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Abstract

Doppl er par ameter from SARmO@ynet hradstc /
effective tools for velocity measurement s
velocity wutilizes the DdbgptpdhBopislharf ts keixfttr
cause@ beltahive amsoetnisoonr baErhdvetead get .par ame
canudbedmanpor t ahtvred mwride meraasru roeunse mtpsp | i ¢ a
inclodemagogr apdiyy jdgiedod ofgipeByw se d toynp et hoef

SAR pradibepppl er par aneetcehrn s geteismatci ampl i ¢
i nclddbshoganadut édi ci aitvgeehtiowisanhg be wist henat ed
vel oci tlyni tsdnegetxsamiadedt ri bwteé dasiehay gseur f ac e
cCuryuesnd® r awanddaatrat i f i ci al,asthaiumiGSAgRN &1 oci ty

data of a singl.e channel SAR system

Fiths@oppl er parameter in theAR ecaawaslad ar a
used td hseedrseivedea yvur f aicdee rvieeodc ibtyy cal ct
Doppler shift anomalies between Tphreedi ct e
predicted Dopeliendiemplirenit d oii I, i n which |
t hat the targeti tdeoaelsc un att eichopleadpee@mebtnr i ¢

parameters of a satéloboibit,jnbéanchi pgi nthien
attitude with resherctthsed 8Bheesbabti ehed

i mproved parameters (includingarmdlaan)t armmd c



anterative fitting proceddhgltebalTheittitbhgn
anadmttitude control a Thgeo reistthi nmaft oertd h cidor prpel cet
repr agshentasct ual Doppler centrtoa dad aquit shiet is
can be directSlcya AdRxatwi ggchtad d| Eubamt ed by app
adj ufsvteerdage Cross Cof A@CEei ocnh aC caecdtdeard ise n t
surfvetecities undewelunvristagatedndist ingn R
Scan®ARpl er cent r oFiidv emeda sfuf reer neenBty Bthwromi c ar
Xangsane, Hurricane Dean, Hurricane | van,
sequenti al acquisitions of two cases (H

sel ecitnevde stthiegacccent ri -bntduoeredofwvawendt o Dopp

Q
>

d compariddi measurements of i dditEhaaitag bu
hurriggeaereated seas and assrbdi &f etdh dwenths ¢

ot hoer di rargtate. This |l eads to | owbe esti

(¢
x

peedti matddhat e sigol beaedmedbby surface cu
vel oclint itelsi.s respect, our study is the f
velocitiesbyinfdagincald cycl ones usi ng d

RADARSIATScanSAR dat a.

Secowmed i nvestigated the potenti al for a
using the beiweéh 9ohiPreRnIL Gralkleagerzi mut h
of fset Ipetamaenwaklei i s proport ioofn atlhe ob a chke
scatt er,@nidsshiugsn arlel ated to the r adiuval vel c

met hoawutso mat d emtsihfyipess and TwalO&d LICrnoang e s



usicogyv ol we i mentlaw o(rCkNs) deep | earAnacg utradeni
reference ftplséhntp sb eatnwde eva klesiRag@ ® ni de manisf oe
and edgeAdfdii lati,eoys migp wa e $ bic ma tyte el wtarigan @k

i nt er f eArTdpnheatlsueg e oDotphp | er Us h n fito r @tafaasic t .

a test simoeviensgt ismmaitpi nvgel Xc idfayvae s¢ diggp dma ®dE
accur absghbaopfd dWdekectwioMbtraschaet dent i fi cati on
(Aldgjvee. al so c pmp a eresadsi Unlligtekaezfirnoumt ho b b6 e et
fromATlheia®wdtu meas WAl &me ndest eafmi ne the fe

estimating moving target velocity

Thushesti mata Doppodfer ,psaurcahmeter Doppl er C
measur,emenitmyand agTafhes atih ¢ ocefefxé ctict e on of v

i marious apgllisdatnigaard ace cur.rent and shi

Keywoir 8ysnt hapti ¢craudaer ,(DDHPRPEemt roi d measur e
azi mut hs eaf fssuertf,ahciep cweallrogeatad, gk 1 nt(eATflgr o me:
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1 Il ntroducti on

1.1 Overvi ew

SAR (Synt hreet i RadAapre)r tius one off ot heemosti t
measur dmenphysi ¢ @dlst pmaadiicalptwelua i | i zes t h
shiektract eddaftFdmDo pPARTr shi ft is caused by
bet ween sensopl earndp gsaacgbdtegIseop centroi d f
and Doppdree trtag emost prominent flae amet et
estiomDoppl| er @anabmetarimmpor t artowresloaaictey
measur é meanrtisoiuedl sl wdiermgqmjyre ol, cgiva e n d

mil iThe yvel ocoifthvbi samgbdsated asnacchrwtheli ci a
sur fcacematwbneoivntgar get wae b aidibtaygyed on the ty
SAR products and Doppl er apsahroanfiedieate ekt i m
I ni s heleixsamit med di st ruisbiuntge dS ARamitdbaet tdiaftiac i al
targeSARIsGndgjaasd ngfl e chymmneme S ABRitg-wred yl

2) .

Fi nthsddoppl er ipranrtehveet e d gfnra®lmR advat &8 used
to redinevPopabeppivetiokcedtiyced yby cal cul at
shift anomialper esli cetewle@amd esti mated Doppl e

Doppler centroid is calculat ebyd dDshemidn @ n



t hat t loes amagaetThe esti mated Doppl er cen
extracted8ARrepmgmdle data by applying the
coefficient met hodsedhesuehacartci-wesnids tni chsi
conditions webryel s ii Ihggypepsltdrgacedt r oi d measu

RADARSIATScanSAR raw dat a.

Second, t he movs mghshagageti nwelswsiiignagt etdh e
azimuth offset beti we S&ARt I5dWMseinimg gBAG@GR wake
data is processed from the r aw Ddoagptpd.,ert he
hi story on the assumption of stationary
frequency and azi nmuhtuhs eo fpfhsaeste irse cloirnde airs, i
of a &l weétilatari onary target | oc altheed aan mauzihm
of fset bet ween ship and wake iis proport
backscamnaTehruesd, stihge veili oct it pgutsd chghe¢ hehiagi n
offset between thexshiaptabhtdet henwakecompor
byamoving ship. Thepraeziwmelly et setat ed b
i nter seeltiinbemarofcotmponent t o tehdeg e ufbiplitxesrl e
radosf ofhaen vel ocity of the dmmupg hwad fisrexe o

TanDEBLC dat a

Addi ali,lee r ettrhiee vsehdi @ yuvsel Inogetistbyok gi nt er f er o
(ATl ) SRARATdaAIRa.r equires two SAR saanltoemngnas ¢
tdh flight hei rtewaa i 8ARerMenage€ g winr eldaXn DE M

(Terr>aSaaRd f or Digital Ewietvia ta osnhwokréta $tuir neem

-2-



casslkee phase differenclehei ndlitdmek aizn tmart the rdo
(AT)Ip h aisse ptriogpoaDopgmwl drheshi ft effect of the

thuel abetdhe radial velocity of the movincg

Specific appldicsattriiobnust & dn ctlaurdgientg and artif
esti masedDobpp !l er p anraat mheotné nti ageugcdosr di mg  t o
vel ocitlyn nnareg en ekda s ccrhitalipe em Boepopfl er par amet ¢

t hceasoehst ati onaramovangéeFEFiagipge 1



Doppler shift
using single-channel SAR

Azimuth
displacement
offset
Long ATI(Along-Track Interferometry)-SAR
temporal using dual SAR
ATI-SAR
N— Velocity range
Moving
Glacier Sea surface current target
(ship/car)

Fi gulrfleOveewi of Doppl er parameter estimati on

measur ements



/ SAR raw data / / SAR SLC data /

Doppler parameter estimator Doppler centroid Azimuth displacement
measurements offset
Distributed target Artificial target
(sea surface) (ship, car)

Fi ga2@2oppl er parameter estimator



1.2 Background of DoppR 8A parameter

An essenti al parinwdt h@&&SRi matoicerssbhgthe
parameters of The 71 eXxfed iverda ls i gxmdprpileenrc e s
shdbethe rel ative motion between sensor a
shifer metboppl er centrobDoppteaguendy frElge e
a fundament al par am&peci,ftihBoadIIAWe rp rpoac easrseit

from SAR is rel at etdhtatrog etth eonr akdairatlh .vel oci t

Thfeactors that affectdte®dophbbedghr EARegeypm
i ncilnegdt el | ite orbit, the radar beaem point
beam withbnttishfeur Diaé¢ hfguenani nly an A OWBN g The

estimation of Doppler paramete3df s begins \



satellite velocity

V.
n=T/2 sa

chirp pulse

azimuth direction

1 = azimuth time
T = synthetic aperture time

Fi ga-8AR geometry



The Doppler effecgniwii adaida ¢y |piltdgoiwbel, vee. s
oveeveubdlksequent pulses, the Doppler effe

phase of tghhealr d meitwhed asgii MOOB] di rection |

The sl ant range is aidwmrcde dodd odvsazi mut h
RM=yR* AL /i R —*;9 (4)

wherRedendathees sl ant headipet dairec & atigethvdeheen

ant ennaV,, daenndottles nomi nalel c@lteey Appeoxi mat

expression is obtained by ignoring the hi

By ushegapproxi mate sl anti graaslgexpgeatieadn

foll ows
& . foo € . V2fE ,
s (M=A v h Xp; {4 0 rBxp jj 2 —S2p 0 ? )
azmuth() a( a)tE pll + % ;,/EFIE i) ‘Cﬁ); ‘ ( )

The phase of theeapimasbdsagnhabl | ows



2
f(h= 4 po 2 Yph ()
C cR
Thus, the Dosppelxeprr ehsissetdorays f ol | ows

sat

2p dh cR

LAy _ Nl

f.(1) = (48)

This imhatcattlkkres azi muth signalechbifr PARI gsal
has two i mportanTh®ofpipl €tr panr amidpeprlsecror r €

radred is expressed as foll ows:

_dh() _ 2.7,

- sat

° dh cR

K (5)

Amt her i mportant paramdtagrdeti hbd ®despphe

frequency received from a given target o



azimuth antenna beam pattern. yltthartepirsese

expressed as foll ows:
2 2
fdc - fa(hc) — 2vsat fO /Z 2\_/sat c ( B )
cR /'R

wherledenotthees beam center crossing time r.

appr,aa}aﬁhdendthes wavel engt h.

- 10 -



satellite velocity

n=T1/2 s

1 = azimuth time
T =synthetic aperture time

/

v I}+la n’
v 2 v

Fi epl-4SAR geometry in observation of

- 11 -
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moving



However, if moving targetrns tewaashgi hapect
arteypiaailmyt hally displaced anecttektscased
processed nmam raesr et lsaatmef or st ati onary echo
Zhang, 20d®mdlyddutshe Doppl er pér amatmurtdh o
of f steffeoc ISSAcRd | Wa & . r epgypeccets stiang ,IBAR t magir
stati ommarDopgrlrgretcentroid and Doppler rat

azi npuotshiotfi omovi ng targetf ol SWRKR I mage

= /R, \ YoV,
=—2f 1 =) =X X
g 2Vsat hc :XO ( Vsat ) Vsat ( )
At this moment, the azismugima o fdissettamnde tfhi
real position is expressed as foll ows:
Lo Vv V.
DE % x 2ok N (8)

Gi venSARh aptr ocessing i s lus¥®t(lhreadsladntv erl aorcg e

denot e theVypierjtehneiS)Inam)tf range plVane. Th

-12 -



anMyare expressed as foll ows

Ve
Vy

YooV A gng _
R 3 sin@, ) (D)

For the conhamalejpasesyafex,¥theh the foll ow

descr iSphbisemubart Imo,visngDapapigeeits cenxpr eisd e d

foll ows
2V
fdc_m:_r (®)
/
Addi ti ohal lay,i muth offset in SAR issingl e
expressed as foll ows
\/
Dx—rR) (1L0)
V.

- 13 -



D _V, cos@, R,

sat

(4L1)

where DX denotesthe azimuth offseand g, denoteshe local incidence angle.

The radial velocity othe moving target was obtained the slant range projection

and then converted to ground projectiynusing local incidence angles.

- 14 -



1.3 Objectives

Thethesis focuses on estimating Doppler parameter from SAR (Synthetic Aperture
Raaar) for velocity measurements. The physical principle for estimating radial
velocity utilizes the Doppler shift effect extracted from SA&a | describe the
details ofthetechniquefor both Doppler centroid measuremehysusing SAR raw

data and azimutbffset using SAR SLC data, respectively

The objecttihewessdsnseoW apggard aiche ssappel udat itohre

foll owi ng;

i. The charadcthRopplterc svwaltiogwh hg conditio
were examined using a conbi dceamBAR n
raw dabat fer undtehseetaamsdiirfgacef during
Sea surf adwe iwnwgl daoiotpys cder cyetdobgescal c
Doppl er neeeansturrceindesnegds an established
i mproved geomgegitmélcugiangmeltamts range d
and hour angl e), an adjusted ACCC n
procedure. The fidatighg@gbpitodedurin egi me
attitude control al ddwuirt hmrdftanea lcypz e
char act ertihsBtoipcpsl enof vel ocahd 6 equevnatriieé

hurricanes i n di fferent oceams and

- 15 -



di fferent ti mes.

The

Doppl er

derived by calcul att

T elfedcrh e

azi mafanho voifrfgs etta agleitep spurcchp aarst i on all

shi btaskfaftd etr Ede st e plawel oci t

hTea ntDHXeM SalLzG nduattha . o

suldlset omat aedlhli pysdamnecwakes

SAR images Hgé¢maimaseddiNe t ecbndgque.

\Y

a

(72}

(0]

ri ous mariti me weather tcheealet bgns,

iammmganual ly trai neSARdaitnat ennestid wi tvial

tersadet ont@d | wakari sompedend i dent

curate refmeceuE@ppos ntRiaado nf tomnsf or

d edigedutidnesstititicnoan

of sihsi pr evterlioecvietdy

| cul atziimp tthfaé di stance witthhesubpi x

i p afdthewal etuhseche ¢l onfaistoynp atoda@d shi p

| octihAdéy | o iTéa n D-B M aAldS

- 16 -
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2 Retrieval of sea surface veloci
RADARSIATScanSAR Doppler centroi

iDoppl er Velocity Characteristics DL
UsiSganSAR Ra&Kvanazédal 63 10. ,

21 Background

Tropical cyclones such as typhoons and h

strength and frequenEmameld,r, 2ddRbsp agt mas

damage and | eadi ng etso tdyips asatldrys .f oS ur ho veey
waters near the equator, where the Cori ol
central area of |l ow pressur e. Due to the
cyclones, it is st raomnigcl yr ersepgouni sreesd ttoo torbospe

better understanding of propagation spee
cyclones and thus minimize tKklnd schamages

2002; Reppudci Téte albska@at® eni aatdi oan of

currents, waves and winds under extreme
many physical oceanographers. It is ofter
extreme conditions, w h i n@eha saul rseomelnetds toof at h

state of the oceanic response to tropica
the mechani sms oFricgdadmamedddp@e e mamnidh g s ,

1984Lyzenga and Bennett, 1988

Unt il recentlfy, seneasur émept xuorents hav

- 17 -



various appfrroagtherscy H(@ Hh) radar and drif
commonly wused in situ tools to measure s
grodhmded radar syst em, fwhliadl laicmiuti s itth e nr
Similarly, drifting buoys can only provi
[Shay et al ., 1998; aGrdahereret halve, bEEN6 i
accessing region ofs inetcessatry Aocdredvien glp
with capable of observing sea surface cu
these data are ondtymavarl dmliterimhnt neat!| y.
mi crowave remote sensi ngersoyreetteems (sQud KK S
Advanced Scatterometer (ASCAT) have been
these sensors can penetrate most <c¢clouds
aisrea interface. However, t heirral s pa&tnisalof
kil ometees Jpl .Qce&a@mni3c features respondin
di ffer from place to place and may be var
s pabcoer ne synthetic aperture radamefitSARD ¢

observe the sea state at high resolution.

In recent times, SAR technigues have bee
data over | ar gter aaake aisnt eSrAfRe rad nmentgr y ( AT 1 )

which uses the phadeatii ahéeereenasstbeeweeac
datka m et al ., 2003;. Raomeiagdry &t01a2l;. ,AT20 @ -
X (TerX asgwhR f or digital el evati on measur e

optimum baselines. Haweaewart, ysu dhmiATeld,d abtea

- 18 -



track baselines corresponding t-oot-hewr egi

|l atitude regions, are usually |l onger thar
[Krieger et al ., 2]0.07T,h uRso,metihsee ra peptl iacla b, i [2i(
i mpeded by data avail abil i tsyen sdietsipviittey ictu
measurements. To address this, it i s al sc

to extraaty prassueftacdatca.

A previous study wusing SAR data demonst:
extracted f rlonm tRAAIDDAAERISCATbeam raw data and
was directly relatedKotod jt led . sad an, salkr@fGabcsee g
ssudy, quantitative sea surface current v
bet ween surface cuobseghs) (pndj Qotped er n al
ENVI SAT Advanced Syntheti €hApemnthurie Radar
There moadsslang study of sea s tlr fsatcaen dcau rdr
mode using wavelength diversit-yoakkmbbgat t:
frequency ( MLNBaFr)g haalngyo r iN200hOt®e f r a mo d e | was
simul ate the sena RADAREARFI rteMamadiéa nfy,, o 201 2
Mostly, the Doppler velocity was dominat
wel | as sea surface currents. By subtract

vel ocit yr eosfonBarnaggcapi lelffdrexct waveom( wihred t o

vel ocity, the quantitative anomaly shoul
[Mol I er e]t. aHr.eviloou9s8 st udies focused only
wind conditions, and an teax thearwvsi dre enf etxhpes
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to test oceanic responses to tropical <cyc
during the-Yty/fpRNONT)evitg na.l . Fu r2tOHMe&r mor e, Wi n
from the Dopplsewrat §hiSfAtR dafat witcheas ed e andar
compl ex meteorological condi ti e@mrse,ssuucech

systdmsche et. alhi,s 20lud]y found that the
correlated with the wind patternmamea henc
realistic wind directions in case of <cor
situati ons. However, a quantitative vali

possi bl-wi hdrcbhdhtions.

Sea surface current hravef al wagse dteeaf i &
di fferent domains of oceanography and m
positive results observed based on the D
addressed. I n this study, cit he i ada gther
conditions were examined usingdg &ScaaféadRdel
raw data for better wunde2r.,s2tchatda ngc oudi diutril
met eor ol ogi cal history of five diffifbeent
met hodol ogy of estimating Doppl er vel oci
descri be® .i¥nurstelcetri oannal yze the characteri
various Hurricanes in different eceans an

ti mes i2n,4s@&mrccd i foinnally maded4our concl usi on
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22 Data set and meteorology

The Western Pacific and the Atlantic Ocean were selected as study area to
investigate sea surface velocities under aforesaid extreme conditions assutiated
tropical cyclones, because these regions are known as the most gyrdoeeegions
worldwide. In particular, the Pacific Typhoon Xangsane (2006), the Atlantic
Hurricanes Dean (2007), lvan (2004), Kyle (2002), and Lili (2002) were investigated,;
Typhoon Xangsane was one of the biggest storms to hit Vietnam in the past several
decades, and Hurricane Dean was one of the strongest tropical cyclone of the 2007
Atlantic hurricane season. Similarly, Hurricane Ivan was the 10th most intense
Atlantic hurricare ever record, whereas Hurricane Lili was the second deadliest and
costliesthurricane of the 2002 Atlantic hurricane season. Hurricane Kyle (2002) was
category 1 hurricane that lasted for 22 days and became the 5th-ibregpesttlantic
tropical cycloneon record. Thus, these regions were selected as suitable areas for the
study of oceanic responses (induced sea surface currents) to extreme tropical cyclones.
This study was initially conducted as a part of the RADARSAT Hurricane
Applications Project (RHAP led by the Canadian Space Agency (CSA).
RADARSAT-1 ScanSAR data capturing Hurricane Dean, Hurricane Ivan, and
Typhoon Xangsane were acquired on August 17, 2007, September 6, 2004, and
September 30, 2006, respectively (Figurg, 2-2, and 23). In additon, sequential
observations of Hurricane Kyle were acquired on September 26 and 27, 2002 (Figure
2-4), and in similar period, Hurricane Lili were also sequentially obtained on

September 27, 28 and 30, 2002, respectively (Figime 2
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swat h DWAIRSSEAMT Socfa nRSAAR mode i s appr oXxi maé

500 km, which is achieved by combining f
(W1 and W2) and standard beams 5 and 6
resolution of the Sc@alBdRt mbd@ mk, rel@atitv
to study mesoscale sea surface cur-rents &
1) Huirmd waenke changes could be observed
surface imprints of huaricamasdsucandswa\
around the eye wall were clearlwaabdmr eser
to extract the path of Hurricane Lili, f
category change from t fopmivdrall 8s taardm tti @ nh
scale features of the sea surface, which
under thick storm clouds, were wel |l obs
symbols and corresponding temposhbwani aof
hurricane al ong the Tmepwiorng Xraagl anfe Wwhe
September 25, 2006, in the Western Pacif|
After it grew from a tropical dptpgmbseri on
30, 2006, across the China Sea near t he
its intensity wuntil it approached to Viet
to sl owly weaken the typhoon on Sg&ptembert
Xangsane -ewnads tay plhoovminn utwe ¢ hwil®ds of 36 m/ s
Japanese Meteorological Agency (JMA). On
t he Cari bbean Sea on August 17, and its n
wi ndabaott 43 m/ s, passed directly over \
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Dean strengthened to form a Category 4 hi

both size and intensity, according to t
At mosphericonAdriNfDIAAY)r atNat i onal Hurrican
[http://www. nheamoaaeavgegdw/ppled from a | arge

of f the west coast of Africa on 31 Augus!H
of Category 3, withOwi biCspae®epfembearf sb6
Il van the southernmost major hurricane on
| evel closed circulation on September 27
m/'s by September 28 as ast sobwlgamaireaaer !
nort hwviagw) d T hen, the storm tunoedhwgeadu:
while strengthening, eventually becoming
Lilii reached its peak strempegthl off QGCat end ¢!
September 30. Kyl e (2002) became a hurri
intensity of 38m/s is estimated to have
683kmseasheast FofguBer wdae (mai nt Abnetdhehi
next 24 hours before gradually weakenir

nort hhrwestteo northerly vertical shear
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Fi g 2deRADARSIAT ScanSAR amplitude i mages captu
sequentially on September 26 and 27, 2002.
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