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mm/ yeTlahre di screpancy between annual compari sor
Subsirdeetnecse by the 2015 SBAS measurements. This
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Chapter 1

Introducti on

1.1 Contextand Motivation
Ground surfacauddtholmeastuibensdence i s one of t

i ssues relating to the mining industry, Suwwh ng
mi nire¢ ated deformati ons can cause sevVvered dnaenaarg ¢
the area Bawlbpreizlakpiioank (and Bor kowgkKbwe 20RO, wTdrh
t he deplcoayrneefnutl onfi ni ng techniques, the occurren
|l i kely causing damageutbumserr ©lhaddediaglrdef ofrtrnhae | nmm
i mposed by | egislation and used to verify subs
t he r i skhepnovs eedombmeelnuFsizleikpi ak and) BoAddwskowmalRiBg[,
mi nii mgiuced ground deformation can provide valu
mi ne highhwaihg signs of inastadvsldoplyi ¢ diakt umay (
2020). Ther efroelei,abelfd enca n4vieddaionebgu nodf dneifnoirnngat i on
component , necessary for every active mining of

Conventional techniques for monitoring surf
l evel techni quéNSS tottatli srm,ataroe tamel mai n by f orr
maj or mini rPaeapmper etti mans ,( 2014; Tang et al ., 202
arteh eiarp afcodtiyr ec t observations and hea gthe cahcnciug uaecs
typically | abour i ntensi ve, ti me consuming, e
(Pawl uFsizleikpi ak and)BoAkows kiesnelcghfnailgues are of i
hi ghtgal i zed ar ealsondt ear sf east spqrueadreef iknied ar eas
Pawl uFsizleikpi ak and )Borlknowsdkme c2i0r2Zlumst ances, proe
accessible and install ati onperfmamoenn tt odu en gtuce qtuh g
of a mining operation (Tang et al ., 2020) . Thi
spati al coverage of a region. Addrftoiromeadl liynf rterge
and oft e yomni mt phbat snithsg, g ihrheys @ peactail dda ¢ddxhta @mwdtr ovi de
suf fii miseodth twiheer c dretfeoxtmaodf on patterns around
(Pawl uFsizleikpi ak and. Bo2dwy ki, 2020

To address theszasissgudxe,chnepqoaEaenplboaexdanb gae me
assessing |large scal elL azreocuknid estuir d ktc,e.alkiGf ¥f Ge;2 @Gain G )i
interfeyambApteircdReg8 ¢mdDIl nSAR) techniques allow fo



ground deformation in all weather conswittihoonust, tw
requirement of a¢Xesettala, gi2®dD Ir K$dotkod pohiats e a l
di fferencesybedmertou@ &jgcagduairsi ti ons over the sar
Traditionast DhatpARI t a singlwitmhe eadeumwmameyrofic P
|l imited by factors relating to the tepadrnamhi i

propagation delays from atmospheric artefacts

conventional DInNnSAR is | imited to noelmisght ngL &
direction, rel atiMaer e os ophheu bstai trcpabtieadt e Dk e &R ret e c
beereveltolpeetd i ncorporate more than two ntéapesat

l i mi t.ations

Two of the mostte ppormaln eltn SnAIRh teti eRcehrnsiigsuteesn ta r Se
approach (Ferretti et al ., 2001; Hooper et al
(BerardinoTlke ptimarpwyO0@if ftemoe ntceed Heid qguiegesne t dife stea
are identifiedPSadpprmaasumeds Tlhe det ect pweirssei st
deterministic objects containing single point
( Hoper et al ., 200RPawlF@sizlakptiia ke ta,na R B0 X.® WElke s e
generally daoammasdponsdt rtuct ur es oCo npaarrgaet iSvBRAISY , s @
approach aims to idemtrfreseopmaidridpuoepi sgatokerpi
areas of moderate coher enc(eFernr estotmP aepth uBsizlejbpf 2 @ kh

and Bor ko)ws kTihes2e0 2sOmal | groupi ngs sdfabpiex eslcead & yep
sucshl edfriies] adcsud t i vated or desertt empoaal BonNnISARIY
al | omi  loksnceatleer di spl acements to be measured ove

from various error $Sevecadi €Tahgvet s adttceempdoeddl)
DInNnSAR techniqguesunemeanmerogrlden@e castrFfealr et t2
et al ChalRanlil; & Def ffortiai reees hdRA Q2 @t0 2a&i.t,h 2s0e2v0e r a
demonstratingccuaocmEyr aobfl bra¢ aveeme nbelMtSSAR and con
measur marktntee sal Laz2®dtRbal FS§r208@a] PawP GRi2leikpi ak a
Bor kows2kOH2o0we vad t hough these advanced techniqgues
understanding of surface defor madli @mme pragpglea aaesm
convention&®laetrsechreiPqgwd stF5igl@plida;k a n d2)OBRo0r k o ws ki
The main dibDlandStAeaRcthangief usedsb iilsi ty t o detect f as
deformations due to the ambiguous nature of T

maxi mum def ormation rate t hads s ains bdke preeracsain te do b
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of IAMR obsaeandatihenwavel ength used for observat.i
l imited to a quarter of the wavelength over th
| ongsirtevperi od of ol der systems, such as ERS an
monitori-ngdmcedngurface deformati ons. Howkver,
mi ssi-day (-da&y )6 | mproves therabei mbant dedor mat meas
period. Usaimnmig ht hae wa v el,e ntghteh noafx i SmuSm cdne t eucstianbgl e
Sentliinsell. 4 cm every 6 or 12 days,-l1Bepamna@dai ngVi o

SentlB,elst hgi ves a maxi mum deformation rate of 4

SentlBieilmager ywhsrcaddwdkeable) sit interval by hal
smal | perpendicul dr dlad e triemad iDEM Rantoirneln t he
i mproving the capability to measure deformati or
2020) .

This study s &E&sAR64 magretsi,naln asc-eethpagalgebme
techniquese tgo ommassurface deformation around t
these coalfields are three | arge open pit [|ign
the state -WésiNphahi &hwinteh ar oundendtl% obe ftohremart ir
the mining operations is measured for 2015 anc
Subset approaches. However, due to decorrelati
the study. Thes fairnealt hneena scuormepnaernetd t o GNSS st ati
t he EUREFT meetmwoirnrk .purpose of this study is to di
t he t wtoenmudrtal DIinfARheechhmiagué ® detoenr mian e sa basrc
the Rhenish coal fields.

1.2 Aims and Objectives

The overall at envalfuathe st tmi ¢étc e @ diiedJiAtRYy meft h o d
mo nigtroorund dsdrofranad i on around the Rheni shSAR al f |
dat aTo achieve this, the following objectives w

1. Quantify and characterize | and nsutit € mper alo:

DinSAR techniques

2. Eval uatest inatRessi tuugné&dgSuirre ment s

3. Evaluate the perfork@ncde SABAS erences bet we
1.3 Thesis Structure

This thesis has btereand | nva mdndai @ p IhoasG hnagp t telre 2 p
background ISWAWR,NRBARII-CGEa mpar al DI nSAR hee aisuel tqpud e s
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t empolrnad ARDofnart or i ng s u.r f Qlcapeadsafra3bmast itdire st udy |
used in.tiCihapatbdwwes hodel ogy and @Ghapime stehdbes s u s
fi ndafngtshe proposed methodol ogy. Chapter 6 anal
recommenddtuitame W@Womprevi des akasfpimmaarnyyosofc!| udi n

remar ks



Chapter 2

Background

2.1 SAR Basics
Synt Apertur(eSAlRsdam acti ve micnt dwadsapeusiesneady i rnagd

installed on a foprwardirmgwh udgh pleantsfivornm | i mages
from daylight, cl oud c @Moerrea tre2a0blnBd) ew & & tedmd U-G &0 n d
poweul se sent fr om tao tirlalnusnmi ra a &l enrga casnikveénancae o r e c
of backscattered sighsaur faaficteer rehtectedi sggwatk )
backscattlkeesdantdhame et urning amplitude amd phad
t o const r (Ecutr otpheea ni ndgppe).E hAgenchar 280 eamdesstt @ rcrmi rod (
by the amhdy sdiiallegaenticadddfumsimetsadd as roughnes:s
and permnt ai mionypst atriacn ssny g tt 8 enygd $amda elmenaam of mi ¢
towar ds t hdredtaurgreit n ga resti egi nvael ds bayr etAtbhe s4 ame-ch otr e annu
sysspmtsaeaddtyaeesransmitting ant eimm ai rfcpaopmaviaind trye
reli §dWahgt &« Deng, 2018)

Flight path

Slantrange

Figbrevisuali zati-loomolbifnga $ARBiIicandf isguwreatni n ( Al

The configuratidomkoihga SARpisyalt édhihdédes agz hmwhhi |
flight, dihectriaoge is the direand otnhigse nap éknedni éciucl
directly beAswphaef esemsmoves along the azimutl
contiammewa sc slwlge dd igireo und ared by | tumesnametfeermrae d t
footphenhear range refBeaslihd ve dthet @ otrit & omehaddif rf athr
ref etrrse té$opo it tTieheera.dbeeraanise transmitted at a | ook at



interact with a surface at afh 1 hei tlalnhgee tsa sagnttée arc
i's the amdasadre@dnglee systederniovdad ef rtamgtehe t i m
Gr o wnadnigéseh e sl ant range projected otnhe® m@errpdmndie
di stance of t heDevairagteitoefst aongteh e smadiace from t he
di st oarntdi oinn$fd aweeln creang en rt éheo If(uUMiaddnhsoma ge 2006) .

Sl ant range relsiomiutednparsametsgrsttemat i s 1 nde
dependent on tRAédepuwlbse i bygndwi dtalsoenr itnh en al aer sf heGast
referred to as the gmrsoulnudt i roann giass rdaestdeluimit éncetda ¢ D |
i nci denared asnlgdret r Begyeatriesos ufrom. the target s
influence the |l ocal impadticegalageg!| e eAso ahwiqyd mat
di stanceifsromcmeBeasridnci denrcees ualntgilmag riigpgnc@ade mad es an
resolaut itdire f ade grameysed lantdi can 4 tWo b ld & o o sTehre RafzO0i gngu t
resol uti on diss drhienoianbaetleet ity es o at t he same KFamge
any given wavelength, thela&aanigmht ofarndgGlgen dadhaders nlme
an effecti veEuanotpeenanna S peanggditorAgle hcgyve2 0 nproodwuedoaz
and practical fspmt,apAR exeysmotl ua ibescnd leang by e X
Doppl er mechanics and wusing a small ant enna wh

European Spage Agency, 2007

2.2Radar Equation

Al l radar systems measure a target distance
whet her this echo can be detected, the radar eq
energy that I's retureed2WBi®IN. eaq utaatrigoent a(sVeowndehso u
system, i n which the transmitter and receiver

the transmitter, to t hTehitsaredogatladanodnhlea d lo | itl motwd n a
considerat Ronaf tthhee rtaaarggeet fr om t he radar anten
or thGagdi hhe sad@iode )t dhes observed target

As energy is transmitteddenglatoy plae rsiigalal p at
proporwi bbabkit,awmwmdeRfadbimuid h&hantpeoemwra, measured in
antenna is shaped by antenna sensitivity patt

propor ttihcenaslurtfoace area of tR(EeWesopdhoauwesTeh e t20lvbe)p t
interxredtedathiy rtelde dtagrkyetn by :

0 &0 0NINDMO 0dd DIV Q- (Eq. 1)



As the scattered power response is also transm
density of the scatteréd propartatniahetoe@faicvier
this r et usroomen gaodt egmil gn a l is interceptedoby t he
propoittoi ohmal surface arRBhef ehwampchbeerse tdieegtahd vraal deint
of asecosd»n ofGitvleen dmtiesnnd.he poweri demdsitsy goive

Y0 Q& QD Q0— — (Eq. 2)
The effe@tiisver edradaed t o ®h eantdr awasvre |tetnifgnt gh dgadiArd,d A
AUq
0 — (Eq. 3)

Substitueimgotédgesaheonatiar agmahocdmtbhe sXYEMt &3NS

~

o — (Eq. 4)
|t should be noted that the signal response ¢
oper attiyonoafl anfoi reqitsrurmersti.gnal from a typical t a
be |l arger than oOtAe such duegewét e 0 n sseiwrtnatobdtiesne arsa tt
( SNR) equation

- (Ea. 5)
The power intensity and SNR both increase | ineé
with the antenna size. The exponenti al i ncreas

transmissecepfabtle. si gna

of all the factormis suséed ioml ydhédmemdparmtthieo s,y B ¢
conf i ghuutatriaotnher on tHwoewetvaerrg, e tadss tparrogpeetrst iiens Ear t
charactardietdriaButed drear eféthetejcd bowdmneditsma| icz e
(Woodhous &or nRa0l ieb)y.n g he i | | M mgiivaetse tareeacapabil i
measuremeatsamgeat ffer.@he nosmab metahtlea &q ssdsd toino ¢
isolved by reafarsanging equation

£ -0 (Eq. 6)

2.3Frequencyand Wavelength
The wavel admaq@atnls moft ttelde si gnal det er as nrefsa dheo w
how farpeinetcatreadGanmer al |l vy, l onger wavelengths g



vegetation canopies and soils whibetshespendwaw
scat tSeArRi msgaunsseo rlso n g ,warvaern geinrgg hfsr om t hle,e caelnlta wnentge
system t o pvweengedtaaattdiecsmmt badeTlsios |spagteral range i
bandlesfi ned during the ho®aevao nlhF otrarbsl gka ovealr o ratned S AR
commonlfyr eugsteednc gy n pa nfdslo BNPAX-b améd s haorter, frequenac
usedurfbobarn and i nfrabsdcawcdga ref motnd totrn oigigt durlf ac
of penetration | i ms trdsa niotpeygaebti(@tiothye ¢ & oest moanli).t,or 2 0
Compar atbiamedl ys;y st ewmser hhwvwequencyganopdy apeephlaniict
proving itself usef ul to for morHItoaredregesomaln.g,e
201LWi tawavel engt hX-metdwadead s blamhde aCt s a compr;omi S €
rel atibantdos¥Xbkbaedasof iCers better canopy markethmgat
it moregli cdeamdl| ef omAhit hotbigmg Chas i ncreasetdatamepy
t heb axnadvi | | notdemeasretcramtopia@p| ilciamii 1 i by .BEssBvgbi
Cband is often wusedl &wodcfhoasneghea zaanrdd crmoonpi t@&ohrdr-rnegs,r e
Anderesoml). , 2019

Tabll ®esignation ofF|l dAedewtonl)bandd1p

Band Frequency Wavel ength
Ka 2740 GHz 1.TD. 8 cm
K 1827 GHz 1.72. 1 cm
Ku 1218 GHz 2.14 .7 cm
X 8112 GHz 3.1. 4 cm
C 478 GHz 7.18.8 c¢m
S 214 GHz 157.5 c¢cm

L 112 GHz 3015 cm

P 0.1 GHz 1080 cm

2.4 Polarization and Scattering Mechanics
Pol ariredtteirent o the orient aafi otnheoft rtahines npitl tatnee

pl ane perpendicul ar t Mot leetr,dd R)0SIARI senedDr prapeg
' inearly pobhasmeeding and receiving hdroira ermotna lal
polarl zmttenthezenmngalal ptana Wbrie a vertical po

perpendicular to the2haoafBRARo0 B ytahtee nmaosl casrei ezmag in molInf b



transmittedaan d er eccoenitweod & e&lpadmide b @isv glmat 5 v er t i
horizont al potgart hat f ooef pgadabil ens: T\, fHH,stVEH
configurations -moleanmieZed,y eidndioc atsi hg ktehe pol ar.
same as tshiegnraelc.eiTvheed b & i @rees 1t evfoe rcrpend mtgaliceedli ca b & €
pol arization of the transmitted is orA hoigonglae
pol ari zation systceam foingluyr alha shuins e asltiaft letdihieeead r os s
pol arized singl d@exaoHsdviirrqta omo mlyisn etmson of t wo
and HH or iV lkmaww Haasr iaz adtuead d psoy sty etnem wi t h al |

i's referredtpowicasoral adddadri metric system

Vv

A

FigRBrevisualization of wvertical (red) a@aesl hori
Canada, 2015).
The polaff i zkhe mpaEhgottnahbel ginsals cvah drerierdt er acti ng \
and the recorded radWhemrighénassti md swihtelalo® | &
Ssubj eot & tyrpessc aot ftreoruignhhg :sur f doebsestceamieerg ng and
scat tffeirg3r@gepough surifagecacaedeby bare soil, w a t
vegetiast imprest sensitiboeuilbloaWNvVYepekbcasedabngwest caal
such as buitldatngrsalfolreadryeaemse, f | ect ed si gnal back
sensi tiye lzteaot iFcorngasdbdd ymet r i d sauastetde rhiyng he si gnal
ti mes opagiat egr t hrough a structure of randomly
canopnaesi s most sensiSciavtet etroi nHghh dpedel daarkis zestt @t aear| Sroe
influenced by the | ocal i ncidence angl e
Ast hese pohdrmei gaeahsonsve to ditfhkeppkentafioomsof
dependent on the pws$ advVz aptoiloanr iczoantfiiognu riast i soenn s i t
itased sapeldalcati @i 9 SiIARRc lded iomgnat (Baom&m¥®¥as )y eh6é A

HH pol ampiroatei awssef ul swhdn mpe avdewrntiencgd fedtlg rco mipsn s u
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barl ey aog twhehasi g mple nevteadmd i bnkel i hood BUTr orpeeaacnh |
Space AgenAsy, cp2addsr i zed signal ssuarfea c k e,srsotuhgedsnes
configur at i odisf faerree nutsieaotlilunnge obreitcweaennd s ur f aice s C
applicatsbanpi del ede(iToonu zo veendl OwWwadtneart i ng br oadl eaf
grai nEaropsaf Spackl ®dMyedeacrys 0280IQL.0,7 ;

Double Bounce

\7 e

Rough Surface
sl

FigBreVisualization backéteatdtiddfiemgnt Roy
scattering and Dobtbb-ApBeuscre )sstableridg

2.5C-Band Radar ObservationsUsed in This Study:The Sentinel1 Mission
The European Space Agencmi €iSA)s dealelbeagdl eHe mi1

plesSworff e
19

EuropeanColneironniébcsus progtamaltendroadde observat

Each mission is based on a constelbivatriage of®quw:
The Séhmiinnswioonnsitsivipolodr BSABiattiedSdeint-EA ednd -Bentin
| aunched in April 2014A1 a&rhdahwegpr pté 1 2@t 69 flAriass Pkede tt i

daysmhesi on i mages the entire EBBthpewvatrg wWiitxhic
or bpl @tue awih8h@f f set f r oTnh & tnsi scsoiuodntaairdpcal mtad.geisn ¢C 0 |

in four i mags mat ensobd eud | wimtshb|l amd cover agandupd utaol
pol ari zat iTohne cfaopuarbiil@atgy: nGt mogenmp ( SM) , Il nterfe
ExtwWiade swath (EW) and Wave (WV).

The SM, | W aamde EAW anoldaelsl e 1 mt VdHu aolr poHi+asMi)z @t
polarization (HH or VV) while the WVWMnopdreo viid e
uni nterrupdatedbmolver 8mespati al resol ua i omv avri & dhe

375dmproving swath size at the expense of reso

10



and 20m by 40m with swath widbhasl Wfa@8O0OEWamaddd?$
a new type of TeSrcramiSPAROIxsad rl weat i @ T @PSBAYR HFrhaeg rbeasss
principal 0fs hTOMXA Rt hies atza mut h bgn tae nsnpab bp attatdegrent
scall oping effects in the image and achieve th
uni form SNR and DANnsbtirgiub utye WR/aTtaieop e(urTeAsR)a si ngl e
with an alternatriodgcehgvaigoetbeamof 20km by 2
Each mgeesmegmadckcuctppr ace s $ir elgd v @ lkle Vasn d-2 Leeweel|
O productcomprnessissead ofnf ocused SAR raw data and
to beconeevieglabd edctns eamde d f orprmnosutc ewds earss Samdy | e
(SLC)Graonudhnd Range .BéetCeptrmalalc®G®&®) a single | ook i
the full transmictonstiag nna lc obngpnl dewki dstahmpalneds pr eser v
products ar el odoekteedc taendd, pmuojteict ed t o groundTheng
resulting product has approxi mately square spaf
degragadi al resolution andLewel plroadsuesdefdd pfhoars eo c
appl i caitnosg@desamdl Swep@ce¢am, Wind Fields and Surf ac
Sentinel data products are maldenferaé¢!| pudVv aicl,
and commerxr cThad diastea scan be delivered -Wimnmdi ONBT)
emergency response and wit hannd twiirtehei nh o2u4r sh ofuorrs N
achievedcHatGkensanell ite is expected to trfamrsmidt

12 year s.

2.6INSAR
| nteerofmet ri ¢ Synthetic Aperture Radar, or I n
or more complex SAR images of the same area use

terrain through the applicataonsmpbftptdasegdafgect¢
By measuring the phase of two or more returning
can be cohovepgedaphni onl and | ater al di spl aceme
perpemdibasledi ne are known Traaxdiotriso i &Klh alkreSpAR t ferac
an image to be assigned as the masteflfheaeprdi mag:¢
can be collectéddosgmphtsinhmglitedtpi ct syctgimasepsat
using a monostAtschematfiggufrat i bnSAR R igedwiemeg ge

pol arization of these I magwisdimufser éoret tpeel asraineea
combi nedatteo agesnienrgl e i nter f eRorgrmem s(ureirrgetsur fea
and el evation, the VV polarization is preferrec

11



FigdrevVi suali zati aoqoi(slaafbto)staand ca STAeRp@aaiqup as $ i ¢
(righe) perpendicul ar baseline of the image pail

A SAR interferogr-raum tiisp lcybspmag xeedlp jbx& Icrngosstser t IS A
the complex conjugate of a second SAR i mage, r ¢
resulting interferogram has amplitude values of
second i mage, whmeateiaosn tohfe tphhea sientienrffoerr ogram (i n

as the phase differennda hbat waemen nttlree f ewogr ammg e ¢
represent &Ad fas ngrei nged.ypolcald ycy alnghranégp rfersoenm trse
phase diofff ¢ hen ¢Buwdr ii ma gtehsi.s pr @aeesgsi,atehreg & anmaatersi
corrected to f it donrpeicseapb txhedr ,c oamplaorwisnogn sf oorf t he
2007; KhakB)mlkeenu!l &af pJ]i2@ti on of amplitudes and ¢
%0 — ( Eq. 7)
whetoei s the interfyesombéeridc fpeasaces in | ine of
two acquisiigitoms wadBEkengter poaadmet mifor mati on
sevehake coandi bani bwistelx ptrtees sfeal | owi ng:
%o %o %o %o %o %o %o (Eq. 8)
The tot al intehdi®er omet ai nspbaseri Wut i adnhse frredner
sur a ¢oer bi t ad ,erprhoarsse del ayscllargde o @ad towméspri ea ¢

ground deformati o% bedmndnern%s®t quhestei pha$%e cont i
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an¥ tend to be 0% ntoasntu biedtr eeaddEsN ,0rasDSM of an im

an% can be used in DInNnSAR t bemaeaacmquuies sstuad mscgeh dl

of

t h

t o

Wh

me

pr

pe
no

p h
ca

actoracyaditwt onalt heSARLY pamteanfi nighiandiygaas
elteduom different par al | axThan gpheass eatc otnhter i th
pog¥%aphyan be calculated using the foll owing:

%o S (Eq. 9)
epbe is the perpendbscther i basldiesnoteh eanlge ieg hatn do f

asulrtedshoul d bed natppd coablaés aa Vv, &% yi har gas ens

oportionall y, % ,anrdercdear ignFgerriwte ¢dtsnSlieetcsa |t he 2t0® ¥ g

ase contributions scal e l'i nearly wi t h t he
rpendicul ar baseline Thse crreuncaiiani n(gK hpahka sme ecto nat
i seeeadndt on be removed or mitigated.

Unwanted phase contributdéepesdiang oermMmbieldapel
ase corre@omadodn g rnRdeatelsetcont ri buti ons % rom t

n createnpkasbdbetdwkekartwo poiThtis ofs tthe saemal

having | arge s | onpoet apnagriladbhldes f pbaseaceendri buti on

t h

Th

e foll owing:
%o EE— (Eq. 10)

pase contribution can | ead wbefei ngessocftac

flBa .corretche ffolratt he &r, tuhs iprhga scer biist arlpeawoateddet o baa

Th

t e

S a
S a
re

ov

er

P a

i's process bDgrhmowvilihaseipsringhfade map proportio
rrai o Faelrtriettutdie et al ., 2007) .

Phase contributi 0% s,adreeemawceidnrgb itthel permdrisdee o
t eAppltyei.nrdgattah & he | nprea fpedentsghrsdenese nsi on a l refer
telliteds |l ocations, relati VAd ttea tolre igseunrkfoaase !
gsuwigt from incorrectl icnoeoarrd i pmina ses dcmamsgeant @c f er
erwhel m the phase contri bUuhiiontsr erfd tiop orge m@\he
ase val uesaeNaximmkmdtfi rnesgpudegn ¢ yL aeusktni ensa tgotr a(l . ,

Phase contr imowtpihenms cf rderhagts and otrlegn shoias ¢
roesapati rectly removed and must b e% miotgiagveetne d

rameter can be mbirei gatcium@t ehgse sobatdedilsu tnige
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Gausbkilamgbry stacking interferogegmsreStackanger
Si mpl eessimag ¢ ec oamaveataigers out at mospheric and ot
ti me (Bern etst i)Petomlinent2®E@Xxlampl es of tthPeBiE amdi BBA
proesss

Théringe values of baanded ewi ehbgrnarm@marea n g «
i nterferogr ams hiapvhea sbee einn fcoorrmaetcitoend ,c atnh mbeea suunrwer a
el evation or |l and defofTmasi pno¢&Kdhaki m eompl et e
di screte wrapped phase into cont i nTuhoeu st rpahnassfeo rin
from di screte t o coonntiisn uaocucso npphl ai sseh eidn fboyr nmadtsot o r i
each pixel in the interferometric image and rem
equivalent to amhiasteceggreteismfNER m&tr 21 Tehti hsa spe , 2
unwrapping I s atgmpli ¢ hedStesastci@Bgtsaitsc aktthkeaver Rl gor i t h
Phase Unwrapping (SNAPHU), a |l east cost pat hway

Actual phase uoawbapmbng temgkicated than t hi
the ranigteo.Dhi ¢ hiesed by pphhasses amopigsireag e di samdit i n
phase amMhbgai hgpi se is oft en-lroeoku cnegd abmpnrdoiadatheerdi;hr

technigabbeate remove all the noi se fPrh@ameanmnidret
sampling occurs when the phase gradient exceeds
occurs at | owdrasgr adii st 3 swipe o mpPnheanste (dWesrcnoenrt ien
representative of a jump in phase vadlJ]iddsacaluati

a discontinuity of phasPhaasaétuambademsyg hteheé nicootr
mul ti pile appli ed t o a pi x e llfohcdcsuri snlge hpehms el aanevmap
nei ghbouring pixel s asx cteheed sr ehsau Ift tohfe pwhaavsee ednigstch
(European Spac®tahmgemaecy,et208I7,;,, 2015) .

For each itnherdeir®gs amen dwelfiinhe dt heeiigrhtter f er o
of "iI2s generated after( Fiemtrertfter Todgie aall .tf,il tad @ @7)o h g
i rew sely proportional taocambeepypreesddcusiangbtbe

N — (Egqg. 11)
Generally, the higher the perpendi cuanadr tbhaes eslmar
t he t ophoeglirgagpehdiecd t o a produce.Phhatei wgevrappphags

ambi guyy tynt egrating phase diff dBreanficréesc i %0A0 s s f
visuali zation c$hopWwHSEBrienwr appi ng i
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phase phase

A A
8t 4 P—
émn -+ a—
an + —
TTAUANNNE T —
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wrapped phase y unwrapped phase y

FigbreA demonstration of the principals of phas

26. Baselines
When creating an interferometric pair, the t
heavily I mpactquadlei tcyohefr emlte iamtdesr fda rsacgursasme dg @ me

The perpendicul ar basenlcien eb ectame ebne tdheef itmweod saast etlh
ti me the, amgaparigpamndi cul arly from the transmitt
ot her ¢éFeZ@@@®@Kimeasutrapnoggr aphy and ID&Mygegrepreenrda tciud
baseild nprefaecreatdhicotpeogrcamhirc bubheé onat ¢mh & s eMmetsrei
contri lastsociarted with observing aFermretat in) . tr oan
For this use, ipébspeareéinc WI50r amas eSICCh nmetsearad y &r e
perpendi cuwari mbrismil z epeshreamhird drue i pnef erred fo
di spl acements Bbytweaenmiznalggest hepbaceontasisbegi aod
defr mati on is mor e deaesisl ypriexalsaet eDdE Ma nwdi | | be r e
subtraction.

Smal |l er perpendicul ar baselines tend to have
gual ity of tHoewe vnetre r fiemwtiodgifaameos oyr amsa | | baselines
al most useless due to their high dJFemgiettitv) teyt tac
|l nterferograms wxthdm@rmatl erba)sednamevssyfal |y al me
am prDiEdwdivsai damadltehe t opogr aphynootf wtehrdfF @ smmaeyoetsh seu
20D3uch | arge per mdrmsdi dwlnar tha shealviendsdevc cohelr &t
from geometrical (Rewrdr estotliu rhest gdahlaet tpe2rOpfeqn)d.i cul ar
the fringe frequency of the resURdeddmmladiamdt)Emif

rel atcandgdfeipned as:
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6 6 Wé+ | (Eq. 12)
Whefries the basel i ne—-osr itehnet allt i eoknmaarngghheem apnedr p e n d i
which can be used to reils abéfyergreencer ad eMohreet e rr f
specitheattyticapleripaesndliicrud airs btalsel i ne "mer whamde
resoluinoerferometric afnrd ntghees ibnretceornfee rtoonoe tdre ncs ec
(RoeénlavloBhi s caseliicmd ibs dependent on,thédewawal

and the range resoliust idoent.e rTnhien ecdr ibtyi ctahle bfaoslelloiwnie
0 —_— (Eq. 13)

Whemrei s the range rMogael usttiimgnl gerlietmecnatl. basel i ne

proportionality relationship:
o) 6 — (Eq. 14)

Wheihis great ehetsprctral shift equals the band
signal to become entirely decorLredl, aatPdFkdIe¢maemnced i
1,t hcer i t i c aila bboauste |5i 11(8€3h extre 2a@ 2. &)
Theempor al i basefimed by the time diByevamnygin
the temporal baselines between interferometric
meters per second down te aefeéwbiydrihee reaa 1©.d 30 e
For repeat pass I magery ,c atphteu rteedmpubsii anigt lenabsneoksiv aadt
of the systemds Sefvtiibmal perievd si t period of 6
ge
cr

(@)

graphiamad dvaialt abbBi t ya,getrige ntte mpdr al basel.
ated usdi ngnagemctyi nwegetlir lmulhee dp trd & agAfd téhoough t he

D

trusifmmdses i mage phissatitehsd gtda mpnamal basel i ne
pair s i sanvderoyée gsennagsilbilhee t empor al baseline for an
of chawcge ©Dlkhawur between adduwissi tai dm nagseenle istneammpaofrr
transl ates to | BBweweveohetrkBnsei sahotesal waywsicthhea
| ar ge cdaens errettsai n high coherenmemp o @aluccls aseleenmals t
(Samsonov ¢o.tAr atatsgat 2@Xpber i ence | ar ge ssneoaws ofnaalll sc
vegetation changedloewcanceéaval uess hedvretmp ovri dlh by &g «
(Samsonov eQf tadlo.e, t20 1t5h)i s o-mceH earta mtn shi @gesses o0
experience rapid chamgasoaprdotusbagméadApgeipeeialtwn
i magRelyimed sywrri ng axkpmgc @f ¢ e 8 sg iemgmdi sEse itnoa gbeer yu s e
duei tpabal ity to capt wrhee nao mkinsac rdeutre .Asgt aat da keasfo i tel
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cohereinmteerf foer ogr ams ngpeassesr aiinsadgrearsyi m@ a v arl a/p ii dripya «

changing i maged surface.

2. 8Coherence
Coherxeinceahiofantee phafs eatmecaiifree oamnet ri ¢ pair and

of the resul t(imer rienttteir feetr oaglr.a,msl2t0 0&Za n Kalako mb e t
measur i nilgarihtey sofmit htei eds edfecpirxel propeer i ng t h.
201GB9herenceornselcatisen coefficient efmatthe wi magpe
a fewopiceelas | deterministic phase compohlseet s a
det er npihnaisset iccomponents are |-ifaege andboah hei ens!
interfesogqganirequency detectionsoth camplFeaxst s
Tr ansf arCoateireemce values are bound wibhdsbobhegere
interferometric phiaseéi B¢ eoaua md lye tneo irsdasGancdea ad fl y

coherence values above 0.3 to O0O.ha3axeamnmewcabpbpiac

pixels with | ower coherephcasealnwsafaprenmhpkedep
becomes either i mpossible or too inaccurate to
Khakim et al ., a20213T2h08lsbms onbher ence analysis i:

processing aGissadrnii mpp autseerdi atoanldn aARepai ndhe reldi
unwrapping results.
Zebker and Viddsacsceonoerr et ®923)s t hhet pbeodthaltt co

i , spat i afl cahdreaemporfal c,0 heea feinrceed a s :
T x J (Eg. 15)
whef e i s characteristic iy tshesuvrieasvurindg sa&fc glse d

bet ween the ¢taovspegablsandehfsecntr espbydshcaarbges t
the scatterer Bet weeedr, arcqgaiiss tafomscted by many
and perpendicul ar baselines, | and cover, season
study area (SamkEesentical lay,. ,amyY1&h)angpeae titdamt me
bet ween the semaonr ianmpact hikerheamcdohaserincetense vege
more suscepti bl edue tsoe aseoqat atcihcamngesendl ggidealr
val ue, whliilleiandigm@mme mt s el ati vely high for s
2015) . By extension, t he | owensatt ea o hhearda recdee vsad ruf

these areas are constwatfdrpwclh&hgkng etlkalbi gitdd
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(@]

oherency vfabumed aareeasofwiegrm rel atively unchange
015) .

Signiéf caditr dcsmardi miozi ng the coherence betw
crease the number of raeddaebtidleltdallapod imitshieanrgd ctohn

N

n be done using several techniques,elsumaslisn
selecting an ideal radar wavelength (Khakin
sever al of these techtihhgwueasr aref heonnj umue diiad A

S5 W S Q9 S
o

otMuert i | ooki nsg oifs rtehdeu cpigmogc eSsA R bBpeakéragi ng ad
window of N x Nsgirzedudiefngnelde byt ame@ard devi
iisne t he SiARa omoargee sGaussian distriblbutoonaft Gabe
uan, 2000; de LeeAdvagt idee Cfairlvtad hiong 2W®MORs i n

i ng npaogset f or mati on and does not affect the sp

o w o o

O0Odmmonly, coher earpopd ineads Ko a nltoeorkfienrgo garnadmsf ial ftt

xels of fioowmcooherenwe&8pmeogopretesas ., Slclh5;

x el omi ssions can r ediusxceco nttairerduaid rapsrsgpnpagrdchea s @ f

O T T N o S5 9 9 »>» 9 O

al cul ati ons

Al t hough techniqueshalsaphi a& afnu Ibtee Fapmp@iireg t o
coherence of exitdhrimgefheet secdor @ mipyapit e0 cteaskse m
me as uaheesr,ercce itsheé mpragdeamdiydhrres nandire of the sut
bei mlygs e.rRved de vmaangte ipai r par amet ep® | amicaeartdiecomd a ¢ @ |
baseknded empor@ahe bwaebkl aagt h dcihBescearR,oast @i ss ut
penetrati onofantdh evVessing metla.omr i ng phasengeer waegtete
penetrate deeper than s hprrdleadfiwaevteg ieginga lh si, ntienrc
surfactethdeltoget aé¢ vothhamta iThiscatetsaurldrs i n | ess t
anldarger tempor adt iblalsedriomwisdd huasalclaen i nt erA§er om

ashorter wavel engtfhs peadirses otl ruan solngt dsh et ¢ o n$tihdee n c €

same ground target in twowidtiiH fehemteracwaAWsliengg
di scusSsetdd gdnsi gnal epdleartisz athieors caft t rea dsargiv natcd ar
the signal i sSFamo she s®pPigra@Ppyitomg a VV pol ari ze
reliability of the rtenteurEmmed hsdisg rsaulr fiarBteennmad thikery g 1

usilmgnger wadhvies eingctrhesas &y i mereabeéengnt & es wrrfoacaeb i

being measured.
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Longerr pendi cul ar baselines maged pai sllsoowetwehrit
perpendicul ar basel i nersemnccaen (e&ahn asiltd htih& Lhs tgghrejsr
due to coherenckeol ossomtoenatriegasb avs ¢ hi neFrexmeads
tempamsalli e percepastngethe time idredraga ded welea g
of arge change ocalti imagetl ¢ arme.dborevwea ieiiygakihm et hal
suggests that i1ncreasing the time interval bet
tat mospheri €onveseSamstonaclv. e 2015) determined t
interval bet ween images resulbscawmsant amgeteas e
mi ni mi zedlynami moawur face types

Coherence can also be i mproowedofoyconsingt dryti
wi tthhe scene to acThias @rmpatoieceesndda ep-aciamptad i | n$ A
processing in areas that experienc®onmmaorh esxeaanspol
of per manent and consistent scatterers, iwhlalble
remairel atively unchanged between seasons and p
By adj usti ngo |ItntSaAtR tptae rrsef er ence points stehleect €
coherence of the resulting interferograms i s ir

At her common methodol ogywtteofempgbhamgkdbher
emppratess stacks multiple interferograms on
et wseheetso provide a more rel i abflaec epr(els dretea t@aa. m
ssumption of this technique is that the correl
re high (Samsoinfovtee adsymp2t0ilo3n).i s unwant adne
ntributimd sertroorp htaesremsa, such as dtymayEhriwegn a ge
t (SamsonovTheet naali.n, i2s0sla3e)h.niigy the htahti sr esi dual
terferograms can oftenephapagdtKe AaRILBY &g b wtd be

c o 29 9 T -

> S £ O

is, weights can be applied tbettweenmabesi mdage
et alJi eopat., 2016

Al t hough -nehnet i @mevde t echni quesccheassvsd ubéegn i sk
coherence of interferometric pairs, It Is not ¢
to an acceptable range. As perfect coherence v
pi xels witvhal uaeleirdd.nkB. 25 greatertocanrbme redwrady
(Samsonov e&tf alo.u,r s20 1 H)i .g haerre csothielrle n @&urgeanat|s uasfdt ee

i mproved rmelsiudtdisl ity of
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2. 0&JnTertaintMeadsxiurl ennseArRt s
Uncertainty i n l NnSAR measurements are the

topographic residuals, phase unwrapping errors
Fattahi & Amel ung, 20, mBpsuPhdsaeastdpgomokeEatetmorlc

tempor al decorrelation, as physical changes t
properties. Although phase noise in an interfe
regol on, selecting interferometric pairs with

decorrelation and by extensiWinthtmpreadingde t d¢mlminth j

of modern ddteelunicteerst ai nt% s ommarbjt alavengorn

uncertainties |l ess than 0.5 mm/year over 100 kn
this wuncertainty increases to 1.5 mm/year ovel
resi dunahlesr eanrtel yi caused by errors in the referen
di fferences to the SAR scenes. These residual s
surface not reflected in ddniedualferecearcebddEMTr IMéc
the interferograms as a stack in a tiliheaettsaehii e&
Amel ung, D% ng phase unwrapping, uncertainty i

i naph ambiguity, ax.a@Tbicsssesad be ®etitganaddby |
masking out poor coherence pixels from the phastc

At mospheric ph¥%seacusretdr iblyu tsiioggmsa | path del ay

prese, temperature and water vapor in the trop
measur ement s, resulting in uncertainty up to s
al ., 2019). I n some c asaegsa uhbgheatdmd sfpelreernitad ac h a mg

than those expected%f (6t@Rrovilf ateadef ol2mMad)onsbs

uncertainty from a% moaphbei mi phgateedebwyaveragi
in a time series (Ferretti edt ,ad R 0 @ 2makil;a |l Begr a2rC
Samsonov eAs admedsadlednent s of surface ddf omamabhn
of a monitoretdoplhenobmeadamsntea clks ionfg iinnstteerafdesriaxfggr! aet
interfekF®rgowdn eAl tahloturgon@ pah 8y i ¢ phase contri,butio
as they randomly chadygeambet svea tra sald|lgeym peeor taidenldaet , e d
humi @i ¢ ycoovenubasge di stances (Hanssen, 2001) .

Being the main source of useeretralntychoi gluae
proposed to mitigate ghhas e fd @ tittsa ngufd riatlnmsoned herdis
PSand SaBpApSl y -tsepreptoiraall filtering tol Feertriemd i seerti e
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Berardino)A&Rltt mdnagh €0Di2ng t he number wrc aarctqauii rstiy
velocity meladsqgament @& mpmwpa-tad mpor al filtegmiomge 4dam
noGaussian distributione®@l| b ihesdyiastpnmosscpenes retc i wie |
vel o¢ Fateahi & Anmeslyussntge,ma2z0Oics5)bi as is the result

seasonal variations and whoic$it wcraen ibre tne i gamed
separated( bygtoaki y&aaél) wdng pl acement ddiuas nigs tr
peak of seasonal cycl es.

Onn and ZeprkepodrOopso)l at mospbéritbewat &GP Svapo
gener at e udseeldayt omacposr r ect | n SARJpd etfoo it3iadd iwofc eme @& $
|l nSAR measurements were corrected for wusing th
measurements make this techniMgder atoe Rescl bt ie
Spectror@MdODImM@)t ¢o mwhesr ia om t he Aqghuaav ea nadl sToe r lr eae ns
estimate atmospheric signal del ays through wat
al ., HbOES)er, this technique-fireel icmnindled i gy sd a ymk
advantage of SAR dat a.

Avoi ding daSambonsi eae satbhinma(t2e0d0 2yncer t ai nty ¢
del ays by assessing tdhd froenhcmesamnmfTFd ¢ @ mhd ¢iRif1 84
techni quoea | srkip@svie @ dge t hat the observed surf ace
so any high cocduwulnd ese iant tRrMSbut ed At & i arti moaasp i ercihm i
byyang et ,awho(RB820d) RMS as a measaumement okl tDltet
from IpmB9ARArseaany wit khal aege weM® determined to co
to atmospheri c oar umowmreaaprp i cdhefrceransaotmwsotnhs . | i tt 1 e
at mos pherhiacd ehfofneocgtésmovu sv adme A mor e RbI8si c appr oa
preformingbasedhanahygei s Afebabewi hhedbear tolgd @aglet
be unreliabl e wi{u hethiaglh. ,un2c0elr 1K & aFkeiryn eettt iale.t, a2o0.]
et al).Howelly , this apeprmanlke dvdheg heot tthe | oss
interf dyemanep agrsu alal c hanglee nnefhdrsee,t echhagee i s
determi niemrgehgen et isaiwhbtpo hbghcoebki ddbedbunbt me a
uncertainty of pixels with higher coherence.
2.7DInSAR

Differenti al I nterferom@®t nSéaR &g n tthoe t p & a BAapteer
contribution®rimadmosfmrfoanctdnlhekeftha se phase i nfor ma

into deformations or di s plodSciegnnebn)t me aisnur eh emi ¢luad
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def or sn@it i foear ent i al Il nterferometric phase is exfg

in eghabiuonaldsot cent el atsi ve scatterer displacenmn

(Ferretti et al ., 200r7f)er e tardide ngh d :1e scdarerbne ¢

3% —Q ( Eq. 16)
As a result, the interferometric phase contains
fl at tlesniinngg.an external DEM, t he phrasmofceodnm rtitbheai
interferogram, i solating the terrain MAm®tiwomhc

traditiothal tbpB84dRapmhicci plhhtaisens from azletbioThede a
phase contri betrirdmsnétdr ome or bi% maernec ec aslucruflaacteed a
using the same prockhles rasmairnaidnig i pmade |tnBAR. c o
defor nat,i omt mosph%r iacn d n it she#or. Mintoii ggaet i on of unw.
contributi ocnoniprioem endoiussei nngs t he same techniqgues
attempti g rteot heSeo | thlbame ver , even with mtpegatsor

i n urhver appeds mpalalseer apper pendi cul ar baselines ar ¢
sensitive tthaet moepahdf obmelrarspoeurrpceensdi c uil mecr dase | i

spatial decorrel ation c ausdedc obnyt rdiibfufteiroennsc efsr o mm
The unwrapped phadserenti al interferograms i
sl antusiamget he foll owing equation:
3Q —_— (Eq. 17)
These displ acememotn vreatteesd adant ot hveemr th e al di spl ac
and the foll owing equation:
3Q — (Eq. 18)
Al t er ntahe veloycess can be simplified into a sing
3Q @ — (Eg. 19)

Wheres the unwrappes pheaswawvweldisegthds iddgidter t i c al

factor.

DINSAR is | imited to measur i nggr avdefréa sssnoaninle ta n
Feigl, 1998 asetil2@db hien tShaenwsroentodvic & p | anaexmenutm t h
measured using DInSAR is related to residual or

(Samsonov .eTheaali.n f2a0cltSo)r h eda rineatixinapautmh ¢ i mi th aisse c a
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ambi gquidt i s directl y rTehl sahteeodr ettoi ctahle nnaaxvienhuenm gadtihs. g
measured is defined as the foll ow:

Q —h (Eq. 20)
WhefQe i s the theoretical ma xii snutmh e & A [ nwpib ¢ e talh @l f
SLC samplldowe@wern ngt he r eal maxi mum di spl acemen:
val ue and depeamthemteeintcedi bétewemeecrand calkal ma X i

di spl acemehesresulatndofr eatt dasp hemriba t al .Thoa sree g IS

maxi mum di spl acement that canadef omelaswsed usi nc¢

Q Q Ting I (Egqg. 21)

The real mi ni mhatdicam!| dbee anesmts ud eeple nd @ st doerf | cnoehde
Q Ty [ (Egqg. 22)

As ummt i |l dekregses the spatial resolution of t h
detectable gradi &mtmi | ar layl,s of idletcerreiansge dt he i nt e

resolutions and can make phase usiwfl@epms agoVv ne ta
2015)
2.8 Multi-temporal DINSAR

Mu I-tteimpor al DInSAR techniques are used to ov
geometdeicoal elaattmoosnp haeemrdTa nar tedaf .dBgyt.smi(0g&Y)i ng ag
decbateons, thdi s phatchea@endraunm e n cneadBagyseidp riovi ng
coherence ofthetmirdiemwrg r dingssgpthedct@imeoti mpaodoved, a
mi | | isnteatleer d i sopvlea c elemweniogf st Twe s pr omu Hhteimp or a | DI n
t echniingculeussde per si stPOit( Berarn d@ tetr icHroedlpreeBIA.R, t ( 2a010.1, 2
baseline submaad gtSBABY! wBed2mbebkbeds wot he psi mar
the type ofbsesicagt  mR®ls misbdithepl Br@asne ai ms @8 ceatee C |
scatterers,i swhuadred @< tSRIA St rPielr 5ti sd esncdatstcaapidregter s
wise deter miontsdiirci rop|jeicngl e point scatterers \
per iamdls doani paXAAR ésp@Hooper etFealr.e,t t420Pedtwlails.z,e k2
Fil i pBioakk odws2kd2 GG)t .rs batt ralr ees porbeltomgpingeltso ar e a:
coheriemncseome interferometwher @amarmsy orkehl daleb dsait mn
refl ecti(vRetryr evtatliueest &I Ik p& @GR Ar k & dlshikeissez 2tGa2rO0g)e. t s
correspond toculetbirvat ad elaandsowi th short veget a
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Figé6NVesualization of the interferometridc SBAISr s
(right) wusing -dXies samewd att me tTdhmmp xr al baseliisnes
shows the perpendiacugsairt iboanssel i nes bet ween

The other maj orP SHinfdf eSSBeAoSw eitsbhey whandl e creat |

paiRS$I.ses a single mastaare tpmdtrieall it mabavehombde

mi ni mi ze t he mpwmull atainvde per pendi cGéaer dlalse,| i nleis
pi cking arhaitmdg a p psetouxti yntast dplreys mhoddihdeh esdt aar tper pend
baseline whichorsthBRed@at aeatmwMedgle itnherd er ogr ams
a dataset, where N i FTahkiargi bt at e mtu rmaéa prpsr a doc hc,a ee$s
maniynt er f @rao mest raigec p®s ss bme user defined thresho
and perpendiAlutlacu goha steHarmesi.s no consi stent mas:s
el eased he calAgAsl atressl

t hi's

r e freergd rechen édft alre hoo mat i on
pr ocensasn yg emoerreatierst er f e&8B met sual paarson hah

techniques form interfer@metric pairs can be se

2. 51
Persistent

t hat exhibits

S d at ti eveormitairSeARt an anka r
hi gh
be slightly affected by tempor aMi saen & cghead naectéreisci a
by high gemre rea the asitdrygiInokci eh e «

scattering a(l Fé&xReétitlsigusceno fs c at theurnearasd ei nsctlruudcet ur e s

targets with
phase stabil iTthye seec rtaag g ettlse se

reflectivity wvalues

and ouAscrsdyfeshs, particularly reliable when monit

densitywiode poti alin et hargebhsheots anv eP®21 yuggl es

pr ovi dgeu ahbingdhy r ;mé a anetnd wser-umlbanclhaeast eri zed with
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of distributed scatReerrsirst ¢grirteve®cptttopreatn sae¢s , i R2de
associated amplitudes andmehsuetordefoamatieormnsi
decorrelastsiwomilnegheay persi stent scatterers ar e
At mospheriarantiaotbi aak esti matead amd erdmowene t-
on thdisnpadefor m&kterortavaicltaale ,( 2001) .
PStlechni ques were ftiret ddenvde (d@eP\Retll) dbpye dF efrurretth
al. t»p0@4xe the Stanford MethodTheroPegsnat eme:!
devel oped by Fasedt pereaanaht é28010¢rer s,usread h e
amplitude informati onHotoop eied e mil mp f R2HDOADUL pFPSEh &
met hodwi dttpbed ity to select PS pixels pbpdepgnter
pi xels dmasteidaloncorrhlmtniomumfofph&isacqui sitions
processiedngcaad pi xelwi taire, pamkinbsdpatmbmpocessed
indepefHeap éyAs 29_0acIMPS ha< aipafmivieraugnio@anb atr eati |
struggl mat ch t he capalbhiilsi tpyr oocvéesrg hurrebsaunis tsasr ceiransr. a t
with sel datvedh gpiaxdloHhsuvetaabidi spl actemboul thebae
tha®PSutilizes a singlemoommon mameei htietrfesomet
basellsoemegrmaser than thethcgsaftfieral f rbo@amebasel i n
(Berardino.Ast aalP8,sd2®G2)ty can be ratheai hbai a
sufficiently high coherence valuesur ban arbhtee a sn.t

met hodol ogy of selecting appropriate PSapiweks

is described in Section
2. 8BAS

Smal | Subset b a sfeil risnte d eevcehlna pgeude sbayr eBetr me d ma
extensi vetfnungesdesar ch -HiPaiwliuaskz e&k B.or EBAS kine MO
to incrmpaeralt hegmeking al | acquisitions includ:
and to preserve the capabilities of t(Beraydgt enro
al ., . Th®02d)atter ar keyi n smam®tl oifSSARr adidt i egnali rect | )
of smal | baseline interferogr amseatchmatte rlfidmotg rtal
mi t itghbelaes elcionrer edeat i on of i nterferograms, small

per penadi,cu empor al anda iCkoppypatvedo mMpaseldi néssmpbenl
DInNnSAR t €d HomipgegweB2WPBs 2 pk ak & Bdhkewpkoce82bBow
not benwobpiott efnrtoinalt ben-e& mper afmebithhbSirsRsneu |bteirheef | t s
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capahiol ippryocess data at t mfendbi gmevstappphaiskel a ol
di mensions, the third being time (Hooper, 2008)

SBAS technimquesi mgel gwn oappropriate combi nat
interferogr ams, basedaokhknesegGdatnned@ bt s ks hi
to the perpendicul aal lanado nibeimpaotriaoln sb aocsfe |l h m®ear, f e
hreshol ds Tdhrees eg @ mdreatf eed .olgo @akmesd aared ftihhesn imuditv
HooperDEMO®B)eormi tai gated as a topographic err
tandard SBASI met bvdBemibmuct et dalukne?0®2; Tani.s 12
ccompby scdhetdi ma-pasg tHthepl awemenyg par amnBereanrad i nDoE
[ ., .WhCEeOh2a)n pirkinoorwl edge i s availabl e,ama&dsi mpl i fpih
ariation in tinfeawlsuFsioelkpo nalky & pBpbltikestwse kil d D@2 O
his relationship does noe¢l abéd .swdtee avd ploi@miesc
rend is expe€ctegi 6RPawl Bsbzi énk WskSltymaoR0O®er i ¢ and

< Q Q N —~

~ o~

artifacts are estimate-tti mepdi ng Bewmadt dbas.eadutkonaelst h
et al). , TRO@dD&led ¢gcw e@ft i ng t hese smal.l baseline ir
est idmeaftoer mati on rated.Rs outlined in Section

2

. MeZsuring Land Bubtsa dearcel uBlim®AR
Mu I-tteimpor alt eDd mMSiARU e s U b a & &S fié @le Imyosnli ot wo r moavni dn g

surface dledwkmeas i @otn al . (2006) compared SBAS r
Norway to geodeti c memsesukmsenutsOvaegrd B Bisot @edndazl d P S
a maxi mum subsidence rate ofhiacweragd erard/ ywedrnl wa :
Al t hdhweglpatttern of deformation measured using S
in the externale REHaddsy elempssii fdii & sf retrleyd bet ween t
resAl ssmehavi or walsa zoebcskelr vestdh esbily. ¢  BPalr0i)ng PSI1 ar
to |l eveling data when monitoring |Tamaed maxbismudn
deformation rates med@Gummdyeéear tadnaed sbhusypncwsamr. t
SBAS measurements were s hsouwmbnsitdee nltea wialtye su nwhearne
sur veayitrmghbouwed very similar s pBecaads epaaft etrmiss o
Lazeckl et al . (RWwWHteimp de a emddd nSrdeRd hwder e best s
estimates of subsidence rates and éprcdptecsi af
rat hepr ovhiadni ng accuEatendeagut bmenhempor al range

to increase the confidence of the estimates but
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More reedmtrimati on esti mates from PSI wer e ¢
using -$dantai n®l moni tofohi gWwiwvayg tahChbiotds Rgpyg@bdwng
et. (20 THrse measurement sswemuegealdiedatcedeasiung miet
and | aseMhsygafmiumg . t hat t he PSI measuriemehus
measurements over amdkacso wlfd hp rgdivsicdpdhda ddoctdah € elda
pr ocCosnspar atd vatdyti onal DWenrSeA R koe o hmmpil eumeedn t but
reliably be wused tdoe fporronvaet itohne reaxtBhsetrie nttcheg modin epalise s
to be reliable at determjnwnghvent esadunpd it opd2tdic
patterns of surdwer awdror snameé oderss anli }f ave gdtuatye
traditional -tDéd m@BAmRalt aBlnmeJoArtp Pve ke dRisib gikpniBlaok k o ws K i
(202t00) moni tor | and subsidence caulBkhids btyi men,d etr ge
measurements wer e compandcdyv aloi daBAS aFthinmgdtdessty
di spl acement and high nomadieneaarciutryat ef mehae udem
Al t hough thiargeuamowstdofa SAR i mages, 106, i n a
the SBAS technique faildedciefiraate@eammbior atmaxn mafm
descending imagery allowed for both wverThicsal
technique showed a maxi m/iyresirowe d egecedragree e@met
DInSAR andul3BASvarsesxsoncluded that accuracy shou
this aWptromaRMSEawgl n%gsnmm@&m mm/ year when compare
DI nSAR was deeihédmaished t hat coul d beo uwendt icoonr
geodeti c Atlgchhoruigthueasb.l e to fill rméasabld emenotni @ @ap s
was not suggestaeldo naes taenc hind eqaule sftoaanddef or mati on

Deformatiememeasiuurom SBAS techni gues uwal e ac @
Chaabani and Deffontaines (2420 )malgheda yEn \Einsvd ts ad ¢
used to measur e BUAMGTH demicléte WResnmiuireedl3 tnoa t Mhepaosnu r e
2018018 over Tunis CifSybandenbe Maresguplaonli
were measured usinlg, Emes.sals iasnaedl yShecret idneeflor mat i
attributed to by excessive groundwater pumpi ng
data which showed a good reS8ASowsbi shownatead
monitoricregnedt s pvind Ihl imadttear accur acyuribmanbotrhe awsr, b
vegetcaotvieoanh b e wleidu 1 @t prefé2med) aplsatmfidram 3INBAS i s
monitor urban subsi ded e va fs AtRhaca aBesii jma@yuecréyl. ag ai n

the main cause of subsidence was cwaenet e xnelso iwti &
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bet ween water pumping.Tdrd tlwan d¢swrpfod cadmurDa shpSOANRS
showed similar spati al patterns and consThsitsent
i's the same behavior observeadtihn stehes prfe wieswd It
using |l eveling data, sdarmowamd) ang RME Ea @rf e dmedrbt ma
demonstrating a strong effectiveness of the tec
Ander ssohn and Ri e dsiam-gt Kahi@d 4o nisasgDEM dose td a
moniltaord surf aodé Aabrfeowapagtimmiome RMmerniheh coal fiel ds
The usage of SBAS wastbBeggmptedeodoveap®IBil due o
|l i near sur f aoowerdefSdr. malthiiosnsi s | i kely causAeSd by
all ome amaggur ements to be made between all pairs i
't was determined that an accurate DEM had a

measurements, especialhliyc ho vneard et haec cruicnai aneg dpeigts i gt
combat this, Co S SX cdaant ab & ruwsre dl atnd EdMemnveea ra t teh eh i rgd
and used as adueiegebhbe SBASapeocessing. Thi s
unwasgstghal cantnmri butieadndy ,%he reference surfac

Following this work, Tabgsetd SBASOC2mphp a & e ¢
stability in theaRmahitsipl adRloifimedtppdy sicangd t hr e
i magésascending and desceHKdand 8&tagmepgbbtr emveée)
horizont al di splracemeént 8§ e winhiehi mmaalpldtmer pendi cu
Sentl nehowed to cause a very small wib&E™M @®vemrt

cont i ncuhoaunsgluyn §ace t opogr apHoyweovfert, hea hmi rviemgge t @it ti .
regiesnul ted in a |lduagetd otstse ofh arothewawnd&lee hgulgs
the TeXra8aRIts were more sensitive to sl ow an
resolputoivoind,i ng more detailed information about

tempor al d®wrofracd adefoomr mati on rates up to 500m
were observed around the HambachAlltghao zgveitl lee am
process of waste materials was shown to be 1t
relationship between ground water pumping and
Significant | amd mealsuirccanden waoralge/ recul tivat
process of wunconsAdldiidatoend ! d arials shatieerdieaiet N §t p ar
of the mine due t danlge eé xdachtveart(ni @240 r tomwaets sdv ac @ d
approach could be used for not onlfyorf drortehcea sitd e
failures aladwdvaenrd,sliitdewas di scussdyg tvrRagwui rthing
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number -toédmmaid ali | mages for processi hgeraaandy maayr nci

systemmewor ks

Al t hough Tang et al ., M2y ewsmue falclee dted 0
Rhenish coalfields, -basgddEBASoOot esh-hggadc kdkeha8
X dat a. This study aims to assess the capabil

Sentl néateadwrem surface deformatioasdacompdr gt
performance betweeBy thei ngvooltlegcahtBae,quelsel I mpact
decorrel ation bet wemmhadmhmnedRbhenqusbi ¢t ona lafksiteéubddys ¢
areéae to the | arge coverflageatiahdi thiemarxdddlbydldintdyl to f
up anaads(saogrti cul ttwamr @le e kaie egtrdesa)t opportunity to e
bet ween the PSI dmd sSBAS pap plreononlsedg.ate the con
two techniques, as PSI foaohgied amdmeas siiisn g nd e ft

ai mprovide full coverage of deformation resul t.
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Chapter 3

Dat a

3.1Rhenish Coalfields
The Rheni sahieaohGeelr fmaenlbd most popul-We £tdp,sehdatit &

ofCol ogmesal field is operated by RWENRaso werro v da
fromltahrrgeegiotp emii anrelsac h, Gar zweas$ esed@mMidinh nfJiegpree a
begun i n the araenadowverr 00| ysa wes od( es pPedf0a thlah @ )
toaanhoaapacity of 120 emi(lTlainogn eTtlo ean @& 15 e af0s2l0i)g o u b d i
pits is Frleyliantgi vteelryr alionw wsb tidvd st olgielt Ih err g n g ghred i hdr de &
cda t o s ufpiprleyd cppocawer st at i onds0 % hoaft tnheeet p cafpeprr orxe
North-Whkitmdal i a
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Of these three, nHawebtalc han sopgédred8@ppes 8 &®f0
ha bletgan oper &thiien oiprerB27®.n has an annuadncacoal
capacity of 2,305 0mankiel |waoyn ftoorn nt h5e, Smlilraimiag c dc tf iov i
wasut dowd, 100f uhrat haenedatiesned by BDbnahgeexapDi&Bdteic
Tang et)Allanghstiadke) def orestati on, smal | village
expanding mi hhegboptomtobnt he pit oirs 3393 medtea IS
ground, stofmceg an artifi eNeaslt pthiadentgas sRI@20phabbe
l andmar k of tthhSeolpdmkrad® hei thiild , the worl dds | ar
spoi l

Souwehst of Htaambalkhmgepéim edperemi ne has an operat
and a coaf eé&paamii ISYuipen2ydG onmginlelsi on t onnesheofl nldieq
mi mshe primary supplier for the arbeaurtb y2 , \Pedi GseWweW Ic
for tkwargwaet éer mine, s,itmap eaamniomg hsioze Haimba c 2
production of Th® miplelriadm ono s se wdres ,dGasrt zewnehi ol etrw ol
the wéateweailheemaiamwierag i s Wiinldl efdalraenrsg lea nadr eas of
whick -wet ablishedeaslpaviatofont he

The Hambach and Garzwecbretri nmieegparmat iexrpewct
l nden mine is expecOrde ttoh e pilesn he eh aminsited d ,2 0t3l0e
power pllawmt ewidl Pepklr@awii mg stRANES & oovea s ghrBenlsea N d s daep e
recl amaremedi ama odisheesse processes includiAdag0bDDoo
hd akKée,ooldn diggn beacnonle, 10a@nmeap Uragkesi ng Gaagrwied U letrur
| a.nd
3.2Sentinell Data

To evaluate the capability of I nSAR ti me ser
of Sehtiimedes cobfk e®n020§1269 mages i n as cfeordbi@mgl g e c
35 mages i ng eaosncéeonrdd &rpds eTche i ncreased number of
result oflRB hseatSeelntVitngeolll @muinz &dtuieo nt owaist susseednsi t i vi
scattering, I mpertoevciAnhiigond @ eeet quu it e&Ee dSndn gl e Look (
(SLICWnode with pixel spaci ngndf a2 svaméat ealiosl tbbey o 1
compatible with I nSAR processing, all/l I mages w
Il n this step, images are not discrimindabhedshgat
repeat per i old2 odfiandgsd)xee ssetnlseoralfi ity to monitor
ar esmast owempor al dRkeopir tédh att-diroadsre r e n t nature of th
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causes even this stmalclr etaetnep oar allo sdsi fdfer ecanlree 8 8 C
deformation within thepmadhd ng Aedieetr yadm eidné yursel mag
significant | oss saxfatecehhasmgnm dd wdakwe |Se.ofy it htee ms e

vV e g e tsautrirooru nrdeignAgp ptehned n gl iIBst 1t ma gma&diarn n Atnh iex agnpd
of a SLC SAR

iFfmagge ei 8. shown i n

Fi g8reSLGnMpAR tmadgee acqui r eld ouvseirn gt hSe nRhienneils h Co a

3.3Land Cover Data
Thand davasedacquired from the CORI NEThLasnd

dat aset was umddri attlheed Capwelr®rBiScuupsd aptreosg rparmo d uc e d |
and AG18.he 2Wh2 wepeéated t o s holw alnadn d2 0clo2v,e rwhd u
update showed | and coverCLCompr2dictd aavatsR ates t
proximity to UnHe ket pdyevpemuisodi.pdates, Sbadet2210418
and L&8nohagaenrdy has a geometric athusadgtatat meBi.t
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mapping unit of 25 thast hemasi st acobandgp pemdd @mdr
resolution of 100hmestdeadkss ersy welrOe aaedh daumresig ayn e-a@n d nn
urban | @daad adevdér wiased atteerassess | h&SARUz blipaanbd | i
coveEh20 a8 gr elgad ee\deorr t he ssthwdwh i a@grad@ &lei9slAggr egat e
cl asskhoewApparCdi X

(] urban Areas [ Processing Extent 0 25 5 75  10km

(@ nNon-Urban Areas

Figbandcover usagelafsstife edt wady ngr edaeh,e 20 1.
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3.4GNSS Data

Gl obal NS§at ght i bp@GNSEytsateimon( caobdtl & c italde fE WREF
Permanent GN®% sNadepwewroktkes under the I nternation
Regi onal Ref ecemme d ir amadl tosngshi .st s of continuous

ref er encdeatsa acte mtnesr,s pr ovi dignta&cwe sandloy 2d et Isd
and a Centr al Bureau responsi bl e hfeorn éitihveo ndiari g o/s
of twerhkheits to provialhadaadc s eci ¢ et lEds I rcoouogrhdoiun
Eur otphéeur opean Terrestri al Réafher eEnTAReS 89y s tsenm h& 9 f
geol ocation data ononhleotElur o@attiaomakir H edeistgpbe bot
the network are provided on a voluntary basis \

A nl yofontethe GN&rSe swiatthiomstihe ssstanwemabpwont aw
wer e sted eev @lddieft ®r rhaatnidon r aDlersS AR tti immd e dHlehmesden ga
station®i,Emsk udebhiensTdaden.c &b i otshteastel ons uisedf ager
1 0Datwmerdeownl|l oaded usindoarésgriaptd dWaif byl leeciht isar
formatted in a c.cPropriddsmardet BdREXI hi deci mal degr
| ongitude and meters, foel attikedehghbéburpyoihealgh
recorded by each stati onupmatvodNoav Arteell a )| dnecke o, y n2&0i 1gbb
rates wer en aasrsaeusasiheaey edf@i @ay 1 4 2tdoo W2r0l d/a idlayiVd i 4 iex
yearfs atcew | | ot edhe Euskirchen and Eijsden st at
Titz station2tc@at euwml ws éddrl 5t hilsn d2ds4dEH s wer e us
Eijsden 2#88i dat et hesuesrkd rwcshesdo riskiaGlla toens awear e use
Titz station.
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