rneasurc!ab]c  for each point
in t,hc scc!rw.

At this point wc may consider the sensitivity of the phase mea.wlrcm(!nt  to the ~dmnomcna  of

topography and displacement, which may be dcrivc!d by differentiating (8) with respect to hc!i.gbt
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thlough  q rind displrm!nl(!nt. III the first case, using A = p sin OdO,  obtained  from the dcpf!ndcncx!

of height  cm aIIgk! dcsc.rihd  atmw!, wc find

(7(+’ ~ + II Cos(u - cl)do (10)

and

For th[! dis~)laccmcnt  case we hav~!

rid)’ 4?T }J COs(o - (r)
--&- : ~—.–.-.. (11)

psin O

d$$’ 4n—,—
dAp A

(12)

Since the dist,ance p typically is nluch .grcater than the t)aselitm distance 11, it is evid(!nt  that

equatiorl  (12) cxpress[!s  a much more sensitive dcq)[!ndc!nc[!  of phase or) height chanfy!s than (11).

Comlmring t hc two mu] ts numerically, for the! April-August Ef{S-1 case d[!scribed lwrc! (SCX! next

section) cmc n]c!t[!r  of toimgra~>hy  gives a Ihase  signature of 4.3°, while! for the same pass ])air a

on{! rnetx!r  surface disIJac(!lncr]t yields a phase! sigrlature of 12800°, or nearly 3000” times greater
scrmitivity.

‘1’his ratio of sensitivities illustrates the! ]mwer of th(! il]tc~rf(:rc)rr]c:tric  tcchniqu(! in ck!tectirg  srnal]

chang~!s. If, for [!xam]k, we chose to map seismic dis~)lacerncnt,s  hy diffc!rcncil]g  1 )EMs, whether

acquired interfcromctrically  or by cornmtiorlal  st{!rco photogrammetry,  changc!s  would only be
visitdc if they were significant in size com]mrtil  to the uncertainty of the I)EM measurmn.c!nt,,  which

is typically In(!ter-s. For the illt(!rfc!rc)trlc!tric  case i]] the ]n-evious  paragra])h,  for cxaml)le, system

noise limits the useful signs.turc!s to t }lose  causing a phase shift grc!ater than about 20°, or 4.6 in.

Whik! thus ]x!rmittin.g  topographic mapping with a vertical precision of 4,6 m ( SC<!  7mt)kc!r et al.,
1993 for a discussiorl  of lH{S-I I)EMs with this precision), a worthwhile result for many a])]) libations,

it is not particularly useful  for the study of earthquakes. In contrast, if data are acquired with the

ir]tc!rferornetric  ])air spanning the scisrllic evc!nt,  even 1 cm of line-of-sight displacement rx!sults in a
signature of 64 degrcx!s, easily detectable! in lHtS-1 data.

‘J’here! are, however, two very iln[)ortal]t  limitations to the interfcn-ornct,ric  tc!chnique.  First,

radar echoes acquired on the three passes must correlate with each other, that is the signals must

be substantially similar over a sigtlificant ])c!riod of time. l’hysically this translates to a requirement

that th(! ground scatt[!ring  surface b(! rclativt!ly  undisturlmd  at the! radar wavelength scak! bc!twt!c!n

]ncasurcmcnts.  %veral studies hav[!  addressed this j)hcmornenon, both theoretically (for c!xampk!,
l,i a]d Goldstc!in,  1990), and experim(!nta]ly  (for examl)le, Gray et al., 1992). 7mtJker and Villrmenor

(1992) w(!re able to model and quantify the temporal decormlation  process, and found that different

surfaces decorrelatc  at diff(!rent  rates. ‘1’h is limits the ap]dicability  of the approach to areas that do

nc)t change much with time. Some rc!gions, suc}l as desert arc!as, may exhibit vc!ry little ctccorrelation

over long periocls.  1 n the data  presented here!, corrc!latiotl  was usably high even after 105 days, the



longest time period c!xamincxl.  From this

InorItlIs if ttl(!re is 110 ap])rcciablc  wcatlwr.

‘1’hc second limitation, more im]mrtant

7

w{! conclude that the dc!scrt surface changc!s  little over

for this study, is that the ])hasc!s must b{! “u]]wra~)lwd”

boforc data from onc il]tc!rferogram  may bc! usecl to correct the second interfcrograrn  (cq. 9 alwvc!)

to cstitnat,c the displacement ])}]ases. ‘J’hc nmasurem(!nts  of each phase arc! known only )J]OCIU1O  27r,

and various tcxhniqu[!s  c!xist  (Golclstcin  et al., 1988; 1;. Atsushi, personal cc)tr]llIllr]icatic)ll,  19{)2,

Ghig]ia  and }{cnncro, 1993)  to determine the al.mdute relationship bctweal all the points in a

scx!n(! (that  is, unwrapping). While not fully charactc!rizecl  in any of the existing litcrat,urc!j  it is

alq)ar(!nt that the ability to unwral)  arbitrary pha.w! fickls ckqmnds on two factors, the! noise k!vcl

in the syst(!ln and the intcrferonwtric  fringe slmcing. For the July-August pair dmcritmd  here

in particular, the intcf(!rom~!tric baseline is quite  large!, 40 YO of t,h(! critical baselil]c at wllicll TIO

correlation tx!twec!n  signals is possibl[! (for a more con]plctc! discussion cm basc!lin~!  dccorrelation,
scc lhbk~!r and Villascmor,  1992). Since th{! fringe rate depends on local surfac(!  SIOIX!, typically it

is more difficult to e.stimatx!  IJlascs rc!liahly  ill rough tcrraill  than in flat terrain if t,hc! fringe rat,c! is

high to b[!gin with. ‘1’hc rt!su]t of this is that we were unable to obtain  r[!liat)lc  ~)hasc  estirnat(!s in

ttw roughc!r r(!gions, as will be seem in the data prmmtd t.dow.

IU{,S-I  lnterfcrograms of the Landers Earthquake

WC obtained raw Itl{S-1 radar signal sam])lc!s acquired ow!r t}m l,and(!rs region on Aln-il 24, July

3, and August 7, 1992, \tTc combined th[!sc to form twc) intc!rfcrogtams,  one from t,h(! A])ril-August
])air and onc from the July-August pair. ‘1’hc April-August pair sl)ans the June 28 c!arthquakc, and

was chos(!n over the April-July pair as the latter exhibited a ba.wdinc  too larg[! to work with. No

data wmc! acquired on May 29 when the satellite again passed over the site, orbit reconstructions
])rovidc!d  by the IWopcan  Space Agc!r]cy (F;SA ) enabled us to dctcrtninc  t,hc! geotnct  rical ])aramctcrs

for tl]{! pairs chown as follows:

‘1 ‘able 1. 1’;RS- 1 Orbit } ‘aranmtms

l’air IIaseline 1~ orientation o 1 ‘aralk!l com~mncmt  lill
-.
April-August 146.1 -117.9 gfjo

July-August 503,1 265.6 454.3

‘J’}](! parallel components given in table  1 arc! for a look angle of 210. Since  the radar swath is

quite wide, the actual look angle varies from about 17° to 23° and the parallel cornpcmcmts vary
scnnewt  I at.

A radar image! of the l,anders arc!a  is shown ill figure 2, whc!r~! the fault location is illustrated by

tb[! h(!avy line. Those data, as well as the radar images below,  are in a radar slant range and along

track direct ion coordinate system. ‘1’hat is, the! data havt! not boon geocodd.  We have prc!sc!rvd
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the ‘(]]atural”  spacing of the data  points in order to tnaintain  th[! hight!st  possib]c signal fidelity

throughout the processing procxxlurc. IIowc!ver,  we do a])p]y a g(wcoding transformation bc!forc!

com])arison with th(! fic!lcl survey results df!scribecl  in th(! following section.

We Inxmessed the raw signal samples at J1 ‘I, using a software jmccssor  constructed specifically

forl’;l{$]  ir]t[!rfc:rO1rletrica  l)])licatic)r]s, ‘1’he data were! processed using a ran.gc-I)oppler  algorithm,

but the range colnpressed  signals wc!rc!  flltc!red for the July-August ~)air  using the method  suggested

by Gat(!llic!t a]. (1993 )torc[lllce  t)asclirlc  clc~cc)rrt!latio11.  W(!fc)llr]cl tllatt}lis  aI)])r()actl yi(!lclcKlat)()l]t

5-10 % grcatc!r  correlation in some rc!gions  at the cxl)(!~)sf!  of a slight reduction in range resolution.

‘1’}1[!  il~tc\rfcrograrl~s(  Jl)taill[xl in t}]is l)roc(:ssarc!s}]owll”  in figure3, with tll[~co]rc!s~)(  )~l[litlgc()rrc!-

lation co(!fficicmt  maps shown in figurx! 4. ‘1’h(!  u]qmr image in each case re~m!scnt,s  the AIn-il-August

interfcrogram,  while the! lowc!r  figure shows data from the July-August ])air. ‘1’he June 28 earth-

quake c! ffects  arc found in the A]xil-August  ]mir. 111 th~!s(! plots the fringe signature of a curved

l{;arth surface has bcK!n removed froln the interfero,grams for c]carer dis]day. Note that the very high

frillgc  rates, and corresponding loss of corr(!lation, in the mountainous regions for the July-August
]mir, lead to our inability to unwra~)  t,hc! phase in these regions. Also note in the A])ril-August  ])air

a similar IOM of corrt!lation  in th[! fault zon(!,  ]nwsumab]y  due to i) v<!ry high fringe rat(!s of grc!atc!r
than on{! cyck! p(!r rc!solution elc!rnc!nt,  ii) large ground shifts resulting in lack of precision alignment

of the! ])ixcls  from pass to ])ass, and iii) stirring u~) of the surface at the wavc!lc!ngth  scale froln the

c!ar~hquak{!  itself.

‘1’lwse  inlx!rfcrograms wc!re filtc!rmt  using a sImtially variable! bancll)ass  filtc!r that selected t}l(!

o])tirnal  fringe rate passband  in each 32 by 32 point subregion ill the interferogratn.  ]n this ]mocess

wc also idcntifiecf areas of low friryy! visibility to serve as a mask in the final product, eliminating

regions wlme  we felt wc could not trust the! phas(! c!stimatcs. ‘1’1](!  data were then unwrap[wd using

the ri]c!thod of Atsushi, w}]ich is an cxt~!rlsion of the method first pres(!lked by Goldstein et al.

(1988).

Fillal]y,  the diffc:rc!]]tial  intc!rferogram was calculated by scaling the July-August measurement
t)y the ratio of the parallel baseline compcments  for each look angle and subtracting that value from

th[! corrc!sponding value in the April-August pair. ‘1’hc r(!sult is a map of the! displacxxn[!nts  of the

ground  in radar line of sight direction (quation  9), shown in figure 5, where the shift is coded by

color and the brightness at each point is the radar itnage brightness. 1 n add it ion, contour lines

re]wt!senting line of sight displacc!mcmt,s  s])aced  cwmy 5 ctn are shown.

It must be noted that the earthquake is not the only procc!ss affwting  the! phase measur(!mcmts

in this region of the Mojave.  We show in figure 6 an enlargement of the! April-August interferogratn
]dus thf! correlation coefTicicnts  for a region east of IIarstow where center-pivot irrigation has been

c!nlIdoyed.  The! irrigated circles, and som(! oth[!r  agricultural fklcls, show a clear 10ss of correlation
prc!sunmbl  y due to crop growth, and phas~! shifts which are due to motion, not tol)ogra])l]y (it is a

flat arc!a).  (labrie.1  et al. (1988) found similar surface displacements of several cm in fields that had



bw!n irrigated over a nine day period. ‘]’h(! motions obiscrvcd  in this image as w’(:II could h[! caused

by chrmgm in the surface elevations froln ]mrn])ing underground water or other hydrologic effects.

Silmc! OIW of t,hc strcmgths of this td]l]ique  is its il]trinsic high s])atial rmolution,  WC! also shc)w

in figur{! 7 an enlargement in the April-August intcrfcwogram  c)f a Ic!gion around the fault zone.  ‘] ’11(!

phasm in an int{!rferogram arc not unwrapped, a]d sc) should not (!x]libit (liscorltirl~litit!s  ~!xccpt  in
regions of s(!verc layover unless discontinuous motions (breaks) occurrd  during t h{: period s])annd

l)y t}w i]kcrfc!rogram ~)air. Nmwrlhclcss,  the figure shows cl(!ar [liscc)r]til]~liti{!s i~] mlatiw!ly  flat areas.

]“or (!xamplc,  th[! rx!gion denoted A shows a clear break in t}lc phase ]llc!as~lr(:rr~c!r]ts.  A similar br~!ak

dots not occur in the July-August pair and thcrefor~!  it must be dm! to a disj)laccunc!nt  of the surface

where onc ~)iccc was displawd more than the! other. ‘J’his cracking effect is more! prol]ounccd  in

the! r(!gion dc!noted 11, shown c!nlargcd  again in figure! 8, where the cracking is so cxtmlsivc that

it scmns the ground has been broken ilko rnat]y tiles each scvera] hundred mctx!rs across. ‘] ‘hesc

data  arc shown both in the wra]qmd,  raw ]Jlasc! ll]c:as\lr(!rl](!r]ts  at th(! left of the! figur{!, and in

u]lwra]qwd  form on the right. 111 the case of tl]c! wrapped data, lines have Iwc!ll drawn iu by hand

to accwkuatc th{! boundaries of the tiles. ‘J’he ~hasc  ul}wra])~)ing algorithm we usc ]nust idc!ntify

])ha,w! discontinuitics  before calculating the absolute ])hase  valu(!s; th(! locations of cuts determined

autolnatically  by our algorithm arc shown in black on the right hand side cmlargcnwnt.  lnterwstingly,

the cuts arc very much the sam[!, but mcwc cxt(!nsivc, than them drawn by hand. It would he an

i]ltmwsting  field  c!xcrcise  to compar~!  the comlmtm gcncratd  cuts with any visihk! surf am! scars.

We a]sc) ]wcscr]t in figure! 9 a ]wrs]wctivc view of the! regiol]  where the vmtica] SC&! is projmliollal

to the dkplaccnwmt  in the radar line of sight of the surface!. As usual, the brightness at each ~)oitlt
is related to 1 adar rc!flcctivity,  whik!  the color is the disp]accmcnt  rna]qwd into a rc!pcating  color

table to acccmt  uatc the visibility of the changes to produce a ccmtour-like ma]). From this vic!w

onc can S(W that the disldacc!rncnt  increa,scs as the fault is approached at which point th{!r-c!  is an

al.wu])t brwak in the! surface. lJnfortur]atcly  the choic[! of pcrspcctivc  dicl not allow a good vi[!w of

th(! region across the fault where the surfac~!  displacem[!nt  was of o])positc sign.

Wc assc!ss  the internal consistency atd accuracy of the rneasurcnmnts  ])rc!scntcd  h[!re by three!
sc!])arat{! calculations. First, wc calculate th[! cxpcctd  c!rrors due to statistical variation of th{!

phaw! c!stimates. Assuming a sigrlal to noise ratio of 6 dl] for the flat desert surfaces, our 20

equivalent look processing yields a standard deviation of 9.50 for the geometry of the April-August
int~!rf(!rogratn  and 14.50 for the July-August intc!rfc!rograrn-  t,hcsc! valu[!s  follow from using a target

radar cross section of -17 d]] ruld accour]ting for 10SSCS accruing from illuminatilig  the grouncl  off

the bcmsight  of the antenna. Combining th[!sc yic!lds an ex~mcted ]h.w!  error of 100 rms for the

diffcm!ntial  intcrfmogram,  equivalent to a }lorizontal  displacement nois(! due to finitx! signal to nois(!

ratic) and baseline decorrc!lation of 0.2 cm. We would expect  this figure to be an underestimate as

it does not take irlto account any temporal decorrelation  duc to surface disturbances or additional

]mocessing  artifacts such as rnisrcgistration  or other sampling and interpolation errors.



Second, wc empirically d[!tcrrnined statistical variat,ior]s by measuring the observed phas[! stan-

dard deviaticms and converting the result to horizorlta] disl)lacmncrlt,  errors. Choosing boxes in

areas of little seismic variation yickled an av(!ragc horizontal dis~)lacc!tncl]t  of 0.4 cm rlns for the!

}]ig}l-frc>c]l]c\llcy  component of variations.

Firlally, we attc!mptcct  to address larger scale variations by rm!asuring thf! dis~dacemcnt at ten

widely sc])aratecl  locations far from the fault, atd determined their standard deviation. ‘1’his calcu-

lation gav(!  a horizontal dis~)lacem[!nt error compcment of 0.6 cm rms for these medium frequency

variations.

Comparison with field measurements

1 n this section we discuss the accuracy of our measurements ard  ccml~)are t }1(! rc!sul  ts to t hos[!

ol)taind in tk! field using Glol)al  l’ositioning  Satdlite  (GI)S) and I;lectronic  llistancc  Mc!asur[!mcnt

(III )hi)  survey data. It is not our puqmse here to evaluate cm analyze  the accuracy of these ik!lcl

measurclrm]ts. As a basis of comparison wc will usc th(! cosc!ismic  dis]hcc!m{!nt,  field ~)rmented

ill tk! rqmrt of Fr-eymueller  et al. (1993), WIIO derive the dis~)lacements from a combination of

GI ‘S data from several sources and h;] )M line! lengths obtained by th(! IJSGS (pleas~!  see the above
refcrwlcw fc)r a Inorc! detailed descri~)tion  of the data sources and tcchniquc!s).  For simplicity WC! will

refer to this combined data sot and resulting df!rived displacement field as the G1’S data set even

though It] )hfl data w(!r[! also used to derive th(! disIdac(!rner]t  valu~!s.

‘lllw area of ovcrla])  bct,wecn the! fkld survey arid our ilnagc contains 15 points at which lmtjh
field data and radar (!stimates of the motion am available. ‘1’hrec additional site tn[!asurc!ments  of

fl!ld data  exist in t 11(! overlap region, but w(! were not able to obtain reliable radar phase c!sti Inat(!s

for thcln  (t,h[!y occur in the gray regions of figure! 5). As can be seen from the figure, howevc!r,

the! radar data are generally valid over a wide area atd should futur-c!  surveys or analys~!s  produce

additional field poirLs they may be easily compared with the prc!sent analysis.

As stated prc!viously,  the radar tec}lnique  is ser]sitivc  to the lir](! of sight cornponc!nt  of motion.

WC thm!forc calculated the comporwnt  of the G1’S motion vectors in the clirection  of th(! Imjc!ction

of the! radar sensor borcsight  cm the ltarth’s surface. As for the radar mcasurmnc!nts, sinm! the! line

of sight direction is not in the plane defined by the local F;arth surface, we dcrivd  thf! equivalent
horizontal surface motion to yield the obs[!rved slallt rang! displacermmt  using

(13)

which relates the horizontal displacement Ay to slant range displacement Ap and the incidence

ar@ 6’. For this calculation WC assumed the incidcmcc  arlgle is ~ual  to 210 ev(!rywhcre. ‘1’hc! results

of both of these  calculations arc show]] in tath 2 and figure 10 below.

‘1’able! 2. Comparison] of Radar and G}’S Motion Estimatx!s
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IIcxizontal  dis~dacmmnt  forccmlpcmt!tlt  C)f G1’s Vector
Site in radar direction, cln
-..
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17.0

74.5

48.3
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1.7
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.—

10.8

56.6
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-1,0
~.<)

8.(3

7.1
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57.8

41.1

17.7

5.5

1.3

18.6

I )iffcrcnc[!,  cm

6.2
] 7.<)

11.3

25.4

0.7

-5.2

3.4

14.2

-40.4

11.3
-7.9

3.0

4.0

6.1

72.5

‘1’}1(!  m(!an value of the differences ill table  2 is 8.2 cm, atkd the rms diffcrwlce is 23.8 cm. ‘1’hc

formal correlation of the data is 0.70.

l’igure 10 shows tb[! same data of tabk! 2 lmscnkcl  graphically, ‘1’hc arf!a of ov(!rlap is showl] by

indicating the radar image edge as a set of crosses. For (!ach survey site, df!noted  by a triang]c, wc

i]lustrat(! vectors corrt!spondin.g  to motion as dctermirred  by surv[!y tcchniquf!s (diatnond  headed

arrows) and as dctc!rmined by t 11(! radar (cross hc!a(lcd  arrows). Not(! that the radar vectors arc

all parallc]  to the edge of the radar image, as only the component of motion in the! lint! of sight is

moasurcd.

]{’rOIn (!adl of these  presentations it is apparc!nt,  that at II-last  sites, with the significant cxcc!ptions
sites 1 )lJhlI’, 6056, and 7000, either the two valum agree within 10 cm on an absolut(! scale or withir]

s 30’ZO on a relative scale. It is intx!rc!sting to note that in f!ach of the clcviant  cases a large! Inotion is
obscmd by the GI)S technique, while a much smaller disldacc!tnc!nt  is visible by the radar technique.
in each case where a small motion is dc!tectcd  by the field  survey, a small motion is measurd  by

the radar irlt(!rf(:rorrlc!tcr.  Figure 10 akso suggests that therx! is a dc!grw of spatial corrc!latiorl  in the
rx!gions  of agrccmcmt, that is the amount of agrccmcmt,  is spatially dependent.

‘1’bcrc arc st!vc!ral  possible causes for the disagrecmmts in the measmcmcnts.  First, the radar

technique is highly sensitiv~!  to vcrtica] rnotiolls which arc not [!xprc!ssed in the G1’S displacement
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field. Whik this is likely toaffcct  tht! diffcw!nccs  on the cm scale!, it is probably Imt a significant

factor i~~t})c  radar ~lrl(lcrcstir~~  ati()rl  oft}] eI1]c)tic)rls.  'l'}lis  fc)llows frc)tntll(:  llr~lik~:litl()c)cl  t}Iatvc!rtical

lnotions  would just happen  to bc in the direction with respect to the radar to cancel out any

horizold,a]  shifts.

‘1 ‘he second cause for disagreerm!nt  is error in the trl[:as~lrc:r:~erlts.  As discussed above, the radar

data exhibit statistical c!rrors 1(!ss than 1 cm rms on troth small and medium scales, thus would

bc il]significant for this comparison. } lowc!ver, large scale  warpitlg of the radar image rx!tnains  a

]nssibility.  WC were able to rwmovc mcist of those oflects  by c!xamining  the parts of t,h(! imagt! far

froln the cart hquakc  at the left and to~) of figure 5 and removing obvious biases. If the l~IIS- 1

cow!rage  had bec!n suc}l that the fault was ])osit ioned in the ccnt(!r  of t h(! radar swath, we could

haw! ap])licd  a similar corr(!ction more accurately all th[! way around  the image. ‘1’h(! possit)i]ity of

a long scale!  error thus still [!xists, al]d may to som(! d(!grc!(! (!xldain the ohsc!rved  s])atial correlation

of the! errors.

M’c arc! unabk! to assess the cx~)c!ctd  errors in the! G] ‘S data sd, in df!t ail, however d iscussic)r}

with th[! G1’S tc!am (l’. Segall,  personal cortlr~l~lrlicatic)x])  indicates that these errors should not

exced  cme or two cm.

A third possibility is the existence of phfise unwrapping c!rrors in the radar data. As each unwrap

error results in a one cycle lJIase error in one inter fcrogram,  thcs(! errors would a]qmar as + c!rrors
in Ap, or 8 cm in horizontal shift if it occurred in the A]mil-August pair or 2 cm in the July-August
]mir. IIowevcr,  we have examined the data for signs of unwrappit]g  errors and believe that the

r{!gions  Ilc!ar the G]% sitc!s arc! u~lwrappw]  corr[wtly.  ]n additicm, it is unlikely again that phase

unwra])ping  mistakes WOU]C1  n[!arly correct for G1’S-oknwd dis])lacements.

l’inally, the locations of tk! G1’S sites arc! known only approximately in the radar irnagc as the

radar data are not gwcoded, thus leading to estimates at the wrong places. }Iowcvcr,  we have

analyzd  the regions around the sites in the radar data and have! det(!rmined  that the displacmncnt

does not change! rapidly in those areas. ‘J’bus, c!vcn a slight positional shift would not result in a
sig,[]iflcarlt  error.

Discussion

We hav(! shown that it is possible to map a cos(!istnic  displacement ik!lcl rc!sulting  from a major

c!arthquake using only data acquired from an orbit  in.g high resolution radar systc!m, and achiev~!

rc!su]ts similar in accuracy to thcxsc obtaitml by conventional fl!ld survey tcwhniques.  1 lata from the

lI;I{S-  1 synt h(!tic aperture radar inst rumcmt  acquired at three separate inst anccs of time arc suflicicnt

to gcmcratc a high resolution, wide!  area ma~) of the displacemcmts, Comparison of these data with

C 1 ‘S and 10 )M survey data indicate a high ctcgr~! of confidcnc~!  in tt le radar measurements. We

are confidc!nt that the differences betw[!en the radar and GI’S tneasurmncnts  are rcwoncilable  and

do not point to a fundamcmt al limitation in the radar technique. Further work is Iweded along
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these lines how{!ver”.

‘1’1](!  pow~!r  of the differential inkrferxnn(!try  tec}lnique  for sc!ismologica]  a])])lications lies it] its

cm-scale mcasurc!mc!nt sensitivity of line-of-site ctisplac(!ments  ovc!r a wide arwa. ‘1’he derived dis-
]dacemc!lk  fields can be used as a tight  constraint in t}m moct[!ling  of carthquak(!  Inotion.  ‘J’hc

fine! accuracy, fi nc spat ial resolution, and larg(! m!al covc!rage will Iikcly  allow increasingly dc!tailcd

lnode]s to bc! (!xplorcd,  on both large! and small spatial scales. ‘1’hc ]mxnise of a system to lI~a~)
slnal] scal(! fractures ir) the! }’;ar[lh’s  surface ov(!r a wide region automatically with a rctnote  sensing

syst(!m will gr{!atly  facilitate field activities by ~wrmitting  conc{!ntraticm  in the most important

arwr.s.

in addition toaftc!r the fact sc!isrnicevc!nt  modeling, ther(!is prornis[!that radar intc!rf(!rornctry
can lwcomc a prdictive  tool. For example, volcanoes are knowrl to bulge prior to eruption. If

silni]ar small scale displacc!rnents  precede seismic events, it may be possible to bracket the tirn[!of

occurrcnc(! more prc!cise]y  than by conventional methods. No c!vidcmce  to our knowledg!  exists that

lnotio~l  ~mc[!d(!s scislnic  [!vc!r]ts, how~!vcr th~! sparscmcss  and limitc!d  accuracy of d[!tc!cion  survc:y
lnctImds  Inay riot allow a definitive conclusion. Several groups are pursuing t }Iis litle of r(!~!arch,

by studying, int(!rferomet,ric  displacement data in several areas of likely seismic activity,

One can envision a global seismic satellite mission designd  to predict ancl  d[!tect earthquakes:

a single satellite in a short, repc.at  period orbit si~nilar  in design to that propowd  by 7,ebker (% al,

(1993) for global to])ogra]hic  mappi]]g. ‘1’he re]wat cycle of the orbit should b(! short, on the order
of I day, to minimize the tifects of tem~mral  dccorre]ation.  I’recise satellite ephemeris from GI’S
Inc.asurcmc]lts can cmsur(!  automatic construction of interfmograms  and displacement fields. OIIly

thin! repeat ~)eriods  of data need to be stored at any time; t}m processing can ~)rocec!d in r[!al tiln(!

and results can h prosed automatically y for cwidcnce of anomalous displacmcnts.  I)et ai led design

of the radar system, orbital scenario, the establishment of detcwtion  and false alarm thresholds

)nust await interest by the global community. Given the enormous cost in lives and resources

inflicted \)y earthquakes, interest is sure to follow ar]y evidence that radar interferormtry  can be

used predict ivcl y.
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Figurf! captions.

l’igurc 1. Radar imaging geometry. The solid linc!s  show that radar sigtial  l)aths for the first

intcrfc!rogram pair formed by antennas at AI and A2. l)ashd lines show signal path for second
illtcrfmograln  acquired over tt w same site but with antennas located at, A 1 and A2’.

I~igurc  2. l{adar image of t}]{! 1 ,anders area, whc!re t}){! fault location is illustrated by t.}]c heavy

line and cit,ic!s of 1 larstow, Victor vine, and 1 ,uccrnc Valley area arc shown for r(!fcrencc.  ‘J’}msc

data, as we]] as the radar images in the remaining figure, are in a radar slant range and along track
{ii rcct ion coorciinat{!  syst(!m.

F’igurc:  3. 1 nterfcn-ograrns  of the l,anders area. ‘1’hc upper image is the! April-August int~!rfcr-

o.gram, while the iowc!r  image shows ciata from the July-August pair. ‘1’he June 28 earthquake

effects arc! found in the April-August pair. ‘1’hc fringe signatur(!  of a curvt!d  Earth  surface has

been rcmoveci from the interfcrograrns  for clearer display. Note the vc!ry high frin.g! rates in the
tnountainous  regions for the Juiy-August  pair, ieading  to our inabiiity  to unwrap the phase in these

regions.

Figure! 4. Corresponciing  correlation cocfl icicnt  maps to intcrfcnmgrams  of figure 3. Note in the

A]wil-August  pair a loss of correlation in the fault zone, presumably clue to i) very high fringe rates

of greater than one cycle pm resolution element, ii) large ground shifts resulting in lack of precision
alignment of the pixels from pass to pass, and iii) stirring up of the surface at the waveiongth scale

from the earthquake its[!lf.

Figure  5. I)iffmx!ntial  intc!rfcrogram of the l.anci[!rs earthquake region. Radar iinc of sight
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dis]dam!lnents  are coded in color, ranging from -7(I tc) 70 Cm, while the radar reflectivity of th(!
surface is shown as brightn[!ss. Contours irdicati~]g cacll 5 cln of displacement are drawn in black.

l“igure 6. Enlargc!nwnt of the A1)ril-August interferogram  I)IUS the correlation coffccients for a

rc!gioll east of llarstow wh(!r~!  centc!r-pivot  irrigation has hcx!n cnlploycd. ‘J’he top image is radar

reflectivity, tile cet]tc!r is corrclatio]]  cocflicie]]t,  al]d t}w lmvc!r image is t})c~  urlwra])]wd  irltc!rferograrn.

IIlack s])ots in the ]ow(!r image arc where! corm!lation  was insiflicic!nt  for r(!liabl(! phase (!stimates.

‘1’}1(! irrigat[!d circles show a ck!ar loss of correlation, prc!sutnably  due to crop growth, and phase

shifts which are due to motion, not topography. Examination of th[! mountains at the! top left of

the image shows that a topographic change! of over 150 in is llccessary to cause a ol)c! cycle  change

ill ~dlase,  and the arx!a in quacstion  shows 1[!ss than 30 m variation. ‘1’hese  ])hasc cha~lgcs  could bc!

causal by changc!s  in t }1(! surfac(! elevations from purllpi  ng undc!rgrcmnd wat[!r  or oth(!r  hydr-ologic

(!fl ‘kct,s.

Figurt! 7. Yhllar-gem(!xlt  in the April-August interferograrn of a region around the fault zone.

‘J’he region denoted A shows a clear br[!ak in the phase T1~(:asllr[!lr~(:tlts,  which lnust be due! to a

dis~dacern{!rlt  of the surface wlmx! orle ])iecc was dis])la.ced  rnor{! than t}le other. hlore  extensive

cracking is found in regior]  11 (see rl[!xt figure).

Figure 8. ]{egiorl 11 from previous figure!. Cracking is so extensive that it seems the grou]d  has

t)c!c!rl  broketl ilko ma~ly tik!s each several hundrc!d meters across. At k!ft, urwuap]xxl,  raw phase

lllc:a(:s\lr(!lr]{~rlts,  and at right, data ir] unwra])pc!d form. in the case of the wra~)ped data, lines have

hem) drawn in by hand to accentuate! the bourdarics  of the tiles. ‘J’hc phase unwrapping algorithm

we USC!  also Inust identify phase CIisco]ltirlllitic!s  before ca]culatirlg  the! absolut~!  ]dlasc values, and

the locations of cuts determined autmnatically  by our algorithm are shown in black 01] the! right

hand sick! t!l)largem(!nt. ‘1’he tiles ar(! vc!ry much the same, but more extensive, than tlmse plotted

by hancl.

Figure  9, 1 ‘ers~mctive vic!w of the region wll[!re the v[!rtical  scale is proportional to the surface

displacement in the radar line of sight. ‘1’he brightnc!ss  at each point is rc!lated to radar reflectivity,

while the color is the displacement mappw]  intc) a rep(!ating color table, producing a contour-like

ma]). ‘J’he color repeat interval is approximately 10 cm. ‘J’h(! displac[!rnent,  increa.w!s as the fault is

a])]woachcxl  at which point there is an abrupt break in the surface,

h’igure 10. 1 lisplacerncmt vectors as measured by G] ‘S / 111 )hI data and by radar interferomc!try.

Vectors are correlated at 0.74 I(!v[!l, and SIIOW that radar and field surveys are measuring similar

]h(!no~ner]a.
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GPS AND RADAR DISPLACEMENT VECTORS
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Figure 10. Zebker and Rosen, 1993


