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OIIPEJAEJIEHUE ITAPAMETPOB CIIEKTPA INIOBEPXHOCTHOI'O
BOJIHEHUA C NCIIOJb30OBAHUEM BUJIEOCBEMKHU
B ECTECTBEHHOM CBETE

Bo mHOrux obsactsax NMpuKIagHOW (QU3MKH, TAKMX Kak MMOJBOAHAS aKyCTHKa, PaJHOJIOKAIMs, KIMMATOJOTHs, KO-
pabnectpoenue, npu paboTe ¢ MOPCKUMH BOJTHAMH BO3HHMKAET HEOOXOAMMOCTh 3HATh HE TOJIBKO YaCTOTHBIH CIEKTD,
HO U JAJIMHBI ¥ HAIIPaBJICHUS PACIPOCTPAHEHUS BOJH. 3aBUCUMOCTb CHEKTPAJIIbHON MIIOTHOCTH MOIITHOCTH BO3BBIIIIE-
HHSI B3BOJIHOBAHHOM MOBEPXHOCTH OT YaCTOTHI U BOJHOBOT'O BEKTOPa MOYKHO OLIEHHTh ONMCAHHBIM B PabOTe METO-
oM. MeTon oTir4YaeTcs MpocTOoTOoH 000pyI0BaHNS, JOCTATOYHO CHATH BOJHEI OJHOH BHACOKamMepon u o0paboTaTh
3armmck Ha [1K (maHa ccpuika Ha aBTOPCKYIO MTPOTpamMMy € OTKPBITHIM MCXOIHBIM KOJ0M). BO3MOKHOCTH TOTIOTHH-
TEJEHO PACIIUPSIOTCS TPH OOBEAWHCHWH B HAYYHYIO YCTAaHOBKY BHIICOKaMEpHl M KaTMOPOBOYHOTO MpuOOpa —
BOJTHOTpada WM BeXH U H3MEPEeHHs1 KolleOaHUil MMOBEPXHOCTH BOJBI B ToUke. B paboTe maroTcs pexoMeHIaIu
0 YCJIOBUSAM NMPUMEHEHUS METOIa BUCOCHEMKH U TIPUBOATCS IPUMEPHI 00pabOTKH.

Kntouegvie cnosa: NIOBEPXHOCTHOE BOJHEHHE, BETPOBbIE BOJIHBI, TPEXMEPHAs CIIEKTpallbHasl INIOTHOCTh MOIITHOCTU
BOJIHEHUS, ONITUYECKUI METOJ U3MEPEHUS, KOPPEKLUS NIEPCIIEKTUBbI

EDN: QFNABU

BBEJEHHUE

3agada U3y4yeHUsl XapaKTEPUCTUK TOBEPXHOCTHOTO
BOJIHEHHUS SBJSETCA OJHOM W3 MPHUKIATHBIX 3ajad
B MOPCKHX HCCIIeIOBaHUIX. B HacTosmee Bpemsi Mo-
HUTOPUHT B MacmTtabax Bcero MHpOBOro oOkeaHa
OCYIIECTBISIETCS C TOMOIIBIO cucTeMbl OyeB [1]
W CIyTHUKOBBIX HaOmroxenuit [2]. [IpoBenenne n3me-
peHuli CIeKTpa BOJIHEHMSI B KOHKPETHOM DPAaiiOHE sIB-
JIsI€TCsl BayKHOM 3ajjauyeid, HapuMmep, KOIr/ia BBITOJIHS-
eTcs KaIMOpOBKa CIyTHUKOBBIX JAHHBIX WJIM HE00XO-
UM KOHTPOJIb YCIOBUM 3KCIIEPUMEHTA, IPOBOIUMOI0
Ha MaJIod aKBaTOpPHUH, T/Ie CIIEKTP BOJH CYIIECTBEHHO
OTJIIMYAETCS OT THIIOBBIX 3aBUCUMOCTEH, XapaKTEePHBIX
Ul MOPCKUX JUIMH pas3roHa. Jlis mpoBeneHus n3Me-
peHuii B Macmtabax OTAEIBHO B3ATOrO paiioHa MpH-
MEHSIOTCSI MeHee rabapuTHBIe OYH, a TaK)Ke BEXH, KaK
HE OCHAILICHHBIE 3JIEKTPOHUKOH CTep)KHEBUIHBIE OYii-
KA Ul BHEIIHEro BH3yalbHOro Habmoaenus. llpu
paboTax Ha cTalMOHApHBIX MaTGopMax MPUMEHSIOT-
Cs pas3IM4Hble MOJAENIM CTPYHHBIX BOJIHOIPagoB.
N3-3a HE0OXOAMMOCTH HIMPOKOro oxBaTa MHPOBOrO
OKeaHa U3MEPUTEIbHBIMU CUCTEMaMHU IIUPOKOE MpH-
MEHEHHE HAlUIN PaJnuOJOKALHUOHHBIE METOIbI HU3Me-
peHUsl XapaKTepUCTUK BOJHEHHS Ha MOPCKOM TO-
BEPXHOCTH [3, 4], MOCKOIBKY OHH BBITIOHIIOTCS Oec-
KOHTaKTHBIM 00pa3oM, B TOM YHCJI€ MOTYT BBIOJI-
HATBCA C JABIKYLIETOCSH CynHa. JlOMOJIHUTEIbHBIM
HNpPEUMYIIECTBOM PaJANOIOKAIIMOHHOTO 0030pa SBJIs-
ercs (OpMHpPOBaHUE MPOCTPAHCTBEHHOW MaHOPaMBI.
Taxoke HaxoIsAT CBOE MECTO aKyCTHYECKHE METOJBI
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W3MEpEeHHsI COCTOSIHUSA BOJHeHHs [5]. Bce mepeurc-
JICHHBIC METOABI UMCIOT CBOU OI'paHUYCHUA 110 YCJIO-
BUSIM NPUMEHEHUS WIN 110 AWANa30Hy H3MEpSIEMBIX
BEJIMYMH.

MOpCKI/Ie BOJIHBI B THEBHOC BPEM: XOPOLIO BUAHBI
HEBOOPYKCHHBIM TIJIa30M, IIO3TOMY METOIbI HU3Mepe-
HUS UX TapaMeTpoB MO QOTO- U BUAEO3AMUCIM CTaIH
IpeIJlaraThCsl B HAyYHBIX W3JAHUAX AOCTaTOYHO JIaB-
HO, ¥ pacCIpOCTpaHEHHWE TaKHE METOJAbl MPHOOPEH
C TOSIBICHUEM IEPBBIX IMOAXOISAIIMX CPEICTB IIOJIY-
yeHnss TU(POBBIX M300pakeHnit [6—8], a Takke BHI-
YUCIIMTENBHBIX YCTPOMCTB K HUM. B HacTosiee Bpe-
Msl AK€ MacCOBO-IOCTYIIHBIE BHIEOKAMEPBI HMEIOT
OoNBIION pa3Mep MaTPHLBI M BBICOKYIO YacTOTy Kaj-
poB. [1o3TOMy OCHOBHBIE yCHIIHS B YACTH Pa3pabOTKH
ONTHYECKUX MPHOOPOB W METOAOB ISl M3MEpPEHHI
BOJIHEHHUS CBSI3aHbI C aJITOPUTMUYECKUM O00ECIIeUEeHH-
em [9-10].

Onrtuveckre CpencTBa IMO3BOJSIIOT U3MEPSATH Xa-
PaKTEepUCTUKN BOJIHEHHS KaK HaNpsMYIO, TaK M KOC-
BeHHo. B NEpBOM CJiyda€ BBICOTA BOJIHBI U3MEPACTCA
[0 YPOBHIO BOJbI Ha (JOHE KaKOro-TO IpeaMeTa, Ha-
MpUMEp BEXH, YTOOBI MOTYUHUBLIMKCS psill mpeobpaso-
BaTh B TaK HA3bIBAEMbI OJHOMEPHBIN CIIEKTP BOJIHE-
Hus. Bo BTOpoM ciydae, XapakTEpUCTUKU BOJHEHUS
BOCCTaHABIUBAIOTCS UCXOMS U3 PacIpEeNIeHus IPKO-
CTHU 1O TOBEPXHOCTH, CHSTOH LIMPOKHM IUIAHOM.
MosxeT OBITh TIOTY4YeH CHEKTP U 10 BPEMEHHBIM Jac-
TOTaM, M 10 BOJIHOBBIM uuciiaM. CIIOKHOCTBIO SIBIIS-
€TCAd TO, UTO U3MEPCHUC BBICOTHI BOJIHBI IO €€ APKO-
CTH B 00IIEM ciydae, AeHCTBUTENBHO, SIBJISETCS KOC-
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BEHHBIM M3MEPEHNEM — H300paskeHHs BOJIH C OJMHA-
KOBOM aMIUIMTYIOM M 4YacTOTOW, NOJYyYEHHBIE INpHU
Pa3HBIX YCIOBHUSX, OYAyT CyIIECTBEHHO OTIHYATHCS
B 3aBUCHUMOCTH OT OCBEIIEHHOCTH, yTJIa Ch€MKH, IO-
TOJIBI M HACTPOEK KaMepBhl.

AOCONIOTHBIM, T.€. HE TPEOYIOIUM TOMOTHUTENb-
HBIX KaJHOpPOBOK METOJOM MOXKHO CUHTATh H3Mepe-
HUE  paclpefielieHHs  HAaKJIOHOB  IOBEPXHOCTHU
M0 ChEMKE CONHEYHOH mopoxku [7, 11, 12], xorma
nojyyaeMoe H300pakeHHe (aKTHUYECKH CBOAUTCS
K OuHapHOW wMacke JIeficTBUTENHHO, TMOJIOKEHUE
COITHIIA ¥ pa3Mep ero JUCKa Ha HeOOCBOJE OIpeIesi-
IOTCSI XOpOULIO TaOyJIMPOBaHHOHN 3aBHCUMOCTBIO, OpH-
EHTalHsg KaMephl M0 CTOPOHaM CBETa MOXKET OBITh
YCTaHOBJIEHa M TOTJa, MCXOJd M3 JIOCTaTOYHO Mpo-
3pavyHBIX COOTHOIICHWH, CIEAYIONNX W3 3aKOHOB
TeOMETPHUYECKON ONTUKHU, MOKHO CBS3aTh (DAKT MOSB-
JeHus1 OJIMKa B KOHKPETHOH TOYKE C JUara3oHOM yT-
JIOB HAKIJIOHA, KOTOPBIE MOXET HMMETh IOBEPXHOCTH
B AaHHOU Touke. OmHAKO M3-32 HEOOXOAUMOCTH OCY-
MIECTBIIATh U3MEPEHUS B PA3IIMYHBIX yCIOBHSIX OCBE-
HIEHHOCTH MPOJIOJIKAIOT Pa3BUBAThCS METO/bI, OCHO-
BaHHBIE Ha 00pabOTKe W300paKeHWH B Tpajalvsix
SIpKOCTU. Tak, ONUChIBAEMBI HUKE SIPKOCTHOM ONTH-
YeCKUil METOJl BOCCTAHOBIIEHHUS CIIEKTpa BOJHEHHS
HE SBJISIETCS MONHOCTHIO JUCTAHIIMOHHBIM, OH TpeOy-
€T MPUBJICUEHHS JAHHBIX BEXU MM CTPYHHOT'O BOJIHO-
rpada s KaTuOpOBKH.

Takoxe u3BecTHBI padoTH [13] MO TUCTAHIIMOHHON
pPETHCTpalK CHEKTPOB MOPCKHX BOJH, T/I€ WCIOJb-
3YIOTCSl TaK Ha3blBa€Mble BOCCTAaHABIMBAIOIIUE OIIe-
paTopsl, KOTOPhIE KOHCTPYHUPYIOTCS MYTEM KOMIIBIO-
TEPHOTO MOJEIHPOBAHMS C YYE€TOM HEITHHEHHOCTH
3aBHCHMOCTH SPKOCTH MOpS OT YKJIOHOB BOJIH. B He-
KOTOPBIX CIyYasiX ISl HAJAEKHOTO M3MEPEHHUS BBICO-
ThI BOJIH MCIIOJIL3YETCsI CTepeon3odpaxenue [14], T.e.
MPUMEHSIOTCS METOJIbI KOMITBIOTEPHOTO 3pPEHHS, aHa-
JIOTHYHbIE OWHOKYIISIPHOMY 3pEHHIO uenoBeka. MHo-

r7la U3MepeHre MPOU3BOAUTCS MOCPEACTBOM OINpeie-
JICHWSI OTHOILEHHUS MHTEHCUBHOCTEW CBETa B IBYX IIO-
msipusausx [15, 16]. OnHako mo-mpexHeMy cambIM
JIOCTYITHBIM pEHIEHUEM OCTAeTCsS MOHOKYJISIpHAsi BH-
JIEOChEMKa B €CTECTBEHHOM CBETE HECIIELHaIM3HPO-
BaHHOM BUJIEOKaMEPOIL.

ABTOpBI IPUMEHSIOT ONMCAHHBIM METOI AJISI KOH-
TPOJIS COCTOSTHUSI TIOBEPXHOCTH MOPS B XOZAE THAPO-
(m3nyeckux SKCIepuMeHToB. B Hacrosimei pabote
OyayT MOKa3aHbl MyTH IMOJYYEHUS OLIEHOK XapakTe-
PUCTHK BOJTHEHHUSI ONTHYECKHUM METOJOM, MPH OTCYT-
CTBMH BO3MOXXHOCTEH OPraHU30BBIBATH OCOOBIE yCIIO-
BUSL 1151 CHEMKH.

TEOPETUYECKHE OCHOBbBI METOIA
N3MEPEHU A

[Tox crieKTpoM BOJIHEHHS] IOHMMAIOT CHEKTP BEp-
TUKQJIBHBIX TEPEMEIeHUI (BBICOT) TTOBEPXHOCTH BO-
JIbI OTHOCUTEIILHO CPEeJIHEro ypoBHs. B o0mem ciryuae
XapaKTePUCTUKH BOJIHEHUS  ONHUCHIBAIOTCS  CIICK-
TpasibHOW TIOTHOCTRIO MomHocTH (CIIM), 3aBucs-
IeH OT YaCTOThI M IBYX NMPOCKIIMH BOJHOBOTO BEKTO-
pa: S(®, k., k,), 111 KOPOTKO — TPEXMEPHBIM CHEK-
TpoM. B cBs3u ¢ Tem, 4TO pa3paboTaHO AOCTATOYHO
MHOTO TIPHOOPOB AJISI M3MEPEHHS JIOKATBHBIX Koseha-
HUU TpaHHUIBI BOJBI — BOJHOrPadoB, 0C0O00 BbIIEC-
JSIFOT TAaKyH BEJIMYHMHY, KaK OJHOMEPHBIH CIEKTp
BonHeHHs S(w). CripaBeyIMBO COOTHOILICHHE:

(@)= [[S(@,k,.k,)dk, dk,. (1

IIpn cbeMKe MOBEpXHOCTH BOJBI IIMPOKUM ILIa-
HOM TIOJTy4aeTCsl Ceprsi PacCTPOBBIX M300paKEeHUH —
Buzeodaitn. HeoOxoauMo NpUMEHHUTh MOCIIEN0BaA-
TEJIHHO /IBa TIpeoOpa3oBaHMs, YTOOBI MOTyYUTh OIEH-

Ky 1OJIA BBICOT.

Puc. 1. TIpumep reoMeTpuuecKOro npeodpasoBaHus H300pasKeHUS.
a — HCXOJIHBIN Kajp ¢ 0003HaUCHHOI 00J1acThI0 00pabOTKH, O — 3Ta 00JaCTh MOCIIE MPEOOPa3OBaAHMUSL.
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[lepBoe — reomerpuueckoe mpeodpa3oBaHUE U30-
OpakeHHsl, TPAHCIUPYIOIIEE €ro Ha PaBHOMEPHYIO
CETKYy KOOpJMHAT B TOPH3OHTAIBHOH TJIOCKOCTH.
A ¥WMeHHO, 00JIaCTh UCXOJHOTO M300pakeHus, MOKa-
3aHHas Ha puc. 1, a, npeoOpa3yercs B U300pakeHUE
puc. 1, 6. 13-3a addekra mepcreKTuBsl Mpoodpa3zom
IPSIMOYTI'OJIbHUKA HA TOPU30HTAIBHON IUIOCKOCTH SIB-
JsIeTCs Tparenys, NoKa3aHHas Ha puc. 1, a.

[IpuHumas Mozaenab KaMepbl-00CKYpHI JJIsl IPOeTH-
PpoBaHUA TOYCK C MOBEPXHOCTU BOJblI HA MAaTpHUIly BU-
JEOKaMephl, JETKO MOCTPOUTh HEOOXO0ANMOE I'eOMeT-
puueckoe mpeoOpa3oBaHHe, HCHONB3YSl HCXOIHBIE
JaHHBIE 10 OJJHOM M3 IBYX CXEM:!

— KaMepa TmpeaBapuTenbHO KamuOpyercs [17]
C TNOMOILBI0 Pa3MEUEHHOTO JHCTa Oymaru, CHITOrO
C M3BECTHOT'O PACCTOSHHS; Jajiee MPU ChbeMKe Ha Me-
CTHOCTH HEO00XOJWMO 3aHECTH B MPOTOKOJ YToJ Ofl-
THUYECKOW OCH K TOPU30HTY U BBICOTY YCTaHOBKH Ka-
MEPBI OTHOCUTECIIBHO YPOBHS BOIbI;

— MOXXHO Pa3MECTHUTh B IOJI€ 3PEHHUS JOCTATOUHOE
KOJINYECTBO OOBEKTOB C M3BECTHBIMU pa3Mepamu
Y TIPOBECTH KAJIMOPOBKY MO HUM.

[Ipu cbeMKe BOJIHEHHMS MIMPOKUM IIJIAHOM IIpHMe-
HUMO TaKoe MpHOJIMKEHUE, B paMKaxX KOTOPOTO mepe-
MEIlleHHE TOYKU BOJIHOW MOBEPXHOCTH BBEPX M BHHU3
npeHeOpeKMMO MaJI0 U3MEHSIET ee MOJI0KEeHUE Ha K-
pane.

Bropas oneparus — mpeoOpazoBaHue SPKOCTHON
KapTUHbI B IIOJIE BBICOT ABJIACTCA HETPUBUAJIBHBIM
npeoOpazoBaHNeM U TpeOyeT MOAPOOHOTO 00CyXie-
HUs. M300pakeHHe B3BOJHOBAHHON MOBEPXHOCTH
Mopsi (hopMHUpyeTCsT MHOXeCcTBOM (haKTOpoB. BoiHBI
XOpouIo 3aME€THbBI HEBOOPYKCHHBIM I'JIa30M, INIaBHBIM
o0pa3oM, 3a CYEeT TOro, YTO OHU M3MEHSAIOT HAaKJIOH
NOBEPXHOCTH. VIMEHHO HaKJIOH IMOBEPXHOCTHU OIpelie-
JSIeT, KaKas U3 ToYeK HeOOCBOJa OTpakasich MPOEH-
pyercss B OOBEKTHB Kamephl (WM B TJIa3 YEIIOBEKa).
JIOTIOJTHUTENBHO HAKJIOH MOBEPXHOCTU MOIYJIAPYET
yroJjl MafeHusl Iy4a, BXOMSAMUN B KOA(QPHUINEHTHI OT-
paKEHUs] M TPOXOXKACHUS CBeTa Ha TpaHMIE CpE.
Ha dopmupoBanne m3o0pakeHUs! BIHMSET COCTOSHHE
Heba (SICHO MM 00JIavHO), TTOJIOKEHUE COJTHIIA OTHO-
CUTCJIbHO HaIlpaBJICHHUA CbEMKH, UHTCHCHUBHOCTH BOC-
XOJSILLIETO ITOTOKA CBETA U3 INIyOMHBI — M 3TO JAJIEKO
HE IOJIHBIM IIEPEYEHb MApaMETPOB, KOTOPBIMA IOTpe-
0oBanoch ObI yUECTh MPH CTPOTOM (HOPMaTHHOM TOJI-
xoze. K npumMepy, MOKHO 03HAaKOMHUTBCS ¢ paboTaMu
TeX, KTO PeLIaeT MPOTHUBOIOJIOKHYIO 3a/1a4y — I'eHe-
palMio PeaNuCTHYHBIX M300paKeHUH MOps IJis BH-
neourp [18, 19], ocHOBBIBasich Ha (u3UKe IMpoIEcca.
HenuneliHas 3aBHCHMOCTB BBIXOJHOTO CHTHAJIa CEH-
copa MaTpulbl OT HHTEHCUBHOCTH MAJalOUIEr0 CBETa

1

Ecnu nuHMs ropuzoHTa nomajsaer B Kajp, TO 3TOT Yroi
MOXKET OBITH ONpeJe]IeH HeMOCPEACTBEHHO 110 MOTyYeHHO-
My N300paKeHHIO.
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TaKXe BIIMSET Ha pe3ynbraT. Bmecto sBHOro yuera
Bcex (aKTOpPOB MpeIaraeTcsi MPOBOJAUTH KaTHOPOBKY
3aBUCHUMOCTH SIPKOCTh — HAKJIOH Ha MECTe.

[ycts J(@, ki, k,) — CIIM nonst ApKocTH, BbIpa-
keHa B equauiiax ALl maTpuibpl BUgeoKaMephl, BbI-
YHCJICHHAs! MO IMOCIIeI0BATEILHOCTH PACTPOBBIX H30-
OpaskeHH HEMOCPEICTBEHHO IOCle TOro, KaK Haj
HUMH TIPOBEJEHO I'€OMETpHUUECKOoe IpeoOpa3oBaHME.
A ¥IMEHHO, CHEKTp 10 k, U k, BBIYUCIAETCS TIOCPEACT-
BOM JByMepHOro ®ypre-ipeoOpa3oBaHust NPsIMO-
YTOJILHOTO M300paskeHns BUa puc. 1, 6; crekTp mo
BBIYHCISIETCS TI0 Habopy kaapoB. Ha puc. 1, 6, Mox-
HO BHUIETb, YTO BXOAHOM MaccuB mina Dypbe-
npeoOpa3oBaHus YK€ YMHOXKEH Ha IUIaBHO CHajaro-
Iyl K KpasM okoHHyH ¢yHkmmoo. Ouenky CIIM
BOJIHEHHUS S’ MOYKHO TOJIy4UTh U3 J C TIOMOIIBIO YM-
HOKEHUS Ha CIeIyroIyio GyHKIuo [9]:

O(,k k)= ak )
L By’ /g) + ke,
S'(w,k,,k,) =D (w,k,.k,)J(@.k,,k,), 3

2,72, 2
rne k=./k; +k, ; g ~9,8 m/c" — yckopenue cBo-

6oxHoTO TManeHus; A, ¥, knin — TapameTpsl. B geiict-
BUTENBHOCTH (2) SBISETCS MOZYJIEM TIepenaTOuYHON
XapakTepUCTUKU (UIBTPa, OINpPENeIEHHOTO B IPO-
CTpaHCTBEHHO-BpeMeHHOW obmactu. B [9] skcmepu-
MCHTAJIbHBIM IIYTEM 6]:-1.]10 IMOKa3aHOo, 4YTO IIOJIC APKO-
CTH, PeoO0pPa30BaHHOE C MOMOIIBIO TAKOTO (QUIBTPA,
obnamaer kodddunmentom koppemsmun  0,7-0,8
C pealbHBIM II0JIEM BBICOT, U TOTO JOCTATOYHO IS
00JIBLIOT0 YKCIIa IPUMEHEHHH.

dusnyeckas MHTEpIIpeTalys NPUMEHEHHS TPeoo-
pazoBanus (2), (3) TakoBa: cuuTas SIPKOCTHh MOBEPX-
HOCTH JIMHEVHO CBSI3aHHOM C €€ HAaKJIIOHOM M YYUThI-
Bas, YTO HAKJIOH SIBJISIETCSI TPAAMEHTOM II0 OTHOILE-
HUIO K HOJIIO BBICOT, HEOOXOAUMO ISl IIOIY4€HHs BbI-
cotel CIIM sipkocTM yMHOXXWTh Ha BEJIHYHHY, MPO-
nopruoHansuyio k. Takum o6pasom, npu y < |
U knn/k < 1 Qynakuus (2) Oyzer obnanaTe xapak-
TEPHON 3aBUCHMOCTHIO ®~ k"', HeobxomuMOUN IS
npeoOpa3oBaHus TpajueHTa B ero mpooOpas. Ilapa-
METPHI ¥ U Kpyin BBOAATCS UIS CHYPKEHHS IOTPEIIHOCTH
Ha Kpasx JIWHAMUYecKoro nuamazona mo k. Koaddu-
IUEHT A MO3BOJISIET OTKaIMOPOBaTh BECh TPAKT MO Ka-
HaJTy SIPKOCTH.

Onenka CIIM Bomnuenwus (3) yAOBIETBOPSIET TOMY
K€ HOPMHUPOBOYHOMY ycioBuio (1), 4To W peambHBIN
cnektp. Kak yxe roBopuiioch, CriocoObl M3MEpEHUs
OJHOMEPHBIX CIIEKTPOB BOJHEHHUS HOIYy4WIn Oojee
HIMPOKOE PACHpOCTpaHEHHE, YeM H3MEpPEHHE TpeX-
MepHbIX. [loaromy mpennaraemas H3MEpUTEIbHAs
cucTeMa, COCTOSILAs U3 BUIEOKAMEPHI, AOIOJIHAETCS
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OyeM miH BOJHOTpa)oM, MO3BOJISIONIMMU H3MEPHUTH
onHoMmepHyto CIIM BonHeHUS S ®) Kak OMOpPHYIO
BenmuunHy. [lonbopom A, ¥, kyin ONTHMHU3HpYETCS CO-
oTHoIIeHne, aHaoruguoe (1):

‘S,,gf. (@)~ [[S'(@,k,.k,)dk, dk,| > min. (4)

B oatom 3akmiowaercs momxon ¢ KamMOpPOBKOW
CHEKTpa SIPKOCTH. B oTcyTcTBHE OMOpPHOTO CHEKTpa
Srer COXpaHsieTcss BO3MOKHOCTh aHanmza CIIM sipko-
ctu J 0e3 HOPMHUPOBKH, U 3TO, HAIIPUMED, MTO3BOJISIET
ONPEJEIUTh YaCTOTY OCHOBHOWM 3HEPrOHECYILEH BOJI-
HbI, YTO YX€ SBIIAECTCS Ba)XHOM XapaKTEPUCTUKOU
cpenasl. B 1enoM, onmmcaHHBIM METOJ| OIEHKH CIEK-
TPOB BOJIHEHHUS 110 BUAEO MOXKET BCTpPEYaTb KPUTUKY
B CBSI3H C T€M, UYTO HE yUYTEHBI OoJiee CIOKHbIE, HEellu-
HeltHble 3 dexTs GopMUpOBaHUS W300paXKEHUS, OJI-
HAaKO 3TOT METOJ I03BOJISIET CleNaTh ONpeesIeHHbIE
MpaKTHYECKHe IIard B CTOPOHY CO3JaHHUs HAy4HOTO
mpudopa.

HpI/IMCHﬂCMI)IG TEXHUYCCKUE CPCACTBA ABJIAIOTCA
noctynHeiMu. Kamepa Moxker OBITH pasBepHyTa
Ha BO3BBIIICHUH, HAIIPUMEpP, Ha BepxHel namybe cyn-
Ha WIKM Ha Kpbllle IUlaBydero coopyxkenus. [loxaro-
TOBKa K CbEMKE 3aHMMAaeT HE3HAUHUTEJIbHOE BpEeMS.
HOC—)TOMy OTIIMYHUTCIIbHBIM ITOJIOKHUTECIBHBIM KadeCT-
BOM OITMCBIBAEMOTO METOJA SIBJISIETCS €ro OIepaTHB-
HOCTb.

YTOUHEHHUE ITAPAMETPOB
I'EOMETPUYECKOI'O ITPEOGPA30OBAHUMA

I[O HACTOAIIECTO MOMCHTA B HM3JIOXKCHHH MCTOJa
HE OBUIO HCIIOIL30BAHO AUCTIEPCUOHHOC COOTHOUIC-

HUC JJI1 MOBEPXHOCTHBIX BOJIH. B takom Juara3oHe
JUIMH BOJIH, T'ZIe, C OAHOM CTOPOHBI, MOXKHO IpeHeOpe-
raTh KOHEYHOW TIIyOMHOW BOJOEMa, a, C APYTOi CTO-

POHBI, KamWUIApHBIMA  dQQeKTaMu, dYacToTra
Y BOJTHOBOH BEKTOP CBSI3aHBI TaK:
o’ =gk. (5)

WHorma roBOpAT O TOM, YTO BCIO HH(OPMAIHIO
O CIICKTPEC BOJHCHHA MOKHO BOCCTAHOBUTHL TOJIBKO
0 €ro MPOCTPAHCTBEHHOM YacTu S(k;, k,):

S(a),kx,ky)mS(kx,ky)é(m—Jg?). (©6)

B meicTBUTENIEHOCTH COOTHOIICHHE (6) SIBISICTCS
npuOIKeHNeM, T.K. paa 3(Q(EeKToB MOXET MPHBO-
IUTHh K OTKJIOHEHHWIO OT JUCIEPCHOHHOTO COOTHOIIIE-
Husd, ¥ (6) HEe UCIMIOJIB30BAJIOCH MPU BLIBOJIE MPOLIETY-
pBl KQIMOPOBKH BhIIIE. 3HAYUT (6) MOXKHO HMCIOJIB30-
BaTh Il KOHTPOJIS KA4eCTBA MOJTyIaeMbIX CIIEKTPOB.

Ceuenne TtpexmepHoro cnekrpa S(o*, k., k)
Ha (PUKCUPOBAHHOW YaCTOTE @™ JIOJDKHO BIUCHIBATHCS
B KOJIBI[0, OTPAaHUYEHHOE OKPYKHOCTSAMU paguyca (5)
MpU MOJICTAHOBKE @ = 0* B 0 = @0* + Aw, TAe Aw —
pa3pellieHue CIeKTPAIBHOTO aHaiu3a (CM. puc. 2, a).
[To Takoro poja pacrpe/eneHnsM MOKHO OIPEIENIATh
IrarpaMMy HarpaBJICHHOCTH BOJIHEHHs. 371eCh HC-
CIIeIOBaHMUSA TIPOBOIWINCH BONMM3M Oepera, W Wu3-3a
OTpaXCHUH JHarpamMma MOJy4yusIach HETUIIMYHO IIH-
poxoii. ITpoBal MHTEHCHBHOCTH Ha TOPU30HTAJIBHOMN
OCH B JJAaHHOM CITy4ae CIIeAyeT TPaKTOBAThb KaK CIe/-
CTBHE OTpaHMYCHHUS METOJa, M, Kak OyIeT ckazaHo
HWKe, TIONHYIO AWarpaMMy PeKOMEHIYEeTCs] CHHTE3H-
pOBaTh U3 ABYX PaKypCOB.

k, (rad/m)

-20

201510 =5 O & 16 15 20

k. (rad/m)

-20-15-10 -5 O
k, (rad/m)

20-15-10 -5 0 5
k. (rad/m)

10 15 20

5 10 15 20

Puc. 2. [lpumep npaBuiIbHO (2) ¥ HENPABMUIILHO (O, B) MONyYEHHBIX CEYEHUH TPEXMEPHBIX CeKTpoB S(w*, k, k).

Ceuenus ABIAIOTCA PACIPEEICHUSMH YHEPTHH II0 TIPOEKIUAM BOJHOBOTO YMCHA K, U k, IpU (UKCUPOBAHHOM 3HAUECHHH
gacToThl @*/21 = 1.4 T': (a) mpu KOPPEKTHOM TeOMETPHUIECKOM TIpeoOpazoBaHuy Kajpa, (0) mpu ommbke MacmTabupoBa-
HusL, (B) Mpu ommOKe yria HakioHa. [[BeToBast mkana — 1b OTHOCHTENBHO YCIOBHOTO YPOBHs. bernble Kpyriu — TeopeTH-
YeCKHe I'PaHUIIbl, B KOTOPBIX JIOJDKHA COIEPKATHCSl OCHOBHAS YacTh YHEPIHH Ha JIAHHOH 4acToTe
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Ecnm cniexTpanbHas MHTEHCUBHOCTh CKOHIICHTPH-
pOBaHa BHE TEOPETHYECKOTO KOJIBIIA, TO MOXKHO TOBO-
PUTH O HAJIMYNN OHH/I6KI/I Ha 3Tane reoMeTpuIcCKoOro
npeoOpazoBaHus n3o0paxenus. HecooTBercTBue pa-
Juyca Kpyra ero TeopeTH4ecKoMy 3HaueHHIo (puc. 2,
0) TOBOPHUT O HEMPABIIFHOM MacIITaOMPOBAaHWHU KaJl-
pa (mOrpenrHocTh B YKa3aHUHM BBICOTHI Kamephbl WU
MOTPEITHOCTh B yKa3aHWM yriia 0030pa) DIUTHNTHY-
HOCTh BHJIA PUC. 2, B, TOBOPHUT O HEMPABUILHOM 3a]ia-
HHUH yIla CbeMKH, BCIIEACTBUE Yero MaciTad 1o Bep-
THKaJM ¥ TOPU30HTAIN OKa3ajcs pasHbIM. [lepednc-
JICHHBIE TApaMeTPbl KOPPEKTUPYETCS MPOMOPLHO-
HaJbHO OTHOWICHUIO PAJUYCOB TEOPETHYECKOTO
1 3KCIICPUMCHTAJIBHOT'O KPYTOB WJIM OTHOLICHUIO II0-
JTyOCe 3JUTHIICa COOTBETCTBEHHO.

Onwmpasicb Ha TUCIIEPCUOHHOE COOTHOIICHHE JUIS
IMMOBCPXHOCTHBIX BOJIH, MBI MOXXEM CHHU3UTH TpC6OBa-
HHS K TOYHOCTH YCTAaHOBKH T'€OMETPHU CHEMKHU M Ka-
mOpoBKU Kamepsl. CyliecTByeT BO3MOXKHOCTD 3aITycC-
TUTh TIPEIBAPHUTEIBHYI0 00pabOTKy W300paKeHH,
3a1aB HpI/I6HI/I)KeHHLIe 3HAUYCHUSA TCOMCTPHUUYCCKUX
HapaMeTpoB, U Jajee yTOYHWTh, MPHUBOISL PE3yIbTaT
00paboOTKH B COOTBETCTBHE C JUCIIEPCHOHHBIM COOT-
HomeHneM. OHAKO HEOOXOAWMO WMETh B BUAY CYy-
IECTBOBAaHNE OOBEKTHBHBIX (PU3NIECKHUX IMPOIECCOB,
B IIEPBYI0 OUYEPENb TEUECHUMU, W3MEHSIOIUX AUCIIEp-
CHOHHOE COOTHomeHune BoiH. IlosTomy TpeboBarh
MOJTHOTO COOTBETCTBHUS PE3YJIbTATOB aHaIU3a AUCIEp-
CHOHHOMY COOTHOIIECHHUIO CIIEAYET TOJBKO B TEX CITy-
yasgx, IIe 3T0 000CHOBAHO.

PEKOMEHIAIINU I1O ITPOBEJEHMIO
BUJEOCBEMKU [TIOBEPXHOCTH

OcHoBHOE TpeOOBaHWE TPH TPOBEIACHUU BHIEO-
CBbEMKH 3aKJIIOYA€TCA B TOM, LITO6I:»I OTACJIIBHBIC BOJI-
HBl paspemaimch Ha wu300paxkeHnH. HeBo3MOKHO
IIPEIOKUTh YHUBEPCAIBHBIM PELIENT, KAKOe YBEIU-
YeHHE B ONTUYECKOW CHUCTeMe KaMephl (3yM) CielyeT
ycTaHaBiuBaTh. s KaueCTBEHHOTO HM3MEpEHHs
TPEXMEPHOTO CIIEKTpa BOJHEHHS HEO0OXOAMMO J0C-
THYb KOMIIPOMHUCCA B BHIITOJTHEHHUH JIBYX YCIIOBHM:

— HECKOJBKO JUIMH BOJH HanOoibLIero Macirada
JIOJDKHBI TIPOCIIMPOBATHCS HA MaTPHUILY KaMephl;

— BOJIHA HAMMEHBIIETO MacliTaba, KOTOPBIA Tpe-
Oyercst pa3pemmnTh Ha CIEKTpe, JOJDKHA IPOELUpO-
BaThCs Ha HeCcKobko (~10) muckeneil B MaTpule Ka-
MEpBHI.

OTH yCIOBUS OTPAaHUYMBAIOT OT YCTAHOBKH Ype3-
MEPHO CHJIBHOTO U, HAaoOOpOT, CIHIIKOM cIaboro
YBCJINYCHUA.

YacTo eIMHCTBEHHBIM CIIOCOOOM  TPOU3BECTH
CBbEMKY B3BOJIHOBAHHOM MOBEPXHOCTHU IIHWPOKUM ILIa-
HOM SBJISIETCS ChEMKa MO MaJIbIM yIJIOM K TOPH30H-
Ty. ABTOpBI MOJIy4adl YAOBIETBOPUTEIbHBIE PE3YIIb-
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TaThl BILUIOTH 10 yria B 10° K TOpU30HTY, NpHU 3TOM
3¢ (}eKT MmepcreKTHBhl B 3HAYUTENHHOW CTENEHH HC-
KaXkall MPOMoOpLUUH, U (PaKTHYeCKoe MPOCTPAHCTBEH-
HOE pa3pellleHHe Ha MOPSAOK OTINYAJIOCh BOJIHU3H
u Baamu. CymiecTByeT Takasi 0COOEHHOCTh, YTO He-
BO3MOXKHO 3()()EKTHBHO HCITONF30BaTh BCKO 00OJACTB,
3aHATYI0 BOJIOM B kajpe. Eciiv BbIOpaTh CIUIIKOM
00JBIIyI0 00JIACTh, TO BCIIEACTBHE IEPCIIEKTUBEI
Ha JanbHEel rpaHulle KOPOTKHE BOJHBI OyAyT "3aMbl-
JieHBI", @ Ha OJIMKHEH rpaHuIle OyJIeT OJHOBPEMEHHO
BUJIHA TOJIBKO YacCTh OT MIEPUOJa [JUIMHHOM BOJIHBL, YTO
He moaxonuT ans Dypbe-ananmuza. UHorma ciemyet
KOMOMHHPOBATH 00pabOTKY UIMHHBIX BOJH MO OJTHO-
My (Oosiee yqaJleHHOMY) y4acTKy Kajpa M KOPOTKHX
BOJIH — TI0 BTOPOMY (OJIDKHEMY) YHaCTKY.

VYcnoBus OCBEHMIEHHOCTH JOJDKHBI OBITH TaKHMH,
9T0OBl B OOBEKTHB HE IMOMAAAIHM COJNHEYHbIE OJIHKH
(mnst 06pa®oTKM M300pakeHUsI CONHEYHOH ITOPOKKH
CYIIECTBYIOT OTJeNbHBIE anroputmel [7, 11, 12]). On-
TUYECKYI0 OCh KaMepbl KEJaTelIbHO OPHEHTHPOBATH
OJM3KO K OCHOBHOMY HAalpaBJIEHUIO BOJNHEHHUs (TIOTie-
pek rpebHeil BOJH), T.K. IOTPEITHOCTh B ONpeAeIeHUN
XapaKTePUCTUK OKa3bIBAETCS CYIIECTBEHHO BBIIIE JIJIsI
BOJIH, MPUXOISIINX C OPTOrOHAJIBHOTO HAIPaBICHUS
[9]. OTH yCIIOBUS JETKO BBIIOJHWTH, KOTJIa BUIEO-
CbeMKa MPOBOAMTCS IO/ HEMOCPEJACTBEHHBIM KOH-
TPOJIEM OIIEPaTOpa U OH UMEET BO3MOXKHOCTb ITOBOPA-
YMBaTh KaMepy Ha IITaTUBE BPYYHYIO (IOBOPAYMBAThH
BJOJIb BOJIH U OTBOpayMBaTh OT conHua). Ecnu ctout
3ajjaya OpPraHU30BaTh CTAIMOHAPHYIO CUCTEMY Ha-
OnofeHusl 32 BOJHEHHEM, TO TAKOBYIO CIEAYeT OC-
HAIaTh HECKOJIbKUMH KaMepaMH, CMOTPSIINMH B pas-
HBIE CTOPOHBI, WJIM KaMepOW C IMOBOPOTHBIM MeXa-
Hu3MoM. Kpome 3Toro, aBroMaTHyeckast peryJaupoBKa
SKCHO3UIMH HEOOXOoJMMa Ui CbEMKH TPH Pasiind-
HOM OCBEIIIEHWH, OJHAKO 3Toi (hyHKIMeH 00mamaroT
OOJIBIIMHCTBO JIOCTYITHBIX Ha CErOAHSIIHUI JICHb BU-
JeoKamep.

[Tockonbky MeToJ OPHEHTHPOBAH HA MPUMEHEHHUE
JOCTYIHBIX Ha MAacCOBOM DBIHKE Kamep, TO BaKHO
YUUTBIBaTh (PAKTOP CXKATUI — HCKOMOE DPACTPOBOE
n300pakeHue OyaeT Hen30€KHO MCKAKEHO CKATHEM
Buaeo(aiiya Ha 3Tane perucrpanuyd AaHHbIX. OTbIT-
HBIM MyTE€M YCTaHOBJIEHO, YTO TMOIyHpodeccHoHalb-
HbIE KaMmephl Takux Mapok, kak JVC, Sony, GoPro,
B PEXKUME CHEMKHU CIIOPTUBHBIX COOBITHI MPUMEHSIOT
MUHHMAJIBHOE CXaThe, KOTOPOE OKa3bIBaeT HE3HAYH-
TEJbHOE BIIMSHHUE Ha pe3yibTaT. B To jxe Bpems He-
MPUATHBIM OTKPBITHEM OKa3ajloch TO, YTO KaMephbl
Hapy>KHOI'O BUJCOHAOIIOACHHUS TPOU3BOIAT CIUIIKOM
CHJIBHYIO KOMIIPECCHIO ABIXKYIIMXCA YacTed m300pa-
KEHUs. 3aperucTprUpOBaHHbIE KaMepaMy HaOIroAeHHS
BUAcodaiinpl Mo KpaiiHel Mepe MpU CTaHAApPTHBIX
HacTpOWKax HMX BHYTPEHHEH IpPOrpaMMbl OKa3aJUCh
HETNPUTOIHBI ISl OLEHKH XapaKTEPUCTHUK BETPOBBIX
BOJIH.
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[MpuumHa ckaTus ye Ha dTare perucTpaluy JaH-
HBIX 3aKJII0YaeTCs B TOM, 4TO "ChIpoe" BHEO Mpej-
CTaBIIAET COOOW CIMIIKOM OOJIBIION TOTOK IaHHBIX.
OTCYTCTBYCT TEXHUYCCKAasA BO3MOXHOCTH COXPAHUTH
Takoi 00beM 0e3 CKaTHsl Ha HOCHUTENE I BBOJHUTH
B KOMITBIOTEp 0€3 CrelHanu3upOBaHHBIX CKOPOCTHBIX
nHTepdeticoB. B cBoro ouepens, aTumu uHTEpdeEiica-
MU o0nanaroT tak HasbiBaemble "Gig-E" xameps aiis
TeXHH4YeCcKoro 3peHus. Ilpu HeoOXoaMMoOCTH B ITOH,
OoJsiee OpOrocTosiel TUHEHKE, ClieAyeT UCKaTh YCT-
poiicTBo ¢ (pyHKIMEH ChEeMKH BHUICO 0€3 MOTepH Ka-
YecTBa.

ITPUMEPBI IPUMEHEHU A
PA3PABOTAHHOI'O METOJIA

OmnucaHHBII METOA M3MEpPEHHs CIIEKTPOB BOJIHE-
HUS peau30BaH B MporpaMMHOM obecriedennn "Wind
waves optic lab" (WWOL), koropoe Haxoaurtcs
Ha cTagud aib(a-TeCTUPOBaHMA, M TEKYILas BEPCHS
noctymHa 1o cceuike [20]. IlpuBoauMele B cTaThe Mil-
JIIOCTPALMU MOJIyYeHb! ¢ moMolibo toro I10.

Buneocsemka nposoxaunace B 3anuse Halicmepu
Jlamoskckoro o3epa ¢ KpbIIM KaTaMmapaHa, I1OCTaB-
JICHHOT0 Ha mBapToBble Oouku. MccnemoBanus mpo-
BOJIMJIACH B BHITSIHYTOM, 3aKPBITOM BOJIOEME TIPH Clia-
OOM BOJIHEHHH, I[ie HENPUMEHUMbI CTaHIAPTHBIE IS
MOpSI 3aKOHOMEPHOCTH (OPMUPOBAHHS BOJH B 3aBH-
cuMocTd OT Berpa. Ilo3ToMy TONBKO HpsAMasi dKCIe-
pUMEHTalbHasE OLIEHKA CIIEKTPa BOJHEHUS MO3BOJIHIIA
KOHTPOJIMPOBaTh YCJOBUS aKyCTHYECKOTO 3KCIIEpH-
MEHTa, BO MHOTOM aHajoru4noro [21], HO mpoBoau-
MOT0 B AaHHOHW akBaTopuu. JlJist 3T0T0, COriacHo pas-
paboTaHHOMY METO[Iy, BEJach CheMKa Ha IOJIYIpPO-
¢deccuonanbuyto kamepy "JVC Everio GZ-HM200"
¢ pazpemenueM 1920 nHa 1080 wacTtoroit 25 kanpo
B CEKYH/Y.

Ha pucynkax B Ilpunoxenun puc. I11, I12, I13
M300pakeHbl SIPKOCTh MOBEPXHOCTH Mociie mpeolpa-
30BaHMS INEPCIEKTHBBI, YCPEAHEHHBIC CIEKTPHI BOJI-
HEHUS B HECKOJBKHUX CEUCHHAX U 00JIacTh 00paboTKH
Ha Kajapax u3 Buieo, CHATHIX 16, 17 m 21 aBrycra
2024 r. ¢ pa3HBIX paKypCOB: B HAIIPABJICHUH HA BBIXOJ
W3 3aJIMBa B CTOPOHY OTKPBITOH BOJIBI, OTIEPEK 3T~
Ba U BriyOb 3anmmBa. CheMKa Bellach B BETPEHYIO T10-
roJy, CKOpPOCTb BETpa, W3MEpEeHHas MeTeoCTaHLUeH
Ha BbIcoTe 7 M, Obuta coorBeTcTBeHHO 0.9, 4 1 6.3 M/C,
JUINTENBbHOCTh 3amuced 5, 4 m 3 muHyTsl. Betep
W BOJHBI Ha BCEX BHEO HAIpPAaBJICHBI MPEUMYIIECT-
BEHHO B 3aiuB. JlinHa okHa dypbe-aHanuza 0o Bpe-
MeHHu 512 OTCueTOB, MEPEKPHITHE OKOH Y2, ycpemHe-
Hue CIIM npu pa3nuyHbIX BpeMEHHBIX OKHAX MPOBO-
JIWIIOCH Ha BCEH JITMHE 3aIiCH.

CpeMka BeslaCh B MOAXOZSIIMX, HO CJIOXKHBIX YC-
JIOBUSIX: BBICOTAa Kamephl HaJ BOAOW 5.5 M, yrona ka-
Mepbl ¢ BepTuKanpio 80°, macMypHoe HEOO U 0030p
BJIOJIb pacrpocTpaHeHus BojH g 16 u 21 aBrycra,

17 aBrycra yactu4Has 00JAYHOCTH M 0030p MOIMEPEK
pacnpoCcTpaHEeHUs] BOJIH, YTO SIBJSIETCS! HEXKeJIaTelb-
HBIMH yCJIOBUSIMA. MeIeHHBIN pa3BOpPOT KaTaMapaHa
MOT HEMHOTO CIIBUTaTh 00JIaCTh 00pabOTKH, YTO TPH-
BOAUT K nosgsieuuro nuka Hwke 0.1 ', UneansHpIMHu
yCIOBUSIMH OBUTM OBl CTallMOHAPHOE PACIOIOKEHHUE
Ha OOJBITION BBICOTE, OOJIee BEPTHUKAIBHBIN yroll 3pe-
HUS Ha BOJY, 0030p BIIOJIb HANpPABIIEHHS PaCIPOCTpa-
HEHMS BOJIH U IIOJHOCTBIO MACMYPHOE I a0COJIOT-
HO sicHOe He0O.

Perucrpanus BBICOTBI BOJHEHUS B OJIHOM TOUKE HE
MPOU3BOAMIIACH, OIOPHBIA 3HEPreTHYECKUI CIIEKTp,
HEOOXOMUMBIH Juisi Tpoueaypbl (4) OTCyTCTBOBAI.
[losromy »Heprernyeckuit crektp BomHeHHS S(f)
(ITpunoxenue, puc. 111, a,-113, a) HopmupoBaH Ha Mak-
CHMYM Tak, 9T0OBI ypoBeHb Tirka coctaBisit 0 nb. Jlis
3TOTO HCHONB3yeTcs KanuOpoBouHas QyHKIus (2)
C OIMHAKOBBIMH Tapamerpamu k., = 1.5 pan/c, y =
=0.25, fuin 0.2 T'm m pasHBIMH aMIUTUTYyJaMU
A =1, =7, —16 nb. 3Haunmas BbICOTa BOJHEHUS H;
HanpsMyI0 HE M3MepsUlach M 10 KCIEPTHOH OLCHKe
coctaBisia ot 5 g0 10 cm, ot 10 10 20 cm u ot 20
10 40 cm s pucynkos 111, I12 u TI3 cooTBeTcTBEH-
HO.

Habmonaemast kapTrHa coriacyercs ¢ 0O0IIen3Be-
CTHBIMHU (paKTaMH O MOBEPXHOCTHOM BOJIHEHHU. MeT-
KM€ BOJIHBI UMEIOT 00Jiee BBICOKHE MUKOBBIE YaCTOTHI
Ha sHepreTrdeckoM criektpe S(f): 1-2 ' Ha puc. I11, a,
muk Ha 1.2 T'm Ha puc. [12, a, u muk Ha 0.8 I’
Ha puc. [13, a. 1 HaoOGopoT, Oollee HHTEHCUBHOE BET-
pOBOE BOJHEHHE MMEET MOHIKEHHYIO YacTOTY IMHKA.
Otknonenune ceuenuit S(f, k., k,) mpum mocrosHHON
4acToTe OT Kpyra MOXKET OBITh CBSI3aHO KaK C TEM, 4TO
BOJIHEHHE (OpMHUPYETCsl Ha TEYEHHH, TaK U C IO-
I'PEIIHOCTBIO IIPU ONIPENENICHUHU yIiia 0030pa ¢ BepTu-
KaJIbio.

IIpu oneHke crieKTpa BOJIHEHHS AUCTAHLMOHHBIMHU
METOAaMH 4acTo HaOMIoJaeTcsi HeXapaKTEePHBIA s
JIMHEHHON TEOpUH MAaKCHMyM CHEKTPaJIbHON IIOTHO-
CTH TIpH ONM3KHX K HYJIO k ¥ f, HIKE TUCTIEPCHOHHO-
ro coorHomenwus (puc. I11, 6,-I13, 6). ['panuma stoii
HeJMHeHHOH 00nacTn oOcykaaercs B [9, mpuiioxeHne
1]. Panee aBTOpBI OBUTH CKJIOHHBI ONPENENATH CIEK-
TpaJibHbIE, HEIUCIIEPCUOHHBIE KOMIIOHEHTHI C Malbl-
MU k ¥ f, KaK apTedakT ONTHIECKOi CHCTEMBI 1 00pa-
OOTKH, OJTHAKO 3aMETHM, YTO PE3yJIbTaThl YUCICHHOTO
MO/JIETTMPOBaHUS HEJTMHEWHOW 3314 3BOJIIOLMU BOJIH
MTOKA3BIBAIOT TAKOH JK€ XapaKTep CIeKTpoB [22].

To e MOXHO CKazaTh M MpO HaOII0JaeMyr0 BTO-
pPYIO TapMOHUKY BBIIIE AMCIEPCHOHHOTO COOTHOLIE-
HUS JUTsl DHEPTOHECYIINX BOJH Ha puc. 113, 0, (Ha He-
KaJIMOPOBAHHOM CIIEKTpPE OHa OyJIeT ele 3aMeTHee).
C omHOUW CTOPOHBI, aMIUIATYyJla BTOPOW TapMOHUKH
COOTBETCTBYET 10 MOPS/IKY BEIHMYMHBI TIOMPABKE BTO-
poro mopsiaka, KOTopasi BO3HUKAeT JUIsl IOBEPXHOCT-
HBIX BOJH KOHEUHOW aMruTyasl [23, c. 230-234],
HO, C JIPYroil CTOPOHBI, TAKHM >X€ 0Opa3soM MOXKET
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IIPOSIBJIATECS. UCKAXKEHUE CIEKTpaA WU3-3a HEJIMHEWHOMN
3aBHCHUMOCTH SIPKOCTH OT HaKJIOHAa IOBEPXHOCTH BO-
Jbl WM UCKa)KEHHsSI IPKOCTH B M3MEPUTENFHOM KaHa-
Jie TIpH 3anKcy (FraMMa-KOPPEeKIHs).

Takum o0Opa3om, Mmocieayromye padoTsl aBTOPOB
OyAyT HanpaBJIeHbl B TEXHUYECKOW YacTH — Ha Jajlb-
HEHMIIyI0 aBTOMATU3aLMI0 IIpolecca H3MEpEHus,
U B TEOPETUYECKOW YacTH — Ha UCCIEeIOBAHUE TPH-
pOIbl HEJIMHEWHBIX KOMIIOHEHT crnektpa. [Ipumepsl
BUJICO3aMNCel, C/AENaHHBIX paHee B aHAIOTHYHBIX
CTHIOKOMHBIX YCIOBHUSX, Pa3MEIICHBI Il CKAYWBAHUS
o cchlIKe [24].

3AKJIFOYEHUE

B mHacrosueil craree OblUIa IOKa3aHa BO3MOXK-
HOCTb BBINIOJIHEHUSI SKCIIEPUMEHTAIbHOU OLICHKU Xa-

PaKTEepUCTUK BOJHEHUS C HCIOJIB30BAaHHUEM JIOCTYII-
HBIX Ha TOTPEOHUTEIILCKOM PBIHKE BUJEOKAMEP U OpH-
TUHAIFHOTO TPOrpaMMHOr0 obecreueHus. Omnmmo-
HAJIbHO B CUCTEMY MOXKCT 6LITL BKJIFOUYC€HA BE€Xa HUIIN
BOJIHOTpad, KOTOPBIE 110 U3MEPEHUSIM B KOHTPOJILHOM
TOUYKE TMO3BOJISIIOT KalTHOpPOBATh IMOJIE SIPKOCTH Npak-
THYECKU BO BCEM I10JI€ BUAUMOCTH.

B Hacros1ei ctaTbe NpUBEAEH MPUMEP UCTIOJb30-
BaHUs MPEUIOKEHHOT0 METOJa OLEHKH XapaKTepu-
CTUK BOJIHEHUS B 3anuBe Jlagoxckoro o3epa. IlonHo-
CTBIO HEKOHTaKTHBIM 00pa3oM (0e3 HCHONb30BaHHSA
BoIHOTpada WM Bexd) OblIa OmpeAeNieHa YacToTa
IMKMKa W HaAIpaBJICHUC BOJIHCHUSA, KOTOPLIC SABJIAIOTCA
BaXHBIMH BEJIMUYMHAMU U1 OLICHKH YCJIOBHH IIpOBe-
JeHUs1 TUAPOYUZNIECKUX IKCTIEPUMEHTOB.

IMTPUIJIOXXEHUE
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Puc. II1. O630p u3 3anM1Ba B CTOPOHY OTKPHITOH BoAbI 16 aBrycra 16:03.

BU/ — u3obpaxen uaTepdetic mporpammbel WWOL [20]: obmacts 00pabOTKH Ha Kaape U3 BH-
J€0 " I/I306pa)l<eHI/Ie TIOBEPXHOCTU BOABI C UCTIPABJICHHBIMU NEPCIICKTUBHBIMU UCKAKCHUSIMU,

a — OHepreTM4yeckuil cmektp BojHeHHs S(f), HOPMHMPOBaHHBIH Ha  MaKCHUMyM
0 nb;

0 — TUIOCKOCTH "4acTOTa—MO/IyJIb BOJIHOBOTO BekTopa S(f, k)";

B — ceuyeHHe TpexmepHoro cnektpa S(f, k,, k,) npu 3ajaHHOi yacToTe, cnesa Hanpaso f = 0.879,
1.465, 1.855 I'u, Genple TMHUN — TUCTIEPCHOHHOE COOTHOIIEHHE (5).

JmurensHocTh 3amucu 5 MuH. Ckopocts Betpa 0.9 m/c. IlapameTpsl KalTHOPOBOYHOW (DYHKIIAH:
kmin= 1.5 pan/c, y=0.25,4=1 nb
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Puc. I12. O630p nonepek 3anuBa 17 aBrycra 9:32.

BUJI — m3o6paxen unrepdeiic nporpammel WWOL [20]: obnacts 00pabOTKH Ha Kajpe U3 BUAEO
u H306pa)KeHI/Ie TOBEPXHOCTHU BOJbI C UCTIPABJICHHBIMU NEPCIICKTUBHBIMU NCKAKCHUAMMU

a — DHepreTuyeckuil criekTp BosiHeHus S(f), HopMupoBaHHbII Ha MakcuMyM 0 1b;

0 — TUTOCKOCTH "9acTOTa—MOIYJIE BOJTHOBOTO BekTopa S(f, k)";

B — cedeHue TpexmepHoro cnekrpa S(f, k., k,) npu 3anaHHOi YacToTe, cneBa Hanpaso f =0.977,
1.367, 1.758 T'u, 6enple TMHUN — TUCTIEPCHOHHOE COOTHOIIEHHE (5).

JmurensrHocTs 3ammcn 4 MuH. CkopocTh BeTpa 4 wm/c. Ilapamerpsl KannOpOBOYHOHN (QYHKITHH:
kmin =1.5 pan/c, y=0.25,4=-7 nb
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Puc. I13. O630p BriryoOs 3anmuBa 21 aBrycra 12:05.

BUJI — uzobpaxen untepderic nporpammbel WWOL [20]: o61acTh 00paboTKH Ha Kajpe U3 BUIEO
1 H300paXKeHHe IIOBEPXHOCTH BOJIBI C HCIIPABICHHBIMH IIEPCIEKTHBHBIMU HCKaXKCHHAMM;

a — JHepreTHUecKuii criekTp BoHeHus S(f), HopMupoBaHHEIH Ha MakcumMyM 0 1b;

0 — TUTOCKOCTH "9acTOTa—MOyJIb BOTHOBOTO BekTopa S(f, k)";

B — CEYeHHe TpexMepHoro cnekrpa S(f, k,, k,) npu 3a1aHHON YacToTe, cneBa Hampaso f = 0.977,
1.270, 1.562 I'u, Oenble TMHAN — JUCTIEPCUOHHOE COOTHOIICHHE (5).

JmurensHocTh 3amucu 3 MuH. Ckopoctb Betpa 6.3 m/c. Ilapamerpbl kanuOpOBOYHON (YHKIMH:
kmin =1.5 pan/c, y=10.25,4=-16 nb

Hccneoosanue noodepacano epanmom Poccuiickoco  27-00363/.
Hayunozo ¢onoa Ne 24-27-00363, https://rscf.ru/project/24-
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DETERMINATION OF SURFACE WAVE SPECTRUM

PARAMETERS USING VIDEO RECORDING

IN NATURAL LIGHT

V. V. Bakhanov, D. D. Razumov, M. B. Salin

Federal Research Center A.V. Gaponov-Grekhov Institute of Applied Physics of the RAS,
Nizhny Novgorod, Russia

In many areas of applied physics, such as underwater acoustics, radar, climatology, and shipbuilding, when
studying sea waves, it is necessary to know not only the frequency spectrum but also the lengths and directions
of wave propagation. The dependence of the spectral density of the surface wind wave elevation power on the
frequency and wave vector can be estimated by the method described in the paper. The method is distinguished
by the simplicity of the equipment; it is enough to shoot the waves with one video camera and process the re-
cording using a PC (a link to the author's open-source program is given). The possibilities are further expanded
by combining a camera and a calibration device — a wave recorder or a spar buoy for measuring water surface
oscillations at a point — into a scientific installation. The paper provides recommendations on the conditions for
using the video recording method and provides examples of processing.

Keywords: surface waves, wind waves, three-dimensional spectral power density of waves, optical method of measurement,

perspective correction
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INTRODUCTION

The task of studying the characteristics of surface
waves is one of the applied tasks in marine research.
At present, monitoring on the scale of the entire
World Ocean is carried out using a system of buoys
[1] and satellite observations [2]. Carrying out mea-
surements of the wave spectrum in a specific area is
an important task, for example, when calibrating satel-
lite data or when it is necessary to control the condi-
tions of an experiment carried out in a small water
area, where the wave spectrum differs significantly
from the dependencies typical for marine acceleration
lengths. To carry out measurements on the scale of
a single area, they use smaller buoys, spar buoys, in-
cluding rod-shaped buoys without electronic equip-
ment for external visual observation. When working
on stationary platforms, various models of string wave
recorders are used. Due to the need for wide coverage
of the World Ocean by measuring systems, radar me-
thods of measuring the characteristics of waves on the
sea surface have found wide application [3, 4], since
they are performed in a contactless manner, including
from a moving vessel. An additional advantage of ra-
dar coverage is the formation of a spatial panorama.
Acoustic methods of measuring the state of waves are
also applied [5]. All of the listed methods have their
limitations in terms of application conditions or the
range of measured values.

Sea waves are clearly visible to the naked eye dur-
ing the daytime, so methods for measuring their pa-
rameters using photographs and video recordings have
been proposed in scientific publications for quite
a long time, and such methods became widespread
with the advent of the first suitable means of obtaining
digital images [6—8], as well as computing devices for
them. At present, even widely available video cameras
have a large matrix size and a high frame rate. There-
fore, the main efforts in the development of optical
instruments and methods for measuring waves are
associated with algorithmic support [9—-10].

Optical means allow measuring wave characteris-
tics both directly and indirectly. In the first case, the
wave height is measured by the water level against the
background of some object, such as a spar buoy, in
order to transform the resulting series into a so-called
one-dimensional wave spectrum. In the second case,
the wave characteristics are reconstructed based on
the brightness distribution over the surface, photo-
graphed in a wide shot. It is possible to obtain a spec-
trum using both wave numbers and time frequencies.
The difficulty is that measuring the wave height by its
brightness is, in general, an indirect measurement —
images of waves with the same amplitude and fre-
quency, obtained under different conditions, will dif-
fer significantly depending on the illumination, shoot-
ing angle, weather, and camera settings.

An absolute method, i.e., one that does not require
additional calibrations, is the measurement of the sur-
face tilt distribution by filming the sunglitter path [7,
11, 12], when the resulting image is actually reduced
to a binary mask. Indeed, the position of the sun and
the size of its disk in the sky are determined by a well-
tabulated dependence; the camera orientation by the
cardinal directions can be set, and then, based on suf-
ficiently transparent relationships following from the
laws of geometric optics, it is possible to associate the
fact of a glare at a specific point with the range of tilt
angles that the surface may have at this point. Howev-
er, due to the need to carry out measurements in vari-
ous lighting conditions, methods based on image
processing in brightness gradations continue to devel-
op. Thus, the brightness optical method for recon-
structing the wave spectrum described below is not
completely remote; it requires the use of a spar buoy
or a string wave recorder for calibration.

There are also known works [13] on the remote re-
cording of sea wave spectra, based on so-called restor-
ing operators. They are constructed by computer mod-
eling taking into account the nonlinearity of the de-
pendence of sea brightness on wave slopes. In some
cases, reliable measurement of wave height is ob-
tained using stereo imaging [14], i.e., computer vision
methods similar to human binocular vision. Some-
times the measurement is made by determining the
ratio of light intensities in two polarizations [15, 16].
However, monocular video shooting in natural light
with a non-specialized video camera remains the most
accessible solution.

The authors use the described method to monitor
the state of the sea surface during hydrophysical expe-
riments. In this paper, we will show ways of obtaining
estimates of wave characteristics by an optical me-
thod, given the lack of special conditions for shooting.

THEORETICAL BASIS OF THE MEASUREMENT
METHOD

The wave spectrum is taken as the spectrum of ver-
tical displacements (heights) of the water surface rela-
tive to the average level. In general, the wave charac-
teristics are described by the power spectral density
(PSD), which depends on the frequency and two pro-
Jjections of the wave vector: S(@, k., k), or, briefly,
a three-dimensional spectrum. The development of
devices for measuring local oscillations of the water
boundary — wave recorders — led to the assessment
of such a quantity as a one-dimensional spectrum of
excitement S(w). The following relationship is valid:

S(w) =J._[S(w,kx,ky)dkxdky. (1)

When shooting the water surface with a wide plan,
a series of raster images is obtained and compiled into



a video file. It is necessary to apply two transforma-
tions successively to obtain an estimate of the
heightmap.

The first is a geometric transformation of the im-
age, which translates it onto a uniform coordinate grid
in the horizontal plane. Namely, the area of the origi-
nal image shown in Fig. 1, a, is transformed into the
image of Fig. 1, 6. Due to the perspective effect, the
prototype of a rectangle on the horizontal plane is the
trapezoid shown in Fig. 1, a.

Fig. 1. An example of geometric transformation of an
image.

a — the original frame with the designated processing
area, 6 — this area after transformation.

Taking the camera obscura model for projecting
points from the water surface onto the matrix of a vid-
€0 camera, it is easy to construct the necessary geome-
tric transformation using the initial data according to
one of two schemes:

— the camera is pre-calibrated [17] using a marked
sheet of paper taken from a known distance; then, dur-
ing location shooting, the angle of the optical axis to
the horizon' and the height of the camera installation
relative to the water level are recorded in the protocol

— a sufficient number of objects with known di-
mensions can be placed in the field of view, and cali-
bration can be carried out using them.

To shoot waves in wide shots, an approximation
must secure a negligibly small change of any water
surface point position on the screen while this point
moves up and down on the real surface.

The second operation — transforming the bright-
ness pattern into a heightmap — is a non-trivial trans-
formation and requires detailed discussion. The image
of a rough sea surface is formed by many factors.
Waves are clearly visible to the naked eye, mainly due
to the fact that they change the slope of the surface. It
is the slope of the surface that determines which of the
points of the sky, being reflected, is projected into the
camera lens (or into the human eye). In addition, the
slope of the surface determines the angle of incidence
of the beam, which is included in the coefficients of
reflection and transmission of light at the boundary of
the media.

The formation of the image is affected by the state
of the sky (clear or cloudy), the position of the sun
relative to the direction of shooting, and the intensity
of the ascending flow of light from the depths — and
this is far from a complete list of parameters that
would need to be taken into account with a strict for-

' If the horizon line is in the frame, then this angle can be
determined directly from the image.

mal approach. For example, one can get acquainted
with the works of those who solve the opposite prob-
lem — generation of realistic images of the sea for
video games [18, 19], based on the physics of the
process. The nonlinear dependence of the output sig-
nal of the matrix sensor on the intensity of the incident
light also affects the result. Instead of explicitly taking
into account all the factors, it is proposed to calibrate
the brightness-slope dependence in place.

Let J(w, k., k,) be the PSD of the brightness field,
expressed in units of the ADC of the video camera
matrix and calculated from a sequence of raster im-
ages immediately after they have been geometrically
transformed. Namely, the spectrum for k. and £k, is
calculated by means of a two-dimensional Fourier
transform of a rectangular image of the type in Fig. 1,
0; the spectrum for @ is calculated from a set of
frames. In Fig. 1, 0, it can be seen that the input array
for the Fourier transform is already multiplied by a
window function that smoothly falls toward the edges.
The estimate of the wave PSD S’ can be obtained
from J multiplying by the following function [9]:

Ak

O(o,k,.k,)=— o (2)
k +(}/CO /g) +kmin

S'(w.k,.k,) =D (w,k, k)] (0,k,.k,), 3)

where k = kf +ky2_ ; g ~9,8 m/s” is the acceleration

of gravity; 4, ¥, kmin are parameters. In fact, (2) is the
modulus of the transfer characteristic of the filter de-
fined in the spatio-temporal domain. In [9], it was
shown experimentally that the brightness field trans-
formed using such a filter has a correlation coefficient
of 0.7-0.8 relative to the real heightmap, and this is
sufficient for a large number of applications.

The physical interpretation of the application of the
transformation (2)—(3) is as follows: considering the
surface brightness to be linearly related to its slope
and taking into account that the slope is a gradient
with respect to the heightmap, it is necessary to mul-
tiply the brightness PSD by a value proportional to k™
to obtain the value of height. Thus, for y < 1 and &y,
/ k < 1, function (2) has a dependence ® ~ k™', ne-
cessary for transforming the gradient into its proto-
type. The parameters y and ki, are introduced to re-
duce the error at the edges of the dynamic range by £.
The coefficient 4 allows calibrating the entire path by
the brightness channel.

The wave PSD estimate (3) satisfies the same nor-
malization condition (1) as the real spectrum. As has
already been said, methods for measuring one-
dimensional wave spectra have become more wide-
spread than measuring three-dimensional ones. There-
fore, the proposed measuring system, consisting of



a video camera, is supplemented by a buoy or a wave
recorder, allowing one to measure the one-
dimensional wave PSD S..d{®) as a reference value.
By selecting A4, ¥, knin, a relationship similar to (1) is
optimized:

S, (@)= [[ S,k k) dk, dk,|>min.  (4)

This is the approach with calibration of the bright-
ness spectrum. In the absence of the reference spec-
trum S, the possibility of analyzing the brightness
PSD J without normalization remains, and this, for
example, allows us to determine the frequency of the
main energy-carrying wave, which is already an im-
portant characteristic of the medium. In general, the
described method of assessing the video-recorded
wave spectra can be criticized due to the fact that
more complex, nonlinear effects of image formation
are not taken into account, but this method allows us
to take certain practical steps towards creating a scien-
tific instrument.

The technical means used are accessible. The cam-
era can be deployed on an elevation, for example, on
the upper deck of a ship or on the roof of a floating
structure. Preparation for filming takes little time.
Therefore, a distinctive positive quality of the de-
scribed method is its time efficiency.

REFINEMENT OF THE PARAMETERS OF
THE GEOMETRIC TRANSFORMATION

Until now, the dispersion relation for surface
waves has not been used in the presentation of the
method. In such a range of wavelengths, which allows
to neglect the finite depth of the reservoir and capil-
lary effects and where the frequency and the wave
vector are related as follows:

w* = gk. 5)

Sometimes they say that all information on the
wave spectrum can be restored only by its spatial part
S(ky, k,):

S(ak, k) oc Sk, k)5 (o —[ghk). (6)

In fact, relation (6) is an approximation, since a
number of effects can lead to a deviation from the dis-
persion relation, and (6) was not used in performing
the calibration procedure above. Therefore, (6) can be
used to control the quality of the obtained spectra.

The cross-section of the three-dimensional spec-
trum S(w*, k,, k,) at a fixed frequency w* should fit
into a ring limited by circles of radius (5) substituting
o= o* and v = ®* + Aw, where Aw is the resolution
of the spectral analysis (see Fig. 2, a). The wave direc-
tivity pattern can be determined from such distribu-

tions. As the studies were conducted near the coast,
and due to reflections, the pattern turned out to be
atypically wide. The dip in intensity on the horizontal
axis in this case should be interpreted as a conse-
quence of the limitation of the method, and, as will be
discussed below, it is recommended to synthesize the
full pattern from two angles.

Fig. 2. An example of correctly (a) and incorrectly
(6, B) obtained cross-sections of three-dimensional
spectra S(w*, ki, k).

The cross-sections are energy distributions over the
projections of the wave numbers £, and £, at a fixed
frequency value w*/2n = 1.4 Hz: a) with a correct
geometric transformation of the frame, 6) with a scal-
ing error, B) with a slope angle error. The color scale
is dB relative to the conventional level. White circles
are the theoretical boundaries that should contain the
bulk of the energy at a given frequency

If the spectral intensity is concentrated outside the
theoretical ring, then we can talk about the presence of
an error at the stage of geometric transformation of
the image. The discrepancy between the radius of the
circle and its theoretical value (Fig. 2, 0) indicates
incorrect scaling of the frame (an error in specifying
the camera height or an error in specifying the view-
ing angle). The ellipticity similar to Fig. 2, B, indicates
an incorrect setting of the shooting angle, as a result
of which the vertical and horizontal scales turned out
to be different. The listed parameters are to be cor-
rected proportionally to the ratio of the radii of the
theoretical and experimental circles or the ratio of the
semi-axes of the ellipse, respectively. Based on the
dispersion relation for surface waves, we can reduce
the requirements for the accuracy of setting the shoot-
ing geometry and camera calibration. It is possible to
launch preliminary image processing by setting ap-
proximate values of the geometric parameters and
then refining them, bringing the processing result into
line with the dispersion relation. However, it is neces-
sary to keep in mind the existence of objective physi-
cal processes, primarily currents, that change the dis-
persion relation of waves. Therefore, it is necessary to
require full compliance of the analysis results with the
dispersion relation only in those cases where it is jus-
tified.

RECOMMENDATIONS FOR CONDUCTING
SURFACE VIDEO RECORDING

The main requirement for video recording is that
individual waves are resolved in the image. It is im-
possible to offer a universal recipe for what magnifi-
cation in the optical system of the camera (zoom)
should be set. For high-quality measurement of the



three-dimensional wave spectrum, it is necessary to
achieve a compromise in fulfilling two conditions:

— several wavelengths of the largest scale should
be projected onto the camera matrix;

— the wave of the smallest scale, which must be re-
solved in the spectrum, should be projected onto
a several (~10) pixel matrix.

These conditions limit the use of excessively high
and, conversely, too low magnification.

Often the only way to take a wide-angle picture of
a rough surface is to shoot at a small angle to the hori-
zon. The authors obtained satisfactory results up to an
angle of 10° to the horizon, but the perspective effect
significantly distorted the proportions, and the actual
spatial resolution differed by an order of magnitude
near and far. There is such a feature that it is impossi-
ble to effectively use the entire area occupied by water
in the frame. If you select too large an area, then due
to perspective, the short waves on the far boundary
will be "blurred", and at the same time, on the near
boundary, only a part of the period of the long wave
will be visible, which is not suitable for Fourier analy-
sis. Sometimes it is necessary to combine the
processing of long waves in one (more distant) section
of the frame and short waves in the second (near) sec-
tion.

The lighting conditions should be such that the lens
is not glared by the sun (there are certain algorithms
for processing the image of the sun's path [7, 11, 12]).
It is desirable to orient the optical axis of the camera
close to the main direction of the waves (across the
wave crests), since the error in determining the cha-
racteristics is significantly higher for waves coming
from the orthogonal direction [9]. These conditions
are easy to meet when video filming is carried out
under the direct control of the operator, and he has the
ability to rotate the camera on the tripod manually
(rotate along the waves and turn away from the sun).
If the task is to organize a stationary wave monitoring
system, then it should be equipped with several cam-
eras facing in different directions, or a camera with a
rotating mechanism. In addition, automatic exposure
control is necessary for filming in different lighting
conditions, but most video cameras available today
have this function.

Since the method is oriented towards the use of
cameras available on the mass market, it is important
to take into account the compression factor — the de-
sired raster image will inevitably be distorted by the
compression of the video file at the data recording
stage. It has been experimentally established that
semi-professional cameras of such brands as JVC,
Sony, GoPro, in the mode of shooting sports events,
use minimal compression with an insignificant effect
on the result. However, an unpleasant discovery was
that outdoor video surveillance cameras produce too
strong compression of moving parts of the image.

Video files recorded by surveillance cameras, at least
with the internal standard settings, turned out to be
unsuitable for assessing the characteristics of wind
waves.

The reason for compression already at the data re-
cording stage is that the "raw" video is too large a data
stream. There is no technical possibility to save such
a volume without compression on a storage medium
or input it into a computer without specialized high-
speed interfaces. In turn, the so-called Gig-E cameras
for machine vision have these interfaces. If necessary,
in this more expensive line, you should look for a de-
vice with the function of shooting video without quali-
ty loss.

EXAMPLES OF APPLICATION
OF THE DEVELOPED METHOD

The described method for measuring wave spectra
is embodied in the software "Wind waves optic lab"
(WWOL), which is at the alpha testing stage, and the
current version is available at the link [20]. The illu-
strations given in the article were obtained using this
software.

Video filming was carried out in the Naismeri Bay
of Lake Ladoga from the roof of a catamaran fixed to
mooring buoys. The studies were conducted in an
elongated, confined water body with weak waves,
where the standard rules of sea wave formation de-
pending on the wind are not applicable. Therefore,
only a direct experimental assessment of the wave
spectrum made it possible to control the conditions of
the acoustic experiment, which was largely similar to
[21], but conducted in this water area. For this pur-
pose, according to the developed method, filming was
carried out on a semi-professional camera JVC Everio
GZ-HM200 with a resolution of 1920 x 1080 at a fre-
quency of 25 frames per second.

In the Appendix, Figs. 111, I12, I13 show the sur-
face brightness after perspective transformation, aver-
aged wave spectra in several sections, and the
processed area in video frames shot on August 16, 17
and 21, 2024 from different angles: in the direction of
the exit from the bay towards open water, across the
bay, and into the bay. The shooting was carried out in
windy weather; the wind speed measured by the
weather station at a height of 7 m was 0.9, 4 and 6.3
m/s, respectively; the duration of the recordings was
5, 4 and 3 minutes. The wind and waves in all videos
are directed mainly into the bay. The length of the
Fourier analysis window over time is 512 samples; the
overlap of the windows is }%, averaging of the PSD for
various time windows was carried out over the entire
length of the record.

The shooting was carried out in suitable but diffi-
cult conditions: camera height above water is 5.5 m,
camera angle relative to vertical is 80°, overcast sky



and view along wave propagation for August 16 and
21, partly cloudy and view across wave propagation
on August 17, which are undesirable conditions. Slow
turn of the catamaran could slightly shift the
processing area, which leads to the appearance of
a peak below 0.1 Hz. Ideal conditions would be a sta-
tionary location at a high altitude, a more vertical an-
gle of view on the water, a view along the direction of
wave propagation, and completely overcast or abso-
lutely clear sky.

Wave height recording at one point was not per-
formed; the reference energy spectrum required for
procedure (4) was missing. Therefore, the wave ener-
gy spectrum S(f) (Appendix, Figs. I11, a, — 13, a) is
normalized to the maximum so that the peak level is
0 dB. For this purpose, the calibration function (2) is
used with the same parameters &, = 1.5 rad/s, y =
=0.25, fmin= 0.2 Hz and various amplitudes 4 = 1, -7,
—16 dB. The significant wave height H; was not
measured and, according to expert assessment, was
from 5 to 10 cm, from 10 to 20 c¢cm, and from 20 to
40 cm for the figures (Appendix, Figs. I11, I12 and
I13), respectively.

The observed picture is consistent with the well-
known facts about surface waves. Small waves have
higher peak frequencies on the energy spectrum S(f):
1-2 Hz in Fig. I11, a, a peak at 1.2 Hz in Fig. 12, a,
and a peak at 0.8 Hz in Fig. [13, a. Conversely, a more
intense wind wave has a lower peak frequency. The
deviation of the cross-sections S(f; k., k,) at a constant
frequency from a circle can be associated both with
the fact that the waves are formed on the current and
with an error in determining the viewing angle relative
to the vertical.

When estimating the wave spectrum using remote
tools, we often observe a maximum of the spectral
density, which is not typical for the linear theory, at k
and f close to zero, below the dispersion relation
(Figs. 111, 6-113, 6). The boundary of this nonlinear
region is discussed in [9, Appendix 1]. Previously, the
authors assumed to define the spectral, non-dispersive
components with small £ and f as an artifact of the
optical system and processing but we note that the
results of numerical modeling of the nonlinear prob-
lem of wave evolution show the same character of the
spectra [22].

The same can be said about the observed second
harmonic above the dispersion relation for energy-
carrying waves in Fig. II3, 6 (on the uncalibrated
spectrum it will be even more noticeable). On the one
hand, the amplitude of the second harmonic corres-
ponds in order of magnitude to the second-order cor-
rection that occurs for surface waves of finite ampli-
tude [23, p. 230-234], but, on the other hand, spec-
trum distortion can also manifest itself in the same
way due to the nonlinear dependence of brightness on
the slope of the water surface or brightness distortion

in the measuring channel during recording (gamma
correction).

Thus, the subsequent works of the authors will be
aimed in the technical aspect at further automation of
the measurement process and in the theoretical aspect
at studying the nature of nonlinear components of the
spectrum. Examples of video recordings made earlier
in similar calm conditions are available for download-
ing at the link [24].

CONCLUSION

This article demonstrates the possibility of per-
forming an experimental assessment of wave charac-
teristics using video cameras available on the con-
sumer market and original software. Optionally, a spar
buoy or a wave recorder can be included in the sys-
tem, which, based on measurements at a reference
point, allows calibrating the brightness field in almost
the entire field of view.

This article provides an example of using the pro-
posed method for assessing wave characteristics in
a bay of Lake Ladoga. The peak frequency and direc-
tion of the wave, which are important quantities for
assessing the conditions for conducting hydrophysical
experiments, were determined in a completely non-
contact manner (without using a wave recorder or
a spar buoy).

APPENDIX

Fig. IT1. View from the bay towards open water on
August 16, 16:03. BUJ] — the WWOL program in-
terface is shown [20]: the processing area on the
frame from the video and the image of the water sur-
face with corrected perspective distortions;

a — the energy spectrum of the wave S(f), norma-
lized to a maximum of 0 dB;

6 — the plane "frequency—the modulus of the wave
vector S(f; k)";

B — a cross section of the three-dimensional spec-
trum S(f, k.. k,) at a given frequency, from left to
right /= 0.879, 1.465, 1.855 Hz, white lines — the
dispersion relation (5).

Recording duration is 5 min. Wind speed is 0.9 m/s.
Calibration function parameters: ky;, = 1.5 rad/s, y =
=0.25,4=1dB




Fig. I12. View across the bay on August 17, 9:32.
BU — the WWOL program interface [20] is shown:
the processing area on a frame from the video and the
image of the water surface with corrected perspective
distortions;

a — the energy spectrum of the wave S(f), norma-
lized to a maximum of 0 dB;

6 — the plane "frequency-the modulus of the wave
vector S(f, k)";

B — a cross section of the three-dimensional spec-
trum S(f; k., k,) at a given frequency, from left to right
£=0.977, 1.367, 1.758 Hz, white lines — the disper-
sion relation (5).

Recording duration is 4 min. Wind speed is 4 m/s.
Calibration function parameters: kp;, = 1.5 rad/s, y=
=0.25,4=-7dB

Fig. I13. View into the bay on August 21, 12:05.
BU — the WWOL program interface [20] is
shown: the processing area on a frame from the vi
deo and the image of the water surface with cor-
rected perspective distortions;

a — the energy spectrum of the wave S(f), norma-
lized to a maximum of 0 dB;

6 — the plane "frequency-the modulus of the wave
vector S(f, k)",

B — a cross section of the three-dimensional spec-
trum S(f, k., k,) at a given frequency, from left to
right /= 0.977, 1.270, 1.562 Hz, white lines — the
dispersion relation (5).

Recording duration is 3 min. Wind speed is 6.3 m/s.
Calibration function parameters: kp;, =1.5 rad/s, y =
=0.25,4=-16 dB




