N

N
N

HAL

open science

SAR Imaging Features of Shallow Water Bathymetry
P. D. Pivaev, V. N. Kudryavtsev, E. A. Balashova, Bertrand Chapron

» To cite this version:

P. D. Pivaev, V. N. Kudryavtsev, E. A. Balashova, Bertrand Chapron. SAR Imaging Features of
Shallow Water Bathymetry. Physical Oceanography, 2020, 36 (3), pp.313-328. 10.22449/0233-7584-

2020-3-313-328 . hal-04207354

HAL Id: hal-04207354
https://hal.science/hal-04207354
Submitted on 5 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04207354
https://hal.archives-ouvertes.fr

CIIYTHUKOBAS IT'HJIPODPN3NKA

YIK 528.88+551.462.2+551.466.4 DOI: 10.22449/0233-7584-2020-3-313-328

Oco0eHHoOCTH IPOSIBJICHUS] JOHHO TOnOrpagumn
Ha cnnyTHUKOBBIX PCA-u300pakeHusIx

I1. 1. lusaes® *, B. H. Kyapssues’ 2, E. A. baaamosal,
B. lllanpon® 3

L Poccutickuii 2ocydapcmeennviii 2udpomemeopono2uieckuil yuueepcumen,
Canxm-Ilemepbype, Poccus
2 Mopcxoii 2udpogusuueckuti uncmumym PAH, Cesacmonoaw, Poccus
3 Institute Francais de Recherche pour I’Exploitation de la Mer, Plouzane, France
*E-mail: pivaev.pavel@gmail.com
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Lens. PaccmarpuBarotcs 3 (eKThb IPOsIBICHUS HEOAHOPOAHOCTEH AHA ceBepHOU yacTu benoro Mops
Ha HM300paXKeHMAX, MONYYEHHBIX C MOMOILIBIO PaJHOIIOKaTOPOB C CHUHTE3MPOBAHHOHM amepTypoit
(PCA), ycraHoBIeHHBIX Ha criyTHHKax Sentinel-14, Sentinel-1B.

Memoowt u pesynomanvi. HeOMTHOPOJHOCTH JTHA TPOSIBIIIOTCS B BU/E CBETIIBIX M TEMHBIX aHOMAIN
sipkoctu PCA-n300pakeHnid. AHOManny (MKCHPOBAIICE TIPH CKOPOCTH BETpa B AWANa3oHe ot 2,6 10
10,8 m/c. AHOManMu yzrenbHOH 3 QEeKTHBHOH ITONIaaN pPaccestHUsI CTAHOBIIINCH MHBEPCHBIMU (SIp-
KH€ CTAaHOBWIIUCH TEMHBIMH, 1 HA000pOT) NIpH CMEHEe HaIpaBJIeHUs PHWINBHOTO TeueHwus. [TokasaHo,
yTo HabmonaeMele KOHTpacTel PCA-n300paxeHus: KOppeaupyroT ¢ TUBepreHnueil TeueHus, Gopmu-
pYEMOTo IpH B3aUMOJEHCTBUHM NPHIMBHOTO IOTOKA C HEOJHOPOAHOCTAMH JAOHHOH Tomorpaduiu.
Mognensable pacueTsl KoHTpacToB PCA-n300pakeHHI COTIAcyIOTCs ¢ HAOMIOACHHSAMU M HOATBEP-
KIAIOT cBA3b HaOmomaembix aHomamuit PCA-curnana ¢ QuBepreHuuel Te4eHWs, WHIYIHPYEMOTO
IIPY B3aUMOJCHCTBHY NPUINBHOTO TEUECHUS C HEOJHOPOIHOCTAMH penbeda. COBMECTHO ¢ MOJEIH-
poBanneM PCA-KOHTpacTOB IpoH3BeleHa KadeCTBEHHAs OICHKAa BKJIAJa Pa3IMYHbIX MEXaHH3MOB
B (popMHpOBaHNE HAOIIOaEMBIX MOIYISIIUI yaenbHOH 2 dexTrBHO mromany paccesaus. OcoObIit
akLeHT aenaercs Ha dddexre oOpymeHus BoiH. [Ipennaraercs MoAXoA K BOCCTAHOBIECHUIO penbeda
JTHA, OCHOBAHHBII Ha COOTHOIIEHUH MEXIy TPaIMeHTOM IITyOrHBI ¥ KoHTpactamu PCA-n300pakeHusI.
Bui6oowi. [lonoxxenne HeOAHOPOAHOCTEH penbeda AHA B MEIKOBOJHOM paiOHE B LIEIOM COBIA/AET
C TIOJIOXKEHNEM AVMBEPTEeHIUH U KOHBEPTEHIINH MPHIMBHOTO TEUEHMSI, KOTOPBIE HAOMIOAAI0TCS B BUIE
aHomanmii sipkoctd PCA-n306paxkennii. OcHoBHOM Bkiaa B HaOmoarourecss PCA-KOHTpacThl mpH-
XOIUTCSl Ha OOpyIIeHNs] MOBEPXHOCTHBIX BOIH. Habmrogaercs cormacie Mexay peKOHCTPYHPOBaH-
HbIM 110 PCA-naHHBIM 1 (hakTHYeCKHM penbedoM JHa, a paCXOXKAEHNS MHTEPIPETHPYIOTCS KaK BO3-
MOYKHBIE M3MEHEHHsI TyOMHBI U (hOPMBI OCOOSHHOCTEIl JTOHHOH Tomorpaduy, BBI3BaHHBIE BO3JEH-
CTBHEM MHTECHCHUBHBIX TEUCHHUI1 U BOJIH.

KuroueBsble cioBa: nonnas tonorpadus, Sentinel-1, PCA, oOpyIuieHust BOJH, JUBEPTCHIUS TCICHHUSL.

BaarogapnocTu: pabora BbIIOJIHEHA ITpU nojepxkke Poccuiickoro HayyHoro goHzia B paMkax npo-
exta Ne 17-77-30019. ABTops! BeIpaxkaroT 6iarogapHocTh A. B. 3uMuHy 3a npenoctaBieHUE JaHHBIX
o noHHOU Tomorpaduu B bexom mope.
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wenusix / I1. JI. [TuBaes [u xp.] / Mopckoit ruapodmsndeckuit xypHai. 2020. T. 36, Ne 3. C. 313-
328. doi:10.22449/0233-7584-2020-3-313-328
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Purpose. The aim of the article is to study manifestations of the underwater topography features in the
northern part of the White Sea in the images made by the spaceborn synthetic aperture radars (SAR)
Sentinel-1A, Sentinel-1B.

Methods and Results. In the SAR images, the bottom features are revealed as bright and dark
brightness anomalies. The anomalies were observed at the wind speed ranging from 2.6 to 10.8 m/s,
and became reverse (bright anomalies turned dark and vice versa), when a tidal current changed its
direction. It is shown that the observed SAR imagery contrasts correlate to divergence of a current
formed by interaction of a tidal flow with the bottom topography inhomogeneities. The simulated
SAR contrasts agree with the observations, and confirm the relation between the observed SAR
contrasts and the current divergence. Together with modeling the SAR contrasts, the contribution of
different mechanisms to formation of the observed modulations of the normalized radar cross section
was qualitatively estimated. The wave breaking effect was especially accentuated. The method for
retrieving the underwater bottom topography based on the relationship between the bottom gradient
and the SAR imagery contrasts is proposed.

Conclusions. Location of the bottom inhomogeneities in the shallow water region on the whole
coincides with that of the tidal current divergence and convergence zones, which are observed as
brightness anomalies in the SAR images. Breaking of surface waves is the main contributor to the
observed SAR contrasts. The bottom topography reconstructed from the SAR contrasts, and the actual
one resulted from the bathymetry maps are in good agreement. Some discrepancies are interpreted as
possible changes in depth and shape of the bottom topography features induced by action of strong
currents and waves.

Keywords: underwater topography, Sentinel-1, SAR, wave breaking, current divergence.

Acknowledgments: the work was carried out within the framework of project No. 17-77-30019
supported by Russian Science Foundation; the authors are grateful to Zimin A.V. for providing the
bottom topography data of the White Sea.

For citation: Pivaev, P.D., Kudryavtsev, V.N., Balashova, E.A. and Chapron, B., 2020. SAR
Imaging Features of Shallow Water Bathymetry. Physical Oceanography, [e-journal] 27(3), pp. 290-
304. doi:10.22449/1573-160X-2020-3-290-304

1. BBenenne

HNudopmanus o moHHONW Tomorpadum SBISCTCS KpaHE BaKHOM I oOecte-
YyeHus1 0€30MacHOro Cy10X0CTBa, MPOKJIaIKu TPYOOIPOBOAOB U Kabesei, miaHu-
POBaHHA M OCYIIECTBJICHUS THOYTIyOHUTENbHBIX paboT. B HEKOTOPBIX MENKOBOJ-
HBIX paiioHax (Hampumep, mobepexbs ['epmanmn, Hupepmanmos, Poccuiickoit
Apxkrtukn) (apBaTephl IPOKIAJIBIBAIOTCS B aKBATOPUAX C Pa3HBIMHU JIOHHBIMHU OT-
JIOXKEHUSAMHU. DTH OTIOKEHHUs] MOTYT pa3MbIBaThCcA U MEPEMEIATbCsl HHTEHCUBHBI-
MU TEUCHHUSMH WJIH MITOPMAaMH, YTO MOXET MPUBOJIUTH K OOMEJICHHUIO, MUTPALIUH
MEJIKOBOJIbSI M TIPEACTABIISATH MOTEHIMATIBHYIO YTPO3Y CyJOXOICTBY.

XO0poIo M3BECTHO, YTO CITyTHUKOBBIE PafHOJIOKATOPHl C CHHTE3HMPOBAHHEM
aneptypsl (PCA) — 3 deKkTHBHBIH MHCTPYMEHT HCCIICOBAaHHS M MOHHTOPHMHIA
Pa3INYHBIX OKEaHUYECKUX SBICHUH M MPOIECCOB, B YACTHOCTH N3MEHEHUST (POPMBI
ocobeHHOCTe#l MoHHON Tomorpaduu (cMm. rmaBy 10 B pabore [1, c. 245-262]).
314 MOPCKOU T'JIPO®U3UUECKUI )KYPHAJT Tom 36 Ne3 2020



[Ipu GaronpusATHEIX YCIOBHSAX (YMEpPEHHBIM BeTep, CHIBHOE TEUYCHHE) HEOJHO-
POIOHOCTH penbeda AHAa MOTYT MPOSBISTHCS B BUIE JIOKAJIBHBIX KOHTpacToB PCA-
Hn300paKeHMi, 94TO OBIJIO OMKUCAHO B psaae pabdor [2-8].

OJIHUM 13 BOXHBIX MPAKTUYECKUX TPUIIOKEHHH 3TOT0 3 (dekra sBiseTcs: pe-
nieHue oOpaTHOMU 3a1auu — BOCCTAHOBJIICHHWE TOHHOW Tomorpaduu mo JaHHBIM U3-
Mepennid PCA. Ilpumepbl pemieHus Takod 3ajaddl IPeICTaBICHBI, HalpuMep,
B paboTtax [2, 7-11]. O6patHas 3amaya B [9, 10] ocHoBBIBacTCs Ha 3dekrax pe-
(dpakuny, CBSI3BIBAIOIINX KUHEMATUIECKHE XaPaKTEPUCTUKHN TTOBEPXHOCTHBIX BOJIH
c penbeOM THa Ha MEJKOBOJBE, U HA OLIEHKE CKOPOCTH JMCCUIALNK BOJHOBOH
sHepruu y Oepera. B pabore [11] pemeHre oOpaTHOI 3aa4d OCHOBBIBAJIOCH Ha
(hopMarbHOM MaTeMaTHYECKOM armapare, He YUUTHIBAIOIIEM PUPOAY SIBICHUS.

Cy1ecTBYIOT U IpyTrye MOAXOAbI K PELICHUIO 3TOH 3a1a4M, KOrja yCTaHaBIIH-
BaeTcs CBSI3b KOHTPAcTOB pajauonokannoHHbX (PJI) mzobpaxenuit ¢ xapakrepu-
CTUKaMH BETPOBOI'O BOJIHCHUA. KOHTpaCTBI MOOYJIUPYIOTCA MMOBEPXHOCTHBIMHU TEC-
YCHUSIMH, MHIYLUUPYEMBIMU NPH B3aWMOJECHCTBUM OCHOBHOTO IMOTOKAa C HEOTHO-
POIHOCTSAMYU JOHHOW Tomorpaduu, 4TO MPEACTABISET ISl HAC OCOOBIA MHTEpEC.
B paborax [2, 3, 7, 8] B kauecTBe 6a3oBoit Mmonenu PJI paccessHus UCTIONB3yeTCs
Oparrosckast Mojienb. COOTBETCTBEHHO, TpaHC(HOPMAITHsi KOPOTKOW BETPOBOH psoH
(Ha OPATTOBCKOM BOJTHOBOM YHCJIE) HA TEUEHUSX JOJDKHA MPUBOIUTH K (HOpPMHUPO-
BaHUIO0 KOHTpacToB PCA-n300paxkeHuii qoHHOU Tomnorpaduu. [IpumeHeHne 3Toro
MOJX0/1a K PEIICHHI0 OOpaTHOM 3a/laui MoKa3alo, 4YTo OpAarroBcKasi MOJENb CyIlle-
CTBEHHO 3aHmkaeT KOHTpacThl PCA-u300pakeHn#, a Ui ee UCTIONh30BAHUS TPe-
OyeTcs BBOIUTH P HCKYCCTBEHHBIX MPEATIONI0KESHHN, CHIIFHO OTPAHIIMBAIOIINX
MPaKTUIeCKOe MPUMEHEHUE Pa3paboTaHHBIX aITOPUTMOB.

CymiecTBeHHOE 3aHMKCHHE MOJIENBHBIX KOHTPACTOB TMPOSBICHUS TEUECHUH
pazmuaHoi npupoasl Ha PCA-m3o0paxkenusx X- u C-nuamazoHa, 0 CpaBHEHHIO
¢ HaOJIOZICHUSIMU, OTMEYCHO B MPE/IISCTBYIOMMX padoTax [5, 12]. Kak nokazano
B [13] (cM. Taxke [14, 15]), OCHOBHO# NMPUYUHOW 3TOTO PACXOMKIACHHUS SIBIIICTCS
HECOBEPIIIEHCTBO OPATTOBCKON TEOpHH JUTsl ONMUCAHWS YAeNbHOW 3(deKTHBHOM
wioniaau paccesuus (YII1P) mopckoit moBepxHOCTH, B TO BpeMs kak PJI orpaxke-
HUS OT OOpYIIAIONIMXCS BOJH AAIOT 3HAYMTENBHBIN BKIIaJ B 00paTHOE paccesHue
Y SIBJISIFOTCSI OTIPEIEIISFOIINM MEXaHU3MOM B (QOPMHUPOBAHHUH MPOSBICHUS TCUESHUIH
B PCA-uzobpaxenusx. [Ipu sTomM aHOManmm OOpYIIEHWHA W COOTBETCTBYIOIINE
koHTpacTel PCA-curHana npuBsi3aHbl K 30HAM TUBEPTreHIMN TECUCHUH.

OcHOBHas 1ens JaHHON pPabOTHl — YCTAaHOBHUTH KOJMYECTBEHHBIE XapaKTepH-
CTUKH CBsI3M KOHTpacToB PCA-M300pakeHHsI ¢ OCOOCHHOCTSAMHU JOHHOW TOTOTrpa-
¢un 1 mapaMeTpaMH TeUEHHUS Ha OCHOBE JaHHBIX HAOMIOACHUN U MOACIUPOBAHMSL.

B rmaBe 2 paetcs onmcaHue paiioHa HAOMIOACHUI M MCXOAHBIX JaHHBIX, WC-
MTOJTF30BAaHHBIX B pabote. B rimaBe 3 ommckiBaeTcs 00paboTka PCA-n300pakeHni,
a TaKKe MPOBOAUTCS coBMecTHBIH aHanu3 PCA-KOHTpacToOB, AMBEPreHINH Teue-
HUs 1 penbeda qHa. MogenupoBanue koHTpactoB PCA ¢ omeHKoi BKilaga pa3iud-
HBIX MEXaHH3MOB (hOPMHPOBAHHUS OOPATHOTO pacCesSHHUS NPUBEIACHHI B TIaBe 4.
B riase 5 neMoHCTpHpyeTCS PEKOHCTPYKIHS pebeda aaa mo ganasiM PCA.

2. PailioH uccJief0BaHUA M HCXOAHLIE JaHHbIE
B nmamnoit pabote paccmarpuBaiorcs PCA-miposiBieHwsI TOHHON Tomorpadun
B ceBepHOll yactu benoro mops — B Tak HasbiBaeMoil Boponke bemoro mops
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(puc. 1). Crammonapasie cTpykTypsl B mone YOIIP PCA-u3o0paxkenusi, mpuypo-
YCHHBIC, MPEIINONOKUTEIBbHO, K MPOSIBICHUAM HEOIHOPOAHOCTEH [HA, MOXKHO
Habmronath Gakrudeckn Ha Bcex PCA-n300pakeHUsIX 10 JaHHOMY PalioHy.

45 °B. 1.

P u c. 1. Kapra benoro mops (IpsMOYroisHHKOM BhIIeNeHa 00nacTb BopoHky, KoTopas nanee aHa-
nmsupyercs 1o PCA-u300pakeHusIM)

F ig. 1. Map of the White Sea. The region (called Voronka) investigated using the SAR images is
marked out by a rectangle

B nmanHo# pabore npuBoautcs ananu3 14 PCA-u3o0pakeHuil, MorydeHHbIX CO
cnytHukoB Sentinel-1A, Sentinel-1B  EBpormeiickoro KOCMHYECKOTO areHTCTBa
(European Space Agency, cokpamentno ESA) B pexume Extra Wide Swath (EW)
¢ HH-monspusanueit B getHe-ocennuit nepuos ¢ 2016 mo 2018 r. Ha otoOpaHHbIX
n300paXeHUAX MPOCTPAHCTBEHHBIE BapHALMU IOJIS CKOPOCTH BeTpa ObLTH MHHH-
MaJbHBI, HA HUX TaKXe OTCYTCTBOBAJIM W3BECTHBIE MCKAKEHUS CHUTHAJA, BBHI3BAaH-
HBIE IPYTHUMH ABJIEHUSAMHE (HalpUMep, BHYTPEHHUMHE BOJHAMH U MTOBEPXHOCTHBIMHU
IUIEHKaMH), YTO TO3BOJMJIO aHAJIM3MPOBATH MPOSBIEHHUS AOHHOH Tomorpaduu
BunctoM Bujae. Wcnomssyemble PCA-u3zo0pakeHUs SIBISIOTCS IaHHBIMH 1-TO
yposus 06pabotku Tra GRD (Ground Range Detected). Ha mepBom stame o6pa-
OOTKM W3 3THX JAaHHBIX OBUI MCKIIOYCH TEPMabHBIN IIyM, Jajiee U300pakeHUs
Obun TpanchopmupoBansl B Ctepeorpaduueckyro npoekurio CeBepHOro mostoca
(EPSG:3413: NSIDC Sea Ice Polar Stereographic North / WGS84) ¢ paspermerrem
40 x 40 m. Ilpumep ¢parmenta PCA-uzo0paxeHnuss B yKa3aHHOM paHee pailoHe
WCCIIEIOBAHUA MIPUBEJIEH Ha pHC. 2.

s narepnperanyn PCA-pganHbIX HeoOxonnma HHpopManus o MoJisix rryOu-
HBI, CKOPOCTH T€4eHHH W mpuBogHOro Berpa. [lons monHoi Tomorpaduu Oblam
mo6e3no mpenocraieHsl A. B. 3umunbiv (Cankr-IletepOyprekuii ¢pmman MO
um. [1. T1. HlupmoBa PAH). [myOuna B paiioHe ncciieoBanus He mpeBbimaet 70 M
(puc. 3). MenkoBOIHBIE Y4aCTKH B OCHOBHOM MPOXOMAST BIOJb OEperoB CYIIH
1 0. MoprkoBell, OHM TakKe TpeACTaBICHbl YePEAYIOUIMMHUCS U MPOAONTOBATHIMU
OaHkaMu, TTyOMHA HaJl KOTOPHIMH He mpeBbImacT 15-20 M.
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P u c. 2. Illpumep nomydgenHoro cmyrHukoMm P wmc. 3. Kapra pemseda naa Boponku benoro
Sentinel-1B PCA-u3o6paxenust Boponku bemoro  Mopst (psiMOyroJbHHKOM 0GO3HaueHa 00J1acTh
Mmops B Crepeorpaduueckoii mpoekuun CEBEPHOTO  PaCHOIOKESHH OCHOBHBIX MOABOIHBIX OaHOK)
nomoca, 03:58 UTC 25.07.2017 r. Fig. 3. Bottom topography map of the White
Fig. 2. Example of the SAR image of the White Sea Voronka (location of the main banks under
Sea Voronka (in the Arctic projection) obtained by  study is marked by a rectangle)

Sentinel-1B on 25.07.2017 at 03:58 UTC

ITonsa ckopocTH IPUIMBHBIX TeUEHHUH OBLTH B3SITHI U3 ATiiaca TeueHui bemoro
Mopsi Ympaenenus [unmporpaduueckoit cayx6st BM® (1962 r.) (URL:
http://parusanarod.ru/bib/map/ws/tide/index.htm). B Atnace npuBeaeHbl CKOPOCTh
U HalpapJjieHUE TEUCHUH B pa3HBIX TOUKax bemoro mMops 3a onpeneraeHHOe Koynye-
CTBO 4acOB JI0 HACTYIJICHUS TTOJIHOM BoJIbI Ha 0. CocHOBell, Haxosmemcs B ['opie
Bermoro mopst. YtoObl momyuuTh TONS TeueHW Ha MOMEHT cheMku PCA-
n300pakeHKs, ObUTM UCIIONB30BaHbl PE3YJIbTATHI IPEABBIYUCIICHUN IPUINBOB B ITyHK-
te 0. CocHoBell, OCTyNHbIE Ha caiiTe Enunol rocynapcTBeHHON cHCTEMBbI HH(pOpMa-
1 00 ob6craHoBke B Muposom okeane (URL: http://esimo.oceanography.ru/tides/).
CorracHo ATnacy, IpWINBHBIE TCUCHUS B TAHHOM PaiiOHE MOTYT OBITH JOCTATOY-
HO HMHTCHCHBHBIMH (CKOPOCTh gocTHraeT 1,5-2 m/C) u, BBUAY CBOEH MPHUPOIbI,
3HAKONEPEMEHHBIMH. YUYHUTHIBasl TaKyl0 CHEUU(PHUKY TCUEHHH, MOKHO MPEAIoo-
XKUTbh, uTO PJI n300paskeHus1 OBUIH MOJIyYEHBI B YCIIOBUAX Pa3HbIX (Da3 JIOKAIBHOTO
npuiuBa. VIcXoaHble JaHHBIE O MOJSIX TIIyOMHBI MOPSI M TEUCHUH fanee ObUTH MH-
TeproaupoBansl Ha ceTky Crepeorpaduueckoid nmpoekuun CeBEepHOro Mojroca ¢
paspemenueM 40 x 40 m.

B kayecTBe TaHHBIX O CKOPOCTH MPHUBOJAHOTO BETPa MCIOIb30BAINCH PE3YJiib-
tatel peaHaauza ERA-Interim u3 apxusa ECMWF (URL: https://www.ecmwf.int/),
OCpeHeHHBIE 110 00s1acTH, oxBadeHHOW PCA-n3o0pakeHneM.

3. Cps3b koHTpacToB PCA-n300paskeHuii ¢ XapaKTepucTUKAMH
JIOHHOI1 Tonorpaguu
Kak ormeueno Bbliile, BHavasae u3 ucxonHbix PCA-n3zo0paxenuit Obll yaaneH
TepManbHbeIi mym. Jlanee ¢ uenpto mopasieHus cnekia-mryma PCA-uzo0paxeHus
ObUIM CIVIAXKCHBI MPU MOMOIIM aJIuTHUBHOTO (uibTpa Jlu [16] ¢ pasmepoM okHa
10 x 10 mukceneit. nst ynanenus 3apucumoctd YOIIP ot yrma mageHus, a Takxe

MOPCKOM T'MAPO®HU3MYECKUI XKYPHAJI Tom 36 Ne3 2020 317



OT «KPYITHOMACIITAOHBIX» BapHWalMii CHUTHAJIA, CBSI3aHHBIX C HEOTHOPOIHOCTHIO
moJist BeTpa, kK PCA-u300paskeHusIM OBUT MPUMEHEH (DHIBTP CKOJIB3SIIIETO CPETHETO
¢ pazmepom okHa 400 x 400 nukceneid. [lomydenHbie TaKUM 00pa30M U300paKEHHS
MIPEJICTaBISLINCH Jjajiee B BUjIE mojeit koHTpactoB PCA-n3o0paxeHus:

o'=c/ <0> -1,
rae ¢' — mosie koutpactoB PCA; ¢ — ucxogHoe PCA-u3zo0paxenue; <G> — m300pa-

’KEHHE TI0CIIe MPUMEHECHUS QUIIbTPAIIUHU CPETHUM.

Ha puc. 4 nokasaHbl OCpETHCHHBIC MOJIOKUTEIBHBIC U OTPHUIIATEIIBHBIC KOHTpA-
CTHI Ha K&KJIOM U3 M300paKEeHHH Kak (YHKIUS CKOPOCTH BeTpa. I[Ipu mocTpoeHUH
YUYHUTHIBAJIMCH TOJIBKO 3HAUCHHUSI KOHTPACTOB, MPEBBIIIAIOIIHNE [[BA CPEIHCKBAIPATH-
YeCKuX OTKIOHeHHs. Kak cieayer u3 aToro pucyHka, ¢ yBeJIHMUCHHUEM CKOPOCTH BET-
pa kouTpacthl PCA-cHrHaNIa YMEHBIIAIOTCS, OJJHAKO MMEIOT JOCTATOYHO OOJbIIHE
3HauYeHUs, YTOOBI OBITh WAeHTUHUIIUpOoBaHHEIMU Ha PCA-n300pakeHHsIX MpU CKO-
poctsix BeTpa 10 11 m/c.

0,75t
0,50t
"= -0,048- 0,95
© 0,25¢ g?: 0,55 s
0,007 »
o’=0,022-W- 0,582
0,25} R?=0,52
W
~0,50 - -
4 6 8 10
W, m/c

P u c. 4. 3aBucHUMOCTb CpeiHeH BETMYHMHBI OJIOKUTEIBHBIX (@) 1 OTpULATEIbHBIX (A ) KOHTPACcTOB,
MPEBBIIAIOINX /1Ba CTAHIAPTHBIX OTKIOHEHUSI BCETO MOJIsI, OT CKOPOCTH BETpa

F ig. 4. Average values of positive (®) and negative (A) contrasts, exceeding two standard devia-
tions of all the SAR images, as the function of wind speed

Hapsany co craiimoHapHOCTBIO PAacHONOXKEHUs (T. €. TOBTOPIEMOCTHIO (POPMBI
koHTpacToB YOIIP oT m300paskenus k n300paxeHuio), B moiasx PCA-KoHTpacToB
Obula BBIsIBIICHAa Ba)kKHas OCOOCHHOCTBH, KOTOpasi OTMedajach emie B padorax [17,
18], — na Hekoropbix PCA-n300pakeHHsIX TOJII KOHTPACTOB MEHSUIM 3HaK, T. €.
CTaHOBWJINCH WHBEpCHbIMHU. CMeHa 3HaKa, Kak OyJeT IMOKa3aHO HIKE, CBSA3aHA CO
CMEHOM HaIpaBlieHHUs NPUIMBHOTO MOTOKA (C HaIpaBiieHUs B cTopoHy bemoro mo-
Ps Ha IPOTUBOIIOJIOKHOE).

ITo sroit mpuumHe Bce PCA-nmanHbIe ObUTH pa3/iesieHbl Ha JIBE TPYIIBL: K TIEp-
BOH rpyrne Obutd oTHECeHBI 10T YOIIP ¥ COOTBETCTBYIOLIUE MM ITOJIS TSUCHUH
C OIHUM B3aUMHBIM pacroyiokeHrueM KoHTpacToB (11 cuen), a Ko BTOpoit — ¢ mpo-
TUBOMONOXKHBIM (3 cuensl). Janee momnst konTpactoB PCA-n300paxkeHuil u teyue-
HUW OBUTH OCPETHEHBI B TIpeenax Kaxaon u3 rpymm. OcpeaHeHne mojaeil KoHTpa-
CTOB MIPOUCXOAMIIO C YYETOM BEJIMYMHBI TUCIIEPCHU:
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N Zic'i std(c', )
)= )

re <G’> — OCpeHEHHOE T10JI¢ KOHTPACTOB OJHOM IPYIIIBI JaHHEIX; G'; — i-€ Tmoie

koHtpactoB YOIIP B rpymme; std(e) — omepaTop cTaHIapTHOTO OTKJIOHSHHSI.

IIpouenypa B3BELIEHHOTO OCPEIHEHUS TAKKE MO3BOJSIET BBIICIUTh CTAlMOHAD-
HBIN MIPOCTPAHCTBEHHO JIOKAIIM30BAHHBIA CUTHAJ, CBA3AHHBIA C MPOSBICHUAMU He-
OJTHOPOMHOCTEH penbeda THa, ¥ CBECTH K MHHUMYMY Bapuaruu Y OI1P, BeI3BaHHBIC
CIIy4alilHOM KM3MEHYMBOCTBIO CKOPOCTH BETpa U MPOSBICHUSIMU HECTAIlIMOHAPHBIX
MIPOIIECCOB B BEPXHEM CJI0€ MOPs (HapuMep, MPOXOKICHNEM BHYTPEHHUX BOJIH).
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P u c. 5. Cpennee mose xoHTpacToB PCA, noiydeHHOE U3 IEpBOH IPYIIIEI JaHHEIX 110 11 n3o6pake-
HUSM (@) ¥ U3 BTOPO# IPYIIIbI AaHHBIX 110 3 H306paxkeHusM (b); cpenHee moie NPHINBHOTO TEYCHHUS,
HOJIy4EHHOE U3 TIEPBOii IPYIIIBI JaHHBIX (€) ¥ U3 BTOPO# rpyIIisl JaHHBIX (d)

F ig. 5. Average SAR contrasts fields resulted from the first data group using 11 images (a) and
from the second data group using 3 images (b); tidal current fields for the first data group (c) and for
the second data group (d)

[ons konTpactoB PCA-n300paskeHmii 1 IPUIMBHBIX TEYCHUH IS KOKIOH U3
TPYIII IpeACTaBIeHsl Ha puc. 5. Kak BUIHO M3 IPHBEIECHHBIX Ha puc. 5, ¢, d cpen-
HUX IOJIEH TEUEHWH, UMEIOUINX B IIEJIOM NMPOTHUBOIMOJIOXKHBIE HANpPaBICHUSA, IS
o0eux TpyHn AaHHBIX MOATBEPKAACTCSA NpEeAnojioxkeHue o cMmeHe 3Haka PCA-
KOHTPAacTOB BMECTE C U3MEHCHHMEM HAIPABJICHUS NPWIMBHOIO TedeHUs. B momsix
KoHTpacToB YOIIP MOXXHO BBIIENHUTH YETHIpE SPKUX MPOSBICHHUS HEOTHOPOIHO-
cTelt penbeda qHa (0003HaUCHBI HA pHC. 5, &, b sammuncamu): ocodennoctn B u C
MIPOSIBJISIIOTCS. TIOYTH C OJIMHAKOBOW WHTEHCHBHOCTHIO B pa3Hbie (ha3bl MPUIIHBA,
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oxHako ocobennocT A u D Ha puc. 5, b He uMeroT Takoro e BBIPaKEHHOTO MPO-
SIBIICHUS, KaK Ha PHUC. 5, @, YTO MOXHO OOBSCHUTH HEYCTOHYHMBBHIMHU BapHALIUIMU
CUTHAJIa B JAHHOM MECTE B COOTBETCTBYIOIICH TPyIIe H300paKeHNH.

Crnenyst padote [13], MbI mpeamnomnaraem, uro anomanuun PCA-curHama, BBI-
3BaHHBIC TCUCHHUSMH, CBSI3aHBI C MTOJIEM JINBEPTEHIIMU TTocleHnX: yeunenne PCA-
CUTHAJIa TIPOUCXOIUT B 30HAX KOHBEPTEHIMH TCUCHHI, a 0CTIabJICHHE — B 30HaX UX
IuBepreHIuu. Tak kKak MacmTad reHepamuu OpIrTOBCKUX BOJH (mopsaka 10 M)
HAMHOTO MeEHbIIIe MacimTabda W3MEHYMBOCTH TEUCHUH B paccMaTpuBacMon o0iia-
CTH, Ha0o1aeMasi OCOOCHHOCTh MPOSIBIICHUSI MOXET OBITh O0YCIOBIICHA MOJYJISI-
et oOpymenuit BoaH. OOpymeHus, OKa3pIBasi 3aMETHBIHN (HO HE OTIPEIeIISIONIHIA)
BKJIaJ] B 00paTHOE paccesiHue, 001aIal0T CHIILHOW YyBCTBUTEIBHOCTHIO K I'PaIUCH-
TaM TEYCHUH W YCWIMBAIOTCS B 30HAX KOHBEPIEHIIMM TCUCHMI, a OCIAOJSIOTCS
B 30HaX WX JAuBepreHnuu. Mcxons U3 3TOro, MpOsIBICHUS JOHHONW Tomorpaduu Ha
PCA-n300pakeHUIX MOXKHO MHTEPIIPETUPOBATH KaK MPOSIBIICHUS 30H KOHBEPI'CH-
IUU/JMBEPTCHIIMN TCUYCHHU, BBI3BAHHBIX B3aMMOJICHCTBUEM OCHOBHOTO MPUIUBHO-
IO TEYCHHUS C HEOJJHOPOIHOCTSIMHE peiibeda JHa.

3 TCOpUHU MeJIKOH BOJbI CJICAYCT, UTO JUBEPTCHIUA CKOPOCTU TCUCHUA U CBs-
3aHa C JIOKAJIbHBIM I'PaJTUCHTOM I‘HY6I/IHI)I H CICOYIOIIMM OTHOIICHUCM:

V-u=—u-VH)H. @)

Kak cnenyer u3 puc. 3 1 5, HEOAHOPOTHOCTH JTHA BBITSIHYTHI BJIOJIb HAIpaBIIe-
HUsl npwiuBHOrO mnotoka. [lo 3toit mpuumne nns uHTepnperanun PCA-maHHBIX
HaOJIIOJICHUI B KaueCTBE NIEPBOTO MPHUOIMKEHUS B TAHHON paboTe Mbl OyieM pac-
CMaTpUBaTh OJHOMEpPHOE BEIpakeHHe (1), TIe JIOKaapHO OCh X HaIpaBJICHA BIOJb
ocHOBHOI opueHTaru PCA-KOHTpacTOB (MEPICHIUKYIISPHO JIMHUN HAaUOOJIBIIETO
cKaTa JHa), a och Y — B MEPICHAUKYISAPHOM K ocu X Hanpamienuu. Ecmu momy-
CTHTh MaJIOCTh TpaJliCHTa IyOUHBI 1O OCH X U, TAKUM 00pa3oM, OTCYTCTBHE JTU-
BEpreHIMH B 9TOM HaIlpaBJeHWH, BbipaskeHue (1) mpuHUMaeT BUL

v/oy =—(voH,/H?)oH / oy, 2)

rae V — KOMIIOHEHTa CKOPOCTH B HampasieHuu ocu Y; V, u H, — dhoHOBBIC 3Haue-

HUS CKOPOCTH W TIyOWHBI (BHEe 0cOOCHHOCTH AHA). M3 cooTHOmIeHHs (2) ciemyer,
9T0 YeM OoJblle IIyOuHa MOps, TeM MEHbLIE CKOPOCTh M JUBEPreHIMS WHIYLHU-
pyemoro teueHus. Tak kak PCA-KOHTpacTHI ONPEAeaIOTCs AUBEPTeHIINEH TeUeHHH,
TO MOXKHO OXKHMIATh, UTO TPOSIBIICHUS AOHHOHN Tororpaduu Ha PCA-m300pakeHnsIx
B MEJIKOM Mope OyayT OoJiee BEIpayKEeHHBIMU, a Ha TITyOOKOH BO/IE HCUE3HYT.
Comnocrasnenne koHTpactoB PCA c nuBepreHiueil TedeHUs, 0OTEKArOIIero
3aJlaHHBIA PO TITYOWHBI, TPOBOAMIIOCH BIIONb YETHIPEX CEUSHH, MTPOBEICH-
HBIX 4Yepe3 BBIJCICHHBIC OCOOCHHOCTH TOJIsi KOHTpacToB Ha puc. 5. [Ipodumu
PCA-konTpacToB, riryOWHB MOPS W AWBEPTeHIINY NIPUBEJIEHBI HA puC. 6, T I
MHUHUMH3AIIA OCTAaTOYHBIX CIy4daiHbIX Konebanuit YOIIP k cedeHmsM KOHTpa-
CTOB TPUMEHSJICS (DUIBTP CKONB3SIIET0 CPETHEr0 C PasMEpoOM OKHA, PaBHBIM
10 emuauamM auckpeTHocTH. st pacdeTra MUBEPTeHIIMN HCIIOB30BaIach MPOEK-
IS V, CPEAHETO OISl CKOPOCTH TEUEHUsI Ha HAIIPaBJIEHUE KaXKA0r0 U3 Pa3pe3oB.
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P u c. 6. lonnas Tonorpadus B BeiAeiIcHHON oOnactu PCA-nu3o0paxenuii (a), TuHUCH ¢ UQpoii
o6o3znauensl ceuenus 1 (b), 2 (), 3 (d) u 4 (e) noneii koutpactoB YOIIP (cruiommHas JIMHUS), TUBEP-
TEHIINY TEYCHUsI, B3ATOH ¢ 0OpaTHBIM 3HAKOM (IITPUXOBast), U penbeda JHa (IITPUXIYHKTUPHAS) IPH
HAIpaBJICHUU TPWIUBHOTO TEYCHUSI B MOPE; TE€ K€ CEYCHUS, HO MPU MPOTHUBOIOJIOKHOM HalpaBlie-
nuu npumeaoro teyenus (T, g, h, i)

Fig. 6. Bottom topography of the marked area of SAR images (a), the lines with numbers denote the
transections 1 (b), 2 (c), 3 (d) and 4 (e) of the SAR contrasts (solid line), current divergence with the
negative sign (dashed line) and bottom relief (dash-dotted line) when a tidal current is directed to the
seq; the same sections but the tidal current direction is reverse (f, g, h, i)

Kaxk cnenyer u3 puc. 6, koutpactsl PCA-curnana Jokaau30BaHbl B MECTaX OT-
HOCUTENFHO OONBIIMX 3HAUEHHWH AWBEPreHLNH/KOHBEPIeHLNH, KOTOpPhIE, B CBOIO
odepensb, PacloioKeHB Ha ckioHax OaHok. IlomokurensHbie PCA-KOHTpacThI
COBMAJAIOT C 30HAMHU KOHBEPTEHIIMH, & OTPULIATEIbHBIE — C 30HAMHU TUBEPTECHIIUN
teueHus. [lomoOHas cormacoBaHHOCTB, a TAKXKE €€ COXpPaHEHHE NMPH cMeHe (a3bl
MPUIIMBA XOPOIIIO BUIHBI Ha TIEPBBIX TpeX paspesax, puc. 6, b —d u f — h. OrmeTnm,
YTO B HEKOTOPBIX cydasx HaOmonaetcs capur Mexny PCA-KoHTpacTamMu u 30Ha-
MU JTUBEPTEHIIUH/KOHBEPTCHIIUN, YTO MOXKET OBITh CBSI3aHO C Pa3IHUUEM MEXKITY
(hakTUYECKUM (pEealIbHBIM) TTOJIO)KEHUEM CKJIIOHOB U CIEAYIOUINM M3 KapThl TITyOuH
Ha puc. 3. O4eBHIHOE pacxoxaeHue Mexay konTpactamu PCA u nuBepreHuueit
HaOroaeTcst Ha paspese 4 (puc. 6, €, i), 4To 1aeT OCHOBAHUE MPEANONIOKUTD, YTO
(hakTHyeckuil mepenaj rIIyOuH MOXKET OBITh TOpa3o OOJNbIIE TOTO, KOTOPHIH TpH-
CYTCTBYET Ha KapTe UMEIOILEHCs JoHHOH Tonorpaduu (puc. 3).
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4. Moneaupoanue PJI curnanaa
IIpoBenem wmHTeprpeTanuio AaHHBIX PCA-HaOMIOACHWA HAa OCHOBE MOJICITH
dhopmupoBanns PCA-u300pakeHnii MOPCKOW MOBEPXHOCTH (311€Ch M J1ajiee — MO-
nenb RIM), mpemnoxenHoit B pabote [13]. B cOOTBETCTBHMU € 3TOH MOECIBIO,

VOIIP mMopckoit moBepxHOCTH G5 (PP — 0003HAYAET MONSIPU3ALIKIO, HAIPUMED VV
mnn hh) pu ymMepeHHbIX u O0NBIINX yTiax mafgeHus (0oibiie 25°) mpeacraBmseTcs
B BUJIC CYMMBbI PE30HAHCHOTO OPIITOBCKOTO PaccesiHust Gy (OMHUCHIBAEMOrO B pAMKax

AByxMmaciuTabHo Mozienn) U PJI orpaxkeHnii oT 0OpyIIaronyXxcs BOIH G, -

G5 =005 +Oup: ®)

OtHocutenbHBI BKIaA oOpymenudt BonH B YOIIP, paccumTeiBaeMbIil 1O
dopmyne R} =0, /0", 3HaunTenen: Ha VV-NoNspu3aii OH B CPEAHEM MEHs-

ercs B ipenenax 30-50 %, a na HH-nonsipusanuu cocraBnsier npumepHo ot 50 110
65 % ot momHo# YIIIP (cM. puc. 2 B padorte [14, c. 3]) npu yriie najeHus CUrHana
okono 35,5°, xapakTepHOM [UIs ILeHTpa (parMeHTOB HCImoib3yeMbix PCA-

n300paxkeHuit. OTHOCHTENBHBI BKIax oOpyIueHuii R[P Takke CHIBHO 3aBHCHT OT

HanpaBJICHUs] MKy PaJAXOIOKaTOPOM U BETPOM: MPUHUMAET MaKCHUMalbHbIE 3Ha-
YeHWsI TPY HAIPABJICHWH PaJHOJIOKATOpa MEPIECHANKYISIPHO BETPY, MUHHUMAIb-
HBIE — [P HAMPABJICHUHU 110 BETPY M MPOMEXYTOUHBIE 3HAYCHUS — IIPHU HaIpaBie-
HUH [IPOTHUB BETpa.

Kak mokazano B Mmogemu RIM, mposiBnenune teuennii Ha PCA-n300pakeHIIX
B IIEPBYIO OYepenb O00YyCIOBICHO MOIYJAIHUEH oOpyreHuit BoH. CIeKTphl Opar-
roBckux BonmH C-nuamna3oHa (AJMHa BOJHBI 5,5 ¢cM) B crity Manoro macmraba pe-
nakcauuu (mopsiaka 10 M) HE MOAYIMPYIOTCS Ha TEYEHHUSX C MacIITabOM H3MEH-
YHBOCTH TOPSAJIKA COTEH METPOB U OoJiee, a UX yPOBEHH ONPEAETAETCS JOKAIHHON
CKOpOCThIO BeTpa. Bxmag oOpymenuit Bonn B YOIIP nponopuuonasnen nosie mo-
BEPXHOCTH MOPSI, MOKPHITOH OOPYIICHUAMH, KOTOpas (GOPMHUPYETCS B HIMPOKOM
CHEKTPaJIbHOM JIHANa30He IJIMH BOJIH — OT METpa M0 JJIUH BOJH CIIEKTPAIBLHOTO
nuka. COOTBETCTBEHHO, CIIEKTP BOJH B 3TOM JHAla30HE YyBCTBUTENEH K BO3ZCi-
CTBHIO TEUCHUH, YTO MPUBOAMUT K 3HAUMTEILHON MOAYIISLMN OOPYIICHUH BOJIH, UH-
TEHCHBHOCTb KOTOPBIX SABJISICTCS CUIIBHO-HETMHEHHON (DYHKIIMEH YPOBHS CIIEKTpA.

Ha puc. 7 npencrasieHpl WUTFOCTpad 0COOEHHOCTEH (POPMUPOBAHHMS TIPOSIB-
nenusi noHHoi Tonorpaduu B PCA-n300pakenusx. B xauectse mpumepa BIOpaHO
ceyenue 1 (cM. puc. 6) 1uis cirydast, Korjaa TedeHue HarpasieHo B benoe mope.

Puc. 7, a, C 1 € moka3pIBalOT 3aBUCUMOCTh KOHTpacToB YOJIIP Mopckoil mo-
BEPXHOCTH OT yIJIa MEXIy HalpaBlieHHEM NPUBOIHOIO BeTpa U HamnpasieHuem PJI
30HJIMPOBAHMS, & TAKXKE BKJIAJ PA3IMYHBIX MEXaHHU3MOB paccesHusi — OPArTOBCKO-
ro paccestaust v PJI oTpaskeHuid oT 0OpyIiaronuxcsi BoJH — B popmupoBanue PCA-
KoHTpacToB. OTMETHUM, YTO MOIYJSIMU CHEKTpa OpArroBCKOW psibu Ha paccmar-
pHBAaEeMBIX TEUCHHUSX HE3HAUUTEIBbHBI, YTO OOYCIOBICHO MajlbiM MaclTaboM HX
penakcanmu (nopsinka 10 M) Mo cpaBHEHHIO ¢ MacIITA0OM MPOCTPAHCTBEHHOH W3-
MEHUYUBOCTH paccMaTpuBaeMbIX TeueHul (mopsaka 1 km). CooTBEeTCTBEHHO, MOe-
mu PCA-niposiBiieHu#, OCHOBaHHBIE HA TOJIBKO OPATTOBCKOM PACCESTHUHM, HE CTIIOC00-
HbI OOBSICHUTH HaOmomaeMbie KOHTpacTel PCA-m300pakennii. Ha mepBeIid B3rmIsa,
ATOT BBIBOJ HAXOAWUTCS B MPOTHBOPEUNHU C pe3yibTaraMu padot [2, 3, 7], ogHako
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B HMX KaYeCTBEHHOE COOTBETCTBUE OPATTOBCKOM MOJEIM JaHHBIM HAOIIOACHHN ObI-
JIO TOCTUTHYTO IIyTEM KOPPEKTHPOBKH HJIM MMapaMeTpu3aliy MaciiTada perakcalim
psou i Boctipom3BeneHus Habmomaembrx PCA-konTpacToB. B oTnmdume oT yka-
3aHHBIX paboT, MacmTad penakcaiu B Monenu RIM He siBiisseTcst cBOOOIHBIM ITa-
pamMeTpoM, a UMeeT (PUKCHPOBAHHOE OINpeECTICHHE, CICAYIONIee W3 OUEBUIHOTO
(akTa, YTO peaKkIUM CIIEKTpa Ha BO3MYIICHUsI, BEI3BAHHBIC BETPOM M TCUCHUEM,
(usuUecKky SKBUBAJIEHTHHI (M. pasmen 3.1-3.2 B pabore [13, ¢. 9-11]).

a b
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P u c. 7. Monensusle koHTpacTel YOIIP mis cedennst 1 (cMm. puc. 6) IpH NPHINBHOM TEUCHUH,
HalpaBICHHOM B Mope (TPOeKnusl Te4eHHs, WHIYIHPOBAHHOTO HEOJHOPOMHOCTBIO penbeda,
Ha HarpaBJI€HUE CCUYCHUSA HOJ'IO)KI/ITGJ'IBHa), npu CKOPOCTH BETpa 7,5 Mm/c: BETCP HaAIIpaBJIC€H 10
TeyeHuto (a, C, €), a paJuoIOKaTop 1o BETpy (), MepNeHANKYIAPHO BeTpy (C), mpoTHB BeTpa (€);
paauonokarop HampaeieH nepreHaukymsipao Berpy (b, d, f), a Berep mo Teuenuo (b),
neprieHaukyisipHo tedernto (d), nporus teuenust (f). UepHas crutomHas JWHHSA — HaOIOacMbIe
KOHTpACThI, oMydeHHbIe Sentinel-1, uepHast mTpuxoBast — KOHTPACTHI 110 Mozenu RIM, cuHsis TuHUS
— KOHTPACTHI B paMKax JByXMacIITaOHOH Op3rroBCcKoif Mozeny, KpacHast THHUS — KOoHTpacTel YOIIP,
CBSI3aHHBIE C MOIYIISIIIAEH OPITTOBCKOI pIoH

Fig. 7. Simulated normalized radar cross section contrasts for transection 1 (see Fig. 6) at the tidal
current directed to the sea (projection of the current induced by the bottom inhomogeneity is positive
in the transection direction) at the 7.5 m/s wind speed: the wind vector is parallel to the current (a, c,
e) and the radar look is directed downwind (a), crosswind (c) and up-wind (e); the radar look is cross-
wind (b, d, f) and the wind vector is directed down-current (b), crosscurrent (d) and up-current (f).
Black solid line denotes the Sentinel-1 observed contrasts, black dashed line — the RIM contrasts, blue
line — the two-scale Bragg scattering model contrasts and red line — the pure Bragg scattering
contrasts
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B oTimume ot OparroBckoit Momenu, koHTpacTel YOIIP B pamkax mByxmac-
mTabHO# OPIrTOBCKOM MOZETH CTAaHOBATCS 3aMETHBIMHU. B 3TOM ciydae Bapuanuu
YOIIP o0yciaoBieHs HM3MEHYHBOCTBIO CpefHekBaapaTuuHoro HakimoHa (CKH)
JUIMHHBIX BOJIH (C JUIMHAMM, B HECKOJIBKO pa3 MPEBBILAIOIINUMY JJIMHY PaJuoBOJI-
HBI), HECYIIHUX OpATrTOBCKYIO pPsiOb. MacmTalbl peiakcalii HU3KOYaCTOTHOM 4acTH
crnekrpa BoiH, popmupytommx CKH, conoctaBumMel ¢ Maciitabamu TeueHuid. [lo-
ATOMY B paMKax JByxMacmTabHo# Oparrockoit moaenu Bapuarmun CKH Ha Tede-
HUM BbI3bIBatOT Bapuauuu YOIIP (nmepBriii unen B BeipakeHuu (3)). Bkuan peso-

HaHCHOTO paccesHus B Bapuanuu nonHod YOIIP onpenensiercss 0OTHOCUTEIBHBIM

BKJIAJIOM cgg B nonHyto YOIIP cgh, KOTOPBI MUHUMAJIEH NpPH HAIIPaBICHUU pa-

JMOJIOKAaTOpa NEePIEeHANKYIISIpHO BeTpy. Kak cnenyer u3s puc. 7, ¢, npu Takux ycio-
BUSIX BKJIAJI PE30HAHCHOTO paccesiHus B (popmupoBanue koHrpactos PCA He3Hauu-
TeneH. Y4eT BKiaaa oOpymienuid BoiH B YOIIP (2-i uneH B BolpaskeHnu (3)) mpuBo-
IIUT K CYIIIECTBEHHBIM BapHalLlUsIM CUI'HAJIA, COIIOCTAaBUMbIM C HAOJII0Jat0UMUCS.

B uenom npoduns Bapuaiuii YOIIP coorBeTcTBYeT MpOGUI0 JUBEPICHIIUN
TedeHHi: yBenndeHne aHoManuii YOIIP mpomcxoauT B 30HaX KOHBEPreHIIUH
u ocnabneHrne — B 30HaX auBepreHnuu. Kak mokasano B pabote [13], cpenu Bce-
BO3MOYKHBIX KOMOMHAIMA KOMITOHEHT TEH30pa IPajilieHTa BEKTOpa TCUSHHS OIpe-
JENAONIee BIUSHIE Ha MOIYJISIIHIO WHTETPAIBHBIX MapaMeTPOB MOBEPXHOCTHBIX
BOJIH (TaKuX, HaIpUMEp, KaK JI0JIsl MMOBEPXHOCTH, IOKPHITas OOPYIICHUSMH, HIIH
CKH) oka3biBaeT JuBEpreHIHs. ITUM 0OBICHICTCS TI000ue npoduiei Bapraiuii
VYOIIP (kak momHOH, Tak U AByxMacmTabHoW Oparrosekoi Y IIIP) npoduism au-
BEpreHIMH TEUEHUH, HHAYLHPYEMbIX TOHHOW Tomorpadueii. U3 puc. 7, ¢ takxe
cienyet, 4yTo HanOonpie kKoHTpactel YOIIP cnenyer oxxuaars npu HanpaBIeHUH
paznooKkaTopa MepreHANKYISPHO BETPY, Koraa Bkian oopymenuii B YIIIP mno-
BEPXHOCTH MOpPSI MaKCHUMaJIeH, & CHJIbHO HEIMHEHHas 3aBHCUMOCTb MHTEHCHUBHO-
CTH OOpPYLICHUH OT YPOBHSI CHEKTpa MPUBOAUT K 3HaYMTENbHBIM PJI KOHTpacTaM.

Puc. 7, b, d u f wmoctpupyror 3aBucuMocth PCA-KOHTPAcTOB OT HarmpasJie-
HUS MEXTy BEKTOPOM BETPa U BEKTOPOM TEUCHHUS IPU (PUKCUPOBAHHOM YTIIE MEXK-
NIy HampaBJICHHEM paluojoKaTopa U BeTpoM (B JaHHOM ciydae 90°). AHomanuu
YOIIP MakcuMaIbHBI TIPH HATIPABIICHUU BETPA, TO €CTh MPU HAMIPABICHUHU PACIIPO-
CTpaHEHHs BOJIH HaBCcTpeuy TeueHHto. [Ipu Bcex HampaBieHHSX BeTpa OTHOCH-
TEIbHO TE€YEHHS NMPOCTPAHCTBEHHBIE Bapuanuu Y OIIP nprMepHO COOTBETCTBYIOT
npodUI0 AUBEPTrEeHIIMN TEUCHHUS C YK€ OTMEUCHHBIM YCHJICHHEM CHTHajla B 30HAX
KOHBEPIeHIIMH U OcialJieHHeM B 30Hax AMBepreHnud. OTMETHM HEKOTOpOE CMe-
meHue MakcuMyMoB YOIIP OTHOCHUTEIBPHO MaKCUMYyMOB KOHBEPICHLIMH U €€ MU-
HHUMYMOB OTHOCHTEJIFHO MaKCHUMYMOB JWBEPIeHLUH NPH U3MEHEHHSIX Hampasiie-
HUS BETpa.

OpnHako MOXHO 0XXKHJAaTh, 4yTO NMpH ocpeaHeHnu PCA-KOHTpacToB, MOJTydeH-
HBIX TIpW PAa3HBIX HaIpaBIEHUSAX BeTpa, oOmiee momokeHne anomammii PCA-
n300pakeHnH OyleT MPHUBS3aHO K 30HAM JIUBEPreHIMH TEYEHHH, YTO BUAHO W3
9KCIIEPUMEHTAIBHBIX JJAHHBIX Ha pHC. 8, I/ie BEKTOp BETpa U HAIpaBJIE€HUE PaTuo-
JIOKaTopa 3a/laHbl KaKk CPEeAHUE 3HAU€HMs B IpeJesiaX COOTBETCTBYIOIIEH TPYIIIBI
na"HeIX. OTMETHM TaKXe, YTO, KaK M B NPEAbIAYILNX pacueTax, 34eCh JOMUHHUPY-
fomuii Bkian B gopmupoBanne PCA-KOHTPacTOB OKa3bIBalOT MOAYIALUH 0OpY-
LICHUH; pOJIb MOAYIISLUHA CIIEKTpa OPATTOBCKON PO MPEHEOPEKUMO Malna, B TO
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BpeMs KaK BKJaJl PE30HAHCHOI'O PacCesiHHMsS B paMKax JIBYXMAcCIITaOHOHW MOIEIH
(3a cuet mogymsiimii CKH) MosxeT ObITh 3HAUUMBIM.

1,0f

0,5

=1,0r ) . : ) t
00 25 50 7,5 10,0 12,5
PaccTosHMe, KM

P u c. 8. Monensuble koHTpacTsl YOIIP mi1st TOTO 7€ CeueHust U IIPH TOM ke TeIeHHH, 9TO Ha puc. 7.
O0603Ha4eHNs Te K€, 9TO Ha pUC. 7

Fig. 8. Simulated normalized radar cross section contrasts for the same transection and at the same
current as in Fig. 7. The notations are the same as in Fig. 7

5. Ouenka riayounsl no PCA-koHTpactam
KauectBennoe coorBerctBue PCA-KOHTpacTOB AMBEpPreHIMH TeUEHWH Hak
HEOJHOPOIHOCTSIMH JHA, 3aJaHHBIMU anpHopu (CM. puc. §), 1aeT OCHOBaHHUE pac-
CMOTpEeTh 00paTHYIO 3ajauy — Oompe/ielieHHe TIyOHHBI 0acceifHa 1o perucTpupye-
MbIM aHoManusM PCA-curaanma. st 3TOro MBI TPEIIIONIOKHM, YTO KOHTPACTHI
PCA K nponopumoHainbHbI TUBEPreHIUH MOBEpXHOCTHBIX TeueHuit: K oc div(u),

rae KodQpQUUUEHTOM MPONOPLHMOHATIBHOCTH SIBISETCS HEKOTOpas IMepelaTouHast
dbyakoms. Kak ciaemxyeT u3 pe3ynbTaToB MOACIUPOBAHUS (CM. puC. 7), 3Ta QYHKITUS
MOJKET 3aBHUCETh OT HANpaBJeHHsl BEKTOpa BETPa OTHOCHTENHHO BEKTOpa TCUCHHS
W HaIlpaBJICHUS PaJUOJIOKaTOpa, OT CKOPOCTH BeTpa (CM. pHc. 4), a TaKxe, BEpOsIT-
HO, OT psiia ApyTrux (HakTOpOB.

s mpocToTHl cuuTaeM, 4To 0COOEHHOCTH OaTUMETPUH KBa3HOJAHOMEPHEI.
Torna, ncnosp3ys ITMHEapu30BaHHOE ypaBHEHHE (2), MOkeM 3anucath cBsi3b PCA-
KOHTPACTOB W M3MEHEHHH TITyOMHBI B HAIIPABJICHWN HAWOOJBIIIETO CKaTa B CIETY-
IOTIIEM BUJIE:

K =ToH /oy, (4)

rae T — mepemaToyHast (pyHKIUS, KOTOpasi OMpeaessieT TOYHOCTh BOCCTAHOBIICHUS
rIyOuHBL. B nanHOM paboTe MBI ImonaraeM, 4To nepeaaToyHas GyHKITHS HaM HEeH3-
BECTHA, OJTHAKO M3BECTCH Ieperna;l TTyOuH B paccMaTpuBaeMoi 001acTH, KOTOPBIi
MOJKET OBITh HCIIOJIB30BaH JJIs ONPEICIICHUS HEM3BECTHOW KOHCTAHTHI T (Kajau0-
poBka PCA-koHTpacToB). B 3TOM cirydae 3amada CBOAMTCS K ONPEACIICHUIO HE a0-
COJIFOTHBIX 3HAYCHUH TITyOUHBI, 2 U3BMEHEHUS (OPMBI pebeda JTHA MO JSHCTBHEM,
HanpuMep, THTCHCUBHBIX TEYCHUH W IITOPMOB WIJIM WHBIX TIPUPOHBIX WIIH aHTPO-
MOTE€HHBIX (PAKTOPOB.

s onpenenenus daxtudeckoi Gopmel penbeda THa MBI OyIeM HCHOIb30-
BaTh ypaBHeHHUe (4) ¢ 3alaHHBIMU TIIyOMHaAMHU Ha JIBYX I'pPaHUIAX OOJIACTH WHTE-
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rpupoBaHus. B 9TOM ciydae 3ajmada nepeorpesiesieHa, a JuiHee rpaHuaHoe yCIo-
BHUE MCIONB3YETCS JTs OMPEACICHUS TIePeIaTOUHOM QYHKITHH.

a M b M
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s =
¥ ¥
> >
-100 20 ~ -100t 20
-110} 10 -110f 10
2460 2470 2480 2490 2500 2460 2470 2480 2490 2500
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P uc. 9. Ocobennocts 4 (cM. puc. 5) momns JoHHOH Tomorpaduu (a); BOCCTAaHOBICHHAs HHTETPUPO-
BaHHeM (4) riryOuHa B ToM ke paiione (h)

Fig 9 Feature A (see Fig. 5) of the bottom topography field (a); depth in the same region
reconstructed by integration (4) (b)

Ha puc. 9, b npuBenena pekoHcTpyKImsi ocoOeHHOCTH penbeda aHa A (puc. 9,
a), nposBsolIeics B noie kouTpactoB PCA-nu3zo0pakenus. B kadectBe rpaHuy-
HBIX yCJIOBHUI AJisl peuieHus] ypaBHEeHuUs (4) UCIONb30BAIMCH TTTYOHHBI Ha TPaHULIE
BbIIeNieHHON obnactu. IlepenaTounas ¢yHKUIuS 3aAaBanach NOCTOSHHOM BeJWYH-
HOM A1 Bcel 00J1acTu, a ee 3HaueHHUE ONpPeNeIsIoch U3 YCIOBUS MUHHMAaIbHOTO
CPCAHCKBAAPATUIHOTO OTKJIIOHCHHWSA BOCCTAHOBJICHHOI'O ITOJIA FHYGI/IHI)I OT 3aJdaH-
HOro anpuopH. B 1ienoM BoccTanoBneHHas popma OaHKU COOTBETCTBYET allpHOPHO
3aJJaHHOM, 4TO OXxkunmaemo. Haunbomnee BaKHBIMHU SIBIISIOTCS pa3nuuusi B popme u
MOJIOKEHUHU TOMOTPaQUIECKUX IEMEHTOB PEKOHCTPYUPOBAHHOTO ITOJISI TITyOUH H
MpeacTaBIeHHOro Ha puc. 3. B uactHOCTH, yriayOjieHHe 4yThb JieBe€ OCHOBHOTO
LEHTPaJBLHOIO BO3BBILICHUS! OKA3bIBACTCSI CMELICHHBIM KBEpXy U Oojiee BBHITSHY-
TBIM, B HIDKHEN 4acTH OG.HaCTI/I TMMOABUIIMCH OOIOJHUTCIIBHBIC BapHUallun I‘JIY6I/IHBI;
BBEpXY cIipaBa penbed cran Ooljiee OMHOPOJTHBIM, Jla M caMa 0aHKa OKa3bIBaeTCS
Oosee y3KOH IO CpaBHEHHIO ¢ MMojieM riryOuH Ha puc. 9, a. [lomoOHbIe pazmnuus
MOYKHO HMHTEPIPETHPOBATh KaK W3MEHEHHYI0 KOH(MUTYpaIMio JOHHOH Tororpa-
¢dun, 3a0KyMEHTHPOBaHHOH 110 NaHHbIM PCA-u3MepeHuit.

6. 3ak/I0ueHue

Oco0eHHOCTH TOHHOH Tomorpaduu ceBepHOM YacTH benoro Mopsi OTUETIMBO
nposiBisitorest Ha PCA-u300pakeHHsX, MOJTYYCHHBIX cO coyTHHKOB Sentinel-1A,
Sentinel-1B. TIposinenust poHHON TOmMOrpaduu 0O0YCIOBIECHBI B3aMMOICHCTBHEM
BETPOBBIX BOJIH C MPOCTPAHCTBEHHO-HEOIHOPOIHBIMH TOBEPXHOCTHBIMHU TEUCHHSI-
MU, THAYIIIPYEMBIMH [IPY B3aUMOICHCTBUH IPUIIUBHOTO TEYESHUsI C pebe)oM JTHa.

ITokazano, uro aHoManuu Y IIIP nzobpakeHuit CBA3aHbI C TUBEPTEHINEH HH-
JIYLIUPOBaHHBIX TEUCHUH, PH 3TOM yCHIIeHHe U ocnabnenne curnana PCA npowc-
XOAMT B 30HaX KOHBEPTeHIIMU U AUBEPTEHIINN TEUCHUI COOTBETCTBEHHO.

OcHOBHEIM MexaHm3MoM ¢opmupoBanus koHTpactoB YOIIP sBnsercs pacce-
SIHUE PAJHOJIOKAlMOHHOIO CHUIHAja Ha OOPYIIEHUSX BETPOBBIX BOJH. UyBCTBHU-
TEJNBHOCTH ITHX BOJH K HEOJJHOPOJAHOCTSM MOBEPXHOCTHBIX TEUEHUH MPOSBISICTCS
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B BUJC YCWJICHHH W OCIa0JCHUN WHTEHCHBHOCTH OOPYIIEHUH, YTO MPOUCXOIUT
B 30HaX KOHBEPICHIMU W JUBEPIrCHIIMU COOTBETCTBEHHO. Poib pe3oHaHCHOTO
OparroBckoro paccestHus B ¢dopmupoBanuu PCA-TIposiBIIEHUST TOHHOM TOIOTpa-
(hum He3HAUNTETHHA.

[IponemMoHCTpHUpOBaHa BO3MOKHOCTh PEKOHCTPYKIIUU JOHHOU TOMOTpapuu 1Mo
ocpeHeHHOMY T0ITt0 KOHTPacToB PCA. OCHOBHBIC 3JIEMEHTHI OaTUMETPUU JTOCTa-
TOYHO XOPOIIO BOCCTAHABIMBAIOTCS, HMEIOLIUECS PACXOKICHHUS B PACIONIOKEHUN
u (opMe JHA, a TAKKE JIOKAIBHBIC MOIHATHS ¥ BO3BBIIICHUS MOTYT OBITh MHTEP-
MPETUPOBAHbI KaK (paKTUYECKHE M3MEHEHUs pelibeda THa, TPOU3OIISANINE C MO-
MEHTa MOCJIeAHMX IN SitU U3MepeHHii 10 BPEMEHHU MPOBEACHUS PacCMaTPHBAEMbIX
3nech PCA-HabmI01eHUH.
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