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MOJM®UKALUS METOJA TUHAMUYECKAX W3MEPEHMIA
MUIOTHOCTU MOPCKO# BOJAbI C UCIOJb30BAHUEM
ABTOHOMHBIX 30HIOB-MTPO®UTIOTPA®OB

HccnenoBanne OTHOCHTCSI K 00JaCTH METOJIOB ONPEIEICHUS] BEPTUKAIBHOTO MPOQMIS MIIOTHOCTH MOPCKOW BOJIBI
in situ. TpaagulIMOHHBIE METOJIBI OTMPENIENCHHSI TUNIOTHOCTH MOPCKO# Bonbl p depe3 CTD-mapameTpsl (31€KTpOnpo-
BOJIHOCTb, TEMIIEpaTypa, rIyOMHa) UMEIOT MHOTOITAITHBII XapaKTep, YTO YCJIOXKHIET MX HCIOJIb30BaHUE B peajb-
HOM BpeMeHH. [lepCrieKTUBHBIM pelIeHHEM SBIISIETCS] IPUMEHEHUE JTUHAMHYECKUX W3MEPEHHUIl C UCIOJIb30BaHHEM
aBTOHOMHBIX 30HAOB-TIpoduiorpados, KoTopsle, Oyayun 000pyAOBaHBI TOJIBKO OJHUM JATYUKOM AABICHUS, MOTYT
OTIPENETSTh BEPTUKAIBHBIA MPO(IIIb TNIOTHOCTH MOPCKOHW BOJBI CO CKOPOCTHIO Mopsaka 1 m/c. OmgHako TeKymas
peanmzanys JaHHOTO MeToza TpedyeT nH(popManuy o IIIOTHOCTH MOPCKOH BOJBI HA MTOBEPXHOCTH. 3agadeil JTaHHO-
TO HCCIIEIOBAHUS SIBIISIETCS pa3paboTka MOAU(UKAIMN METOAA TUHAMHYECKUX U3MEPEHHUH, He TPeOyIOIero Takoi
nHdopmanuu. B 0CHOBY MeTO#a MOJIOXKEH aHAJIN3 MaTEMaTHYECKOTO OINHMCAHMS JBW)KEHHS aBTOHOMHOTO 30HJA-
npoduitorpada B 1osie THAPOCTATHYECKOTO JIABJICHHs p TIPH CBOOOTHOM MOTPYKEHHH, Ha 6a3e KOTOPOTro MOIyueHO
ypaBHEHHE ISl onpeseneHus p(p), He TpeOyroliee anpuopHOH MH(GOPMALMK O TUIOTHOCTH. MeToJ npennonaraeT
BBIYKCIIEHHE MEPBOH M BTOPOW MPOM3BOAHBIX TMAPOCTaTHYECKOro aaBieHus. st cHmkeHus 3ddexra ycuneHus
IyMOB 1pu U hepeHnnpoBaHUH IPEATI0KEHO UCTION30BaTh (DUIIBTPBI-IU(GPEPEHIINATOPHI U JJaHa PEKOMEH Al
TI0 OTIPEZIETICHHUIO TPAHMIIBI TIOJIOCHI TOJABJICHUS YaCTOT B 3aBUCUMOCTH OT CKOPOCTH npoduinupoBanus. [Ipoanann-
3MPOBAHO BIHMSIHUE CKOPOCTH MOTPYXEHUS 30HAa-TIpodmorpada Ha JTUHAMHYECKYIO TOTPEITHOCTh U3MEPEHHUS 1aB-
JICHWs] ¥ TIOTPENIHOCTh aHAJIOro-IU(POBOro Mpeodpa3oBaHMs. BIgBICH auanma3oH ckopocTel MpoQMIMpOBaHUS,
B KOTOPOM CHIJKCHO BIIMSHHE YKa3aHHBIX MorpemHocTeil. [IpoBeseHo MoaennpoBaHue, OATBEPKIAIONIEE PE3YIIb-
TaTUBHOCTb NPEIUIOKEHHBIX perieHuid. [lonyueHHbIe pe3ynbTaThl MOTYT OBITH IPUMEHEHBI MIPU ONPEEIICHUH MPO-
(uIIs TUIOTHOCTH MOPCKO# BOJIbI B OKEaHOJIOTHH, PHIOOJIOBCTBE M TIOIBOJIHBIX paboTax.

Kniouesvie cnosa: MIOTHOCTH MOpCKOﬁ BO/JIBI, aBTOHOMHBIN SOHH—HPO(I)I/IHOFpa(b, JAUHAMHWYCCKUEC U3MCPCHUS,

CKOpPOCTBH IPOQHINPOBAHNUS, PUIBTP-IUPPEPEHITATOP

BBEJAEHUE

JlaHHBIE O paclpefeNeHUN IUIOTHOCTU MOPCKOH
BOJBI MTPAlOT (PyHIAMEHTAIBHYIO POJb B HM3yYCHUH
JUHAMUYECKUX MPOLECCOB B MUPOBOM okeaHe. C yBe-
JWYEeHNEM TITyOHHBI TUIOTHOCTH MOPCKOW BOJIBI OOBIY-
HO BO3pAacTaeT, OJJHAKO B pe3yibTaTe pa3InuHbIX (hak-
TOPOB, TaKMX KaK CE30HHBIE TeMIIepaTypHble Koieba-
HUsI, UCTIAPEHHUE U JAPYTHUe, B HEKOTOPHIX 30HAX MOXKET
Ha0JII01aThCs TIOBEPXHOCTHOE YBEJIMUYEHUE IUNIOTHOCTH,
9YTO TPHUBOIUT K (HOPMHPOBAHUIO TEPMOXATHMHHOMN
HUPKYJSIIUMA. DTa LUPKYJSALUS CYIIECTBEHHO BIHSAET
Ha KpyImHOMAacIITabHble OKeaHndeckue TeueHus [1-3].
Wudopmanust o npoduiie MIOTHOCTH MOPCKOW BOJBI
TaKke MMEEeT Ba)XHOE 3HAYCHHE JUIS WCCIIEJOBAHMI
MOpCKO# (hyops! u dayHbI, T.K. 3TOT apaMeTp OKa3bl-
BAaeT BIMSHHE HA PACHpENeNICHUe U MUIpaluio OHOJI0-
rudeckux BunoB [4, 5]. Kpome Toro, manubsie 0 mpo-
(e MWIOTHOCTH MOPCKOW BOJBI B COYETAHHH C JIPY-
THMH THIPOJIOTHYECKHMH MapaMeTpaMH UrParoT KIFo-
YEeBYIO pOJIb JJSl OUEHKH S(PQEKTUBHOCTH TEXHHYE-

CKHUX CPCACTB IIpU peain3aliun CIICHUATIN3UPOBAHHBIX
MOPCKHX 3a/1a4 [6].

Ha npakTtuke pacnpocTpaHeHbl KOCBEHHBIE CIIOCO-
OBl omnpejeieHus] MIOTHOCTU 1O M3MEPEHHBIM in Situ
JIpyruM TnapaMmerpaM MOpCKod Boasl. Hampumep,
craugapt WOCE mpenycmatpuBaet usmepenue CTD-
napaMeTpoB MOPCKOH BOJbI (3JIEKTPOIPOBOIHOCTD,
Temreparypa, TiayonHa), UX MOCIEAYIONIyI0 00paboT-
Ky WU BBIYMCJICHHE IIOTHOCTH MOPCKOW BOJBI C IIOMO-
b0 TEPMOAMHAMUYCECKOTIO YpPaBHCHHA COCTOSAHUA
Mopckoit Bomel TEOS-10 [7]. OcHOBHOI HEZOCTAaTOK
TaKoro croco0a — MHOT'OATAITHOCTH MPOLELYPHI, YTO
CYILIECTBEHHO 3aTPyJAHSAET €€ MPUMEHEHHue IS ompe-
JIeJIeHUs] TUIOTHOCTH MOPCKOM BOJBI in Sify HEMOCpea-
CTBEHHO B TPOLIECCE BEPTUKAIBHOTO MpO(UINpOBa-
HUSL.

Jpyrum pacrnpocTpaHEHHBIM IOAXOIO0M K OIpele-
JICHUIO IUIOTHOCTH MOPCKOW BOJIBI SIBJISIETCSI MCIIOJIb-
30BaHME M3MEPEHUH THAPOCTATHUYECKOTO JABJICHUSL.
Hampumep, g onpeneneHusi IIIOTHOCTH MOPCKOHM
BOJIBI B paboTax [8, 9] mpemiokeHo NCTIOIh30BaTh pe-
3epByap C OTAJOHHON JKHUJIKOCTbIO, B BepXHeH
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U HWXKHEH 4YacTAX KOTOpOoro pasmeriarorcs audde-
PCHIHAJIBHBIC NAaTYMKW JABJICHUA, a4 IO U3MCPCHUAM
PasHOCTH JaBJIEHUH ONPENeNAoT INIOTHOCTh. OHAKO
JIAHHBIN TIOJIXO/ HEYI0OCH I ONEPATUBHOTO 30HIH-
POBaHMsI, IIOCKOJBKY Uil OOECIeYeHHUs] BBICOKOH
TOYHOCTU ONPEACICHUS BEPTHUKAIBHOTO TPOUIIS
IUIOTHOCTH IPU KXJIOM U3MEPEHUH TpeOyeTcs ruapo-
CTaTUYeCKOE paBHOBECHE, a Takke WHPopmanus oo
YCTaHOBMBIIIENCS Cpe/IHEN TeMmIepaType B pe3epByape
C ATANIOHHOH KHUAKOCTHI0. COOMI0ZIeHNe 3TUX YCIOBUH
MIPUBOJUT K 3HAYUTEIBLHOM WHEPLMOHHOCTH U3MEpU-
TEJIBHBIX KaHAJIOB, a CJIEIOBATENbHO, B IIPOILIECCE BEP-
TUKAIBHOTO TPO(QUIMPOBAHHS C BHICOKUMH CKOPOCTSI-
MH BO3HHMKAIOT CYILECTBEHHbIE TUHAMHYECKHE HCKa-
JKCHHA B UBMEPCHUAX INIOTHOCTH.

CylIecTBYIOT BapuaHThl HCIIOJIb30BaHUSA H3Mepe-
HUM THOPOCTATHUYECKOIO [ABJIEHUs,, HE Tpelyrolue
pe3epByapa ¢ 3TAIOHHOW XUAKOCThIO. Tak, B paboTax
[10-12], mpemtoxkeHO OIpenensTh IIOTHOCTH MOp-
CKOM BOJABI IO pAa3HOCTH JABJIEHUN, H3MEPEHHBIX
C MOMOIIBIO CHCTEMbI JaTYHKOB JABJICHUSI B HECKOJIb-
KHUX pa3HECEHHBIX B MPOCTPAHCTBE TOYKAX, HAIPUMED
Ha IpaHULax OTpe3Ka, B y3Jax mupaMuasl u T.1. Jloc-
TOUMHCTBOM TaKOIo IoAXoJa sABJIACTCA WHBApUaHT-
HOCTb I/ISMCpeHI/Iﬁ INIOTHOCTHU IIO OTHOILICHHIO K TEM-
nepaType MOPCKOM BOJBI M CKOPOCTH BEPTUKAIBHOTO
npOoQUIUPOBAHUS, OJTHAKO MOJyUYCHHE Pa3HOCTH JaB-
JICHUH BBIYMTAHMEM JIBYX WM3MEPEHUIl NaBJIEHUs, IO-
JIYUYCHHBIX PA3HECCHHLBIMHU B IHPOCTPAHCTBE AdaTUYMUKaA-
MH, KaK IIpaBUJIO, BHOCHT 3HAYUTEIbHYIO IIOTPELI-
HOCTb.

Eme ogHMM mOAXOI0M K OMpeleseHHI0 Mpoduiis
IUIOTHOCTH MOPCKOW BOABI SIBJSIETCSI HCIOJIb30BAaHHE
METOJla IUHAMUYECKUX M3MepeHui. [laHHbBIM MOoaxon
paspabateiBaeTcs B MHCTHTyTE NPUPOIHO-TEXHHUYE-
CKHUX CHUCTCM CIICHUAJIBHO JJid ONCPAaTUBHOI'O 30HAU-
POBaHMSI U IIPEIIOJAraeT NCI0Ib30BaHUE aBTOHOMHO-
ro 3oHpa-mpogmiorpadga C M3BECTHBIMH KOHCTPYK-
TUBHBIMH I1apaMeTpaMH, COBEPILIAIOILETO CBOOOAHOE
BEPTHKAIIbHOE JIBIMKEHNE (TIOTPY>KEHNE) CO CKOPOCTHIO
nopsiika 1 M/C, YTO CyIIECTBEHHO BHIIIE CKOPOCTH
npo¢unupoBarns CTD-30HmamMu mporpammbr - Argo
[13], ocymecTBisitomx NpoQHUIMPOBaHUE  TIPH
BCIUIBITUH, JIJIs1 KOTOPHIX Ha BCIUIBITUE C T'OPHU30HTA
2000 m yxoaut 5—7 u.

B oznHOM M3 BapuaHTOB peanu3aluyl JaHHOTO IMOJ-
xoma [14] BepTHKaNbHBIE COCTABIAIONINE CKOPOCTH
M YCKOPEHHUsSl 30HJAa, a TaKKe [IyOMHa HEmpepbIBHO
U3MEPSIOTCSL B IPOILECCe IOTPYKEHHUsI € ITOMOIIbBIO
0OPTOBOI HABUTAIIMOHHOW CHUCTEMBI, & BEPTUKAILHBIN
npo¢uiIb IVIOTHOCTH OINPENeIsieTcs M0 AUHAMUKE H3-
MEHEHUS JTJaHHBIX mapaMeTpoB. OHaKo OOpTOBBIC Ha-
BUTaLIMOHHBIE CHCTEMBI, 00ECIICUNBaIOIINEe U3MEPEHHE
CKOPOCTH U YCKOPEHHUs BEPTUKAIBHOI'O JBUIKECHUS,
a TaKXKe TIYOMHBI TIOTPYXKEHUS C IPUEMIIEMO TOYHO-
CTbIO B T€YEHHE MHOI0YacOBOI'O BEPTHUKAJIBHOIO IPO-
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(bunupoBaHMsl, KpallHE CIIOKHBI 10 CBOCH KOHCTPYK-
nuu. Kpome Toro, 3TOT BapuaHT HCIOJIB30BAaHUS Me-
TOJla AMHAMUYECKUX U3MEPEHUN omnpeneseT npoduib
TUIOTHOCTH MOPCKOH BOJBI B GYHKIMH TITyOWHBI, B TO
BpeMs KaK COBpEMeHHbIE OKeaHoTpadudeckne mpuodo-
PBl OIPENENAIOT THAPOJIOTHYECKHE XapaKTePUCTUKH B
OKEaHCKOM TOJIIE KaK (PYHKIMIO OT AaBJICHUS.

Jns mpeoonenus 3TUX HEAOCTAaTKOB B [15] mpen-
JIO’)KEHO OCHACTHUTHh aBTOHOMHBIN 30HA-TIpoduiorpad
JaTyukoM JnamieHus. lIpenmonaraercsi, uro ¢opma
U TeOMETpUYECKHe MapaMeTphl KOpIyca 30HIa OCTa-
IOTCSI IOCTOSIHHBIMU. V3MepeHus AaBlIeHNs IPOBOIST-
cs BO BpeMs IMOTPYXEeHMsI, KOT/Ia OKpy»Xarolas cpena
HaXOJUTCSA B COCTOSIHUM THMIPOCTaTHYECKOI'0 PaBHOBE-
cus. B mporiecce morpy:xeHus 30HJ €CIM U JIBHXKETCS
TOPU30HTAJIBHO, TO JIMIIb CJIEAYS 3a JMHUSMH TOKa
BOJBL. B Takux yclnoBHSIX TOPU30HTAJIbHBIE CHUJIbI, J1€H-
CTBYIOIINE Ha 30H]I, MPEHEOPEKUMO MaJibl 1I0 CpaBHe-
HHUIO C BEPTUKAJIbHBIMH. B ycloBHSX ruapocraTuye-
CKOTO DPAaBHOBECUS M3MEHEHHE [aBJIEHHsS, PETUCTPH-
pyeMoe mpodrtorpadoM mpru BEPTHKAITEHOM TIepeMe-
HICHUH 30HJa B CTPaTU(UIMPOBAHHOM OKeaHe, Olpe-
JensieTcs WCKIIOYUTENIbHO H3MEHEHHUEM IUIOTHOCTH
MOpcKoi BoJpl. Torna BepTUKaIbHBIN MPOPHIH MIO0T-
HOCTH MOpPCKOHM BOJBI OMNpejensercs M0 JUHAMHKe
W3MEHEHMS IaBJICHUs], HEPEPBIBHO U3MEPSEMOT0 B IIPO-
1iecce morpyxeHus, mo Gopmyiie

p(P)=p, 2—§(p'(z)+ap(r)2) G

IJie p — TUIOTHOCTH MOPCKOW BOJIBL, p — H3MEpsieMoe
JIABJICHUE; P9 — TUIOTHOCTh MOPCKOM BOJIBI, U3MEPCH-
Hasl Ha MOBEPXHOCTH TepeJT MOTrPpyKEHHEeM 30H,1a JT100
CPEIHECTATUCTUYECKOE 3HAYCHUE TIOTHOCTA MOPCKON
BOJIbI JUTS KOHKPETHOTO PETHOHA; g — YCKOPEHHUE CBO-
0O0HOrO TajeHus s reorpad@UyecKoi IIMPOTHI U
NIyOWUHBI, HAa KOTOPOH TPOBOAWTCS BEPTUKAIBHOE
npopunupoBanue; p(t) u p(f) — COOTBETCTBECHHO
mepBas ¥ BTOpas IMPOU3BOIHBIE p II0 BPEMEHHU f, BEHI-
YHCISIEMbIE PA3HOCTHBIM METOJIOM C MCIOJIh30BaHUEM
MUKPOKOHTPOJIIEPA; ¢ — KOHCTPYKTHBHAS KOHCTAHTa

C\me
a=—"",
2,

rae V, — o0beM KOpIyCHOW YacTH 30HAA; S, — TUIO-
b nonepeyHoro cedeHus 30uaa; C, — k03 dumm-
eHT JI000BoTO conpoTuBieHus. CyITHOCTh METO/IA JTU-
HAMUYECKUX H3MEPEHUH IJIOTHOCTH MOPCKOM BOJBI
C WCIIONB30BAHMEM aBTOHOMHOTO  30HJIA-Podu-
norpada, OCHAIIEHHOIO AaTYMKOM JABJIEHUS, ITOKa3a-
Ha Ha puc. 1.

JlocToMHCTBaMHU OITMCAHHOTO BapHaHTa SIBJISIETCS Oll-
peleneHrne BEpPTUKAIBHOTO MPO(MIIs IUIOTHOCTH MOp-
CKOW BOABI B (PYHKIIMU JABJICHHUS M WCIIOJIL30BaHHE
IpU 3TOM TOJIBKO OJHOTO JaTyuka fgaBiieHus. OmHako
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Ap

p(1) p(1)

P(1)

q

Puc. 1. CymHocTs MeTOJa IUHAMHYECKUX H3MEpeHHH
IUIOTHOCTH MOPCKOW BOJBI C MCIIOJIE30BaHHEM aBTOHOM-
HBIX 30H10B-TIpoduIorpados.

1 — 30HI, 2 — JaTYUK JaBJICHHUSA, 3 — BBIYHCIUTEIIH
MIPOU3BOTHON, 4 — BBIYUCIUTEIH TNIOTHOCTH

Ul peanu3anuu TpeOyercsl ampuopHas HMH(opMarms
0 INIOTHOCTH MOPCKOH BOABI Ha noBepxHocTH. Kpome
TOTrO, MpEAINOJaraeTcs HCHONb30BaTh IMPOU3BOAHBIC
oT naBieHus, a auddepeHIMpoBaHNe YCUITUBAET BBI-
COKOYAaCTOTHBIC IIYMbI, B TOM YHUCJIC IIIYMbI aHAJIOT'O-
g poBoro npeodpasoBanus. Takum oOpa3om, BcTaeT

H. 10. CEMBIKHNHA, JI. A. KPACHOJYBEI]

3amavya pa3padoTku MOAU(UKANN METOAa JUHAMUYe-
CKUX HW3MEPEHWH Ui OIpe[eNieHHs BEPTUKAIBHOTO
npoduiIs IVIOTHOCTU € MCIIOIb30BAHUEM JAaTUUKA J1aB-
JeHusi, He TpeOyrolleld anpuopHOW HHPOPMAIH
0 IUIOTHOCTH, a TaKXe 00eCIeurBaoLIeH oJaBIeHIEe
IIyMOB  aHAJIOTO-IIU(POBOTO MPeoOpazoBaHUS IS
CHIDKEHUSI BBI3BAHHOM MMM COCTaBISIIOIIEH IOTPeLI-
HOCTHU OIIpEeAEICHUs] IUIOTHOCTH MOPCKOM BOJbL. Pe-
HIEHUIO ATOM 3a/1auM MOCBALIEHO HACTOSIEE HUCCIIE0-
BaHMUE.

MATEMATHUYECKHI ATIITAPAT

[lpu morpyxeHWu Ha aBTOHOMHBIH 30HI-TIPOGU-
norpad neicTByer cuctema cun [16], cocrosmias
U3 CHJIBI TSXKECTH

F =mg,

CHJIBI THAPOAUHAMHUYCCKOTO COITPOTUBIICHUA

CS,.p.
F ==y
2
rje z — TiIyOuWHa MOTpyKeHus 30HAa; (1) — cKo-
pPOCTb JIBIXKEHHS 30HJa B MOPCKOH BOJE, U CyM-
MapHOTO JaBJIEHHS CO CTOPOHBI OKPYKaromeW Mop-

CKOM cpefibl, OCHOBHAsl COCTaBJIAIOILAsl KOTOPOIO IO-
POXIAeT BBITAIKUBAIOLIYIO apXUMEIOBY CHUILY

2

F, = pgV,.

B cootBercTBUM CO BTOpBIM 3aKOHOM HBIOTOHA,
ypaBHEHHE CBOOOTHOIO IMOTPYKEHHs 30HIA 3aIHCHI-
BaeTCs (GopMyJIon

. csS, .
M} =mg ~pgl, ~p=SEAL ()

JaTunk naBiieHUs pacmoiaraeTcs B HOCOBOM 4acTH
30H7a, a U3MEPIEMOe UM JaBlieHHE PaBHO

p(t)=p, +pgz(t), 3)

rne p, — arMoc(epHoe JaBIeHHE; IPU 3TOM CIIPaBe-
JIMBO

p(t) = pgz(t) m p(r) = pgz(1). 4

C yueroMm (3) u (4) ypaBHEHHE CBOOOIHOTO MOTPY-
JKEHUS 30HAA (2) MpelncTaBisIeTcs HETMHEWHBIM Aw]-
(epeHIMaIbHBIM YpaBHEHHEM, CBS3BIBAIOIIUM p(?),

p(t) ¥ p, a OTHOCUTENBHO p MOXKET OBITH PaccMOTpe-
HO anreOpanyueckoe ypaBHEHHUE BTOPOT0 MOpsIKa

p{g—V”jw(—gz){%p(nz +p‘(t)j=o,
mg

m

UMEIOUICEC PEIHICHUE
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m 47, C.S
=—|1+ [I-—2 = p(1)?
p(p) G 3 2mg p(1)

b mg

P+ ®)

CpasnuBas c (1), nerko yoemutbes, uto (5) umeer
0oJiee BBICOKYIO BBIUHCIIHTENBHYIO CJIOXKHOCTB, TPeOy-
eT Oonpire ¥ WHGOPMANMK O KOHCTPYKIMH ¥ Tapa-
MeTpax 30HAa, HO HE MpEeAIoJiaraeT HCIOJb30BaHHE
anproOpHOI MH(OPMAIINHU O TUIOTHOCTH MOPCKOH BOJIBL.

[orpemHocTs BEPTHKAIBHOTO TPO(GUIMPOBAHUS
TUIOTHOCTH p(p) 3aBHCUT OT OONBIIOTO YWCIa (haKTo-
POB: TOTPEIIHOCTH, C KOTOPOW H3BECTHO [aBJICHHUE
p(f), morpenrHOCTEN, ¢ KOTOpEIMH B dopmyne (5) uz-
BECTHbI KOHCTAHTBI, TOUHOCTH BBINIOJIHEHUS apume-
TUYECKUX onepauuid u T.1. [IockonbKy €1MHCTBEHHBIM
WUCTOYHUKOM TIOJIydaemMoil 30HIOM HH(opManuu
0 MOpPCKOW Cpee sBJSIETCS JaT4YMK AABIICHHUS, pac-
CMOTPHUM TpeoOpa3oBaHNWE CHTHAJIA JaBIeHUs Ooiree
noipobHo (cM. puc. 1). M3-3a TOrO, 4YTO MATUMK J1aB-
JeHusl 00J1aiaeT MHEPLHMOHHOCTHIO, 32 BPeMs OTKJIMKa
JaTyiKa JaBJIeHHS T 30H] MOTPY3UTCS, QOPMUPYS JH-
HAMUYECKYIO MOTPENIHOCTh UZMEPEHHUS JABIICHUS &y,
B mudpoBom Buie cMeHa CUTHaIa [ABIEHUS MpO-
W30WJET, TOJNBKO KOT/Ia pa3HHla JABJIICHHH Ha JIBYX
IyOWHAX TPEBBICHT IIar aHAIOTO-NH(POBOTO MPeod-
pasoBanusi, (QopMuUpys  MOTPENIHOCTH  AHAJIOro-
UG POBOTO MPEOOPA3OBAHUS &,y CIIETOBATENBHO,

p(t):p(t_7)+Ap5p +g()m-t +gar_m’

rae Ap — nuana3oH HW3MEpeHHs NaT4hKa JaBJICHUS,
COOTBETCTBYIOIIMH AMAana3oHy W3MEHEHHUs HaBIICHHUS
OpU BEPTUKAIBHOM NPOQMIMPOBAHMU [0 3aJaHHOU
IIIyOUHBI; J, — HNPHBEEHHAs MOTPEIIHOCTh JaT4nuKa
JaBJICHUS.
JuHamuueckasi HOrPeIIHOCTh &y, MOXKET OBbITH BbI-
paxkeHa, Kak
gz)u}-t :a_pZ(Z)T (6)
oz
Jiis MeUIeHHO M3MEHSIOIIMXCSl BEJTMYUH TOTrpell-
HOCTh aHAJIOTO-ITU(POBOTO MPEOOPa3OBaAHUS &y, HO-

CHUT TapMOHUYECKHUH XapakTep, OJIM3KHiA K mHiIoo0pas-
HOMY C 4aCTOTOM

p(t)
= v 7
S Ap /2" 2
nepBasi rapMOHUYECKask COCTABIISIFOIAS KOTOPOTO —
N .
€@ =Msin 27[Lt)}V . (8)
2r Ap/2

B cuny (4), ckopocth z(t) nBUWXKEHHS 30HAA OyaeTr

OJM3KOM K IOCTOSIHHOM, 3aBUCSIIEH OT COOTHOILIEHUS
KOHCTPYKTHUBHBIX TapameTrpoB 3oHma V,, S,, C,, m
Y TUTOTHOCTH MOPCKOH BOJIBI p
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2V, (mlV,

z(t) =
( ) CXSW

g =1, €

a W3MEHEeHHWe aaBlieHus p(f) OyIdeT HOCHUTH XapakTep
0JIM3KOTO K JIMHEHHOMY HapacTaHus. Torjma B Ieisx
OLIGHKU BEJIMYUHBI MOTPEIIHOCTEHN &y, U Eayn MOYKHO
3anucaTh

() =v u p(t)=10*vt, u p(t) =~10%v, (10)

rJie v — CKOPOCTh MPOQHIUPOBAHUSL.

Jlns obecriedeHust JOCTOBEPHOCTH M3MEPEHUM aaT-
YUKOM JaBJIEHHUS HEOOXOOUMO, YTOOBI COOJIIOIAIOCH
yCIIOBHE

g()uy < Ap 51)’

kotopoe ¢ ydetoM (6) u (10) MOXHO TMpeACTaBUTH
B BUJIC

10'vr <Ap 8, (11)
[Ipsimoe BbIuncienne p(t) yCHIUT &, B X pas, rue
_2"M0 ry

Ap

X (12)

UroObl un30ekaTh YCHJICHHS IIYMOB aHAaJOro-
U poBOTO TPeoOpa3oBaHUs, BBIYUCIUTENH MPOU3-
BOJIHBIX JIOJDKHBI 00JIaaTh CBOMCTBOM (DUIIBTPAIINY,
T.e. SABIATBCS  (uiIbTpaMu-TudhepeHInaTOPaMH.
VYuuteiBasi peanu3anuio Ha 0aze MUKPOKOHTPOILIEPA,
1[eJIeco00pa3Ho HUCMOIb30BaTh NU(POBBIE (UIBTPHI,
HanpuMmep, GUIBTPHI-auQQPepeHITnaTopsl ¢ KOHEUHON
UMIYJIbCHOM XapakTepucTukod [17], MomambHBIE
muddepeHnraTopsl Ha 0a3ze HOPMHUPOBAHHBIX MHOTO-
ysieHoB barrepBoprta [18] mnm auddepeniupyromme
(hUIBTPHI € 337€P>KKOM BEIXOIHOTO curHana [19].

OunbTpe-nud depeHIaTopsl  HACTPaWBaIOT Tak,
9T00Bl WX AaMIUTUTYJHO-9aCTOTHAS XapaKTEPHUCTHKA
A(®w) Ha YacToTe fy,, Npoxoauna Hiwke ypoBHs 1/X
(puc. 2). YUtoObl o0ecriednTh 3TO YCIOBHE TpeOyeTcs,
YTOOBI

Jau
=20 13
f=% (13
yro ¢ yuetroM (7) u (10) mo3BoJsieT 3anucaTh:
£, =2""10" L. (14)
Ap

B TO ke BpeMs MPH HHU3KUX CKOPOCTAX MPOGHUIH-
pOBaHUsI Vv TpaHUIlA IOJIOCHI TMOJABJICHUS YacTOT f,
MOJKET OKa3aThCs OJIM3KOW K uana3oHy pabodux vac-
TOT fpq5. YTOOBI 3TO MPEZOTBPATHTH JIOJKHO COONIO-
JIAThCS YCIIOBHE
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Puc. 2. TpeOyemasi aMIDIUTYyIHO-9aCTOTHAsT XapaKTe-
puctuka ¢puisTpa-auddepeHiuaropa.

S >2f s (15)

[ockonbky p(f) HOCUT XapakTep OJHM3KOrO K JIU-
HEITHOMY HapacTaHWs, BEJIMYHHY f,,; MOXKHO OLIEHHUTH
10 BPEMCHU OTKJIMKA JaTYrKa JaBJICHUA:

1
fpa6 :;

B takom ciyuae ¢ yuetom (6) u (10) ycnosue (15)
MOYKHO TIPEJICTABUTH B BHJIC

20t s 2

Ap T (16)

Anammupys (11) n (16) coBMecTHO, MOXHO TIOJY-
YUTh COOTHOUICHHUE, OMpEeNIsIolee TUana3oH CKopo-
cTeil mpo(UIHPOBaHUSA V B KOTOPOM 00ECIeunBaeTCs
HaMMEHbBINAs TOTPENIHOCTh NPU MTPeoOpa3oBaHUH CHT-
Hajia JaBJICHUS

H. 10. CEMBIKHNHA, JI. A. KPACHOJYBEI]

Apd
N ?p 4 <v< p4 - .
2°7710%r 10°7
IIpu BeIOpanHOif v ¢ yueToM (9) u (10) KOHCTPYK-
TUBHBIE TapameTpsl V;, S, C, U m 30HAa BBIOMpAIOT
U3 COOTHOILIICHUA

a7

1

X m

(18)

Takum o6pazom, Beipaxkenus (5), (14), (17) u (18)
COCTaBJISIIOT MAaTEMAaTHYECKYI0 OCHOBY MOAM(UKAIUH
MeToJa AWHAMUYECKUX M3MEPEHHH Ul ONpeneseHUs
BEPTHKAIBHOTO MPOQMIS IUIOTHOCTH MOPCKOW BOIBI,
B KOTOPOM HCIHOJB3YETCS OJWH JaT4WK [aBJICHUS,
obecrieynBaeTcs  MMOJABJICHHWE  IIYMOB  aHAJIOTO-
IUQPOBOTO NMPeoOpPa30BaHUsI U CHIKCHUE BBI3BAHHOU
MMM COCTABJISIONIEH TOTPEIIHOCTH, a TakXkKe He Tpedy-
eTcsi anpuopHas MHGOPMAIHs O TUIOTHOCTH MOPCKOIt
BO/IBI.

BAPMAHT PEAJIM3AIINN

OnwucanHas MoguQHKaNUs METoJa TUHAMUYECKUX
W3MEPEHUH Ul ONpeneNieHUs] BEPTUKAIBHOTO Mpodu-
751 TUIOTHOCTH MOPCKOI BOZIBI MOXET OBbITh PEaIn3o-
BaHa C MOMOIIBI0 (GYHKIHMOHAILHONW CXEMBI, MOKa3aH-
HOI1 Ha puc. 3.

JlaTunkoM JaBieHHUs TOJKEH UCIOJIb30BaThCs AaT-
YUK B MOPCKOM HCIIOJIHEHWH, HAIPUMEP, C IbE30Ke-
pPaMUYECKUMH UM EMKOCTHBIMHM KEPAaMUYECKHUMHU UyB-
CTBHUTEILHBIMH d1eMeHTaMH [20] MM M3TOTOBICHHBIH
o TexHoyoruu "KpeMHui Ha candupe" [21]. B kaue-
cTBe OOPTOBOTO MHUKPOKOHTPOJUIEPA MOXKET HCIIOIb-
30BaThCs  32-OWTHBI MHUKPOKOHTPOJUIEP, HAIpPUMEP
cemerictea STM32, umeromuii BCTpOCHHBIN 12-pa3-
psAHBIN aHamoro-1MpoBoil mpeodbpazosarens (ALIII),
16-OuTHBIE TOPTHI BBOJAA-BBIBO/IA M paboTalolmMid co-
BMECTHO C Pa3HbIMH THUIIaMH YCTPOICTB HaMATH, Ha-
npumep Qudm-namATei0. B KauecTBe ycTpolcTBa CBSI-
31 MOXET OBITh HCIOJIb30BaH paauomozaeM. [lpu
HEOOXOJMMOCTH, BMECTO BCTPOSHHOTO B OOpTOBOH

ABTOHOMHBI

’ YeTpoiicTBO namMaTi ‘

soHA-npodunorpad

Harunk

—» AL —
JIaBJICHUA

Boprosoii
MHKPOKOHTPOJIIEP

VYerpoiicTBo
CBA3M

i

CONPOBOKIACHHA
~

I VYerpoiicTBo BBOIA ‘

h 4
Kowmnbtorep Ha cyiaHe
WK B TadOpaTopuu
Ha MaTepUKe

Puc. 3. ®yHkunoHangbpHas cxeMa peaan3aluy MeToa.
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MHUKPOKOHTPOJUIEP, MOXHO HCIOJIb30BaTh BHEIIHIOKO
MHUKPOCXEMY aHaJIOro-IU(pPOBOro IMpeodpa3oBaTels,
Harpumep curma-gensta ALIl paspsnHocThio oT 16
0 24, 4TO JOMOJHUTEIHLHO CHU3HUT IIYMBI aHaJoro-
u¢pOBOTO MPEOOPa30BaHUSI.

B kauectBe mpumepa paccMOTpUM 3aj1ady MOJTyde-
HUsSl BEPTHKAJIBHOIO IMpOo¢MIs IUIOTHOCTH MOPCKON
BOJIBI Ha 3afaHHyloo riayouny 1000 m. Drtoit rmyOune
COOTBETCTBYET IHMAIla30H M3MEpPEHMs AaTduKa JaBiie-
Hus Ap=10 MlIla. [Ipu ucnonp30BaHUM NaTYMKA JaB-
nenuss [21] npuBeAeHHAs TOTPEIIHOCTH COCTABHT
0,=0.25%, a Bpemsa otkinuka =1 mc. IIpu paspsaaHo-
CTH aHayioro-uudpoBoro mnpeodOpazoBarenss N=24
CKOpPOCTh NPOQUIMPOBAHUS V IOJDKHA JIeXaTb B JlUa-
na3zoHe ot 0.238 mo 25 m/c. ['paHuia moysockl MojaBs-
neHust 4dactorT (unbTpa-muddepeHnraTopa B ITOM
cryqae Oyner ot 7.806 mo 820 I'mi, a mpu ckopocTh
npodunuposanus v=1 m/c cocrasur f,~33 ['m.

OneHnTh pacCUMTaHHBIN [UANa30H CKOPOCTEH
OpOQUIUPOBAHUS MOXKHO MYTEM CPaBHEHHUS C JPYTH-
MH H3BECTHBIMH 30HIUPYIOIMMH cucteMaMu. Hanpu-
Mep, 30HIbI cucTeMbl Argo [13] ocymiecTBIsIOT TIpo-
(ummpoBanue co cpemHerr ckopocthio 0.1 m/c. Dra
BeJIMYMHA HIKE JIEBOU r'paHullbl paCCYUTAHHOI'0 Aua-
na3oHa CKOpocTed MpOoQUIMPOBAaHUS V, T.€. TPOPHITH-

Tab.1. [TapameTps! aBTOHOMHOTO 30HIa-TIpodorpada
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pOBaHUE C UCTIONB30BaHUEM pa3paboTaHHON MoauduU-
Kalud METoJa JUHAMHYECKHX HM3MEPEHHI IMPOU3BO-
JIUTCSI CO 3HAYUTEIILHO O0JIee BEICOKUMH CKOPOCTSIMH.

PE3VYJIbTATBI MOJIEJINPOBAHUMA

UccnenoBanne npeagokeHHOH MoAaH(UKAIUH Me-
TOJa IOUHAMHYECKMX H3MEPEHUH MAJsl OlpeneseHus
BEPTHKAJILHOTO MPOMUIS MJIOTHOCTH MOPCKOHW BOJBI
BBINIOJIHEHO METOAOM KOMIIBIOTEPHOIO MOJEJINPOBa-
HUA C MHCIOJB30BAHUCM IIaKE€Ta IMPUKIIAAHBIX IIPO-
rpamM MatLab Simulink.

Mojenb aBTOHOMHOTO 30Ha-ipoduiorpada B mpo-
recce cBOOOTHOTO MOTPYKeHHUsI MoKa3aHa B [Ipuoxe-
Huu Ha puc. II1, Tam xe maHa Molenb HU3MEpPEHUs
U BbluucieHuid Ha puc. [12. Beprukanbublii npodunb
TUTOTHOCTH MOPCKOW BOABI 3a1aH B Buae 1-D Lookup
Table mo nmaHHBIM O peandbHOM TpoduiIe IIOTHOCTH
p(p), TOTydeHHBIM OT 30HAa Argo: 77° ceBepHOi mm-
PpOTHI, aTMocdepHoe JIaBJICHUS MIPUHSTO
101.325 xIla. Ilapamerpsl 30HAA, HCIOJb30BAHHBIE
IpU MOAEIMPOBAHUH, TIOKA3aHBI B TA0JI.

v, M/C Vy, M S, M2 C,, 6e3p. m, KT N, en. Ap, MIla 9,,% 7, MC
1 5.655x10° | 0.123 0.87 11.619 24 10 0.25 1
<1073 Discrepancy (percent)

35

200 400

600 800

1000 1200

Time (seconds)

Puc. 4. PacxoxneHnue pe3yibraTa AUHAMHYE-
CKHUX U3MEPEHUH INIOTHOCTA MOPCKOU BOJBL.

HAVYYHOE [TPUBOPOCTPOEHME, 2025, Tom 35, Ne 4
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B kauectBe (umbpTpyromero snemMeHTa BHIOpaHBI
(UIBTPBI ¢ KOHEYHOH WMITYJIBCHOW XapaKTePUCTUKOM,
pealM3oBaHHBIE C TIOMOINBIO Omoka  Variable
Bandwidth FIR Filter. Hactpoiika aMrumTyaHo-
YaCTOTHOW XapaKTEpUCTHKU (PUIIbTpa MPOU3BOAMIIACH
Cc wucmnoibp3oBaHWeM uWHCTpyMmeHTta filterDesigner.
B kauecTBe OKOHHOH ()YHKIMH HCIOJIB30BAJIOCH OKHO
X5MMUHTA.

MopenupoBanre paboOThl HpeanaraeMoil moandu-
KalliM MEeTOAA JMHAMHUYECKHX H3MEPEHHMH NI ompe-
JeNIeHHs. BEPTHUKAIBLHOTO MPOGWIS TUIOTHOCTH MOp-
CKOM BOZBI II0KA3aJ10 BBICOKYIO CXOAMMOCTh PE3yJIbTa-
TOB. {151 nynrocTpauuu Ha puc. 4 NpUBEIEHBI MTOKa3a-
Hus ociuniorpada Discrepancy (percent) (cm. Ilpu-
noxenue, puc. 112), orobpaxkaromero pacxoxxiaeHue
B IpoleHTax Mexay curHanamu [Ro(t) model]
n [Ro(t) measure], CHMMaeMBIMH COOTBETCTBEHHO
Ha BBIXOJIE MOJIETH 30H/a W BBIXOJAE MOJIENIN H3Mepe-
HUS U BBIYHUCIICHUN.

Kak moxxHO BUACTb, HECMOTPA Ha MPOHU3BOAHUMYIO
¢unbrpanuio curran [Ro(t) measure] comepkut BO3-
HHUKAIOIME B Pe3ysbTaTe aHaJIOTroBO-IU(POBOro mpe-
o0pa3oBaHHs IIyMbI, OJHAKO paccyuTtaHHoro mo (12)
yeunenns B X = 1.054x10° pa3 e HaGmoaercs, a Be-
JMYUHA PACXOKJCHUS COCTABIISIET IOJIU TPOLIEHTOB.

Crenyer HOMONHUTEIBHO OTMETUTH, YTO IOJIYYEH-
HOE pacXOKACHHWE SIBISIETCS OIIMOKOW MeToJa W He
MOXET pacCMaTpHBaThCS B KaueCTBE IMOTPEUIHOCTU
OUHAMHYECKUX HU3MEPEHHH B  METPOJIOTHYECKOM
cmbiciie. [lomydeHne KONMMYECTBEHHOH OIIGHKH TIO-
IPEIIHOCTH JAWHAMHUYECKUX M3MEPEHUH IUIOTHOCTH
MOPCKOH BOJIBI JUIS MpEJIaracMoi MOJU(pUKAIIUN Me-
TOJIa SIBJISIETCS IPEAMETOM OTJIEJIBHOTO UCCIIEI0OBAHUS.

H. 10. CEMBIKHNHA, JI.

A. KPACHOAYBEI
3AKJIFOYEHUE

B pabote mpemioxkena MoguduKaus MeTona JIH-
HaAMH4YCCKHUX H3MepeHHI>i oJid OnpeaAc/ICHUA BEPTU-
KaJbHOrO NMpOQMIs INIOTHOCTH MOPCKOM BOABI C HC-
MOJIb30BAaHUEM aBTOHOMHOTO 30HJa-mpoduiorpada,
000pYZIOBaHHOTO JaTYMKOM JaBiieHHs. B ocHOBY mo-
JIOKEH aHaAllM3 MaTeMaTHYECKOTO OIMCAHUS JBIKCHHS
aBTOHOMHOTO 30HIa-nipoduorpada B moie ruapocTa-
THUYECKOr0 JIABJICHUS p NIPU CBOOOJHOM IOIPYXKEHHUH,
Ha 0a3e KOTOPOro MOJY4YEeHO ypaBHEHHE IS OIpese-
nenust p(p), He TpeOyrollee anpruoOpHON MH(POPMAITIH
O IJIOTHOCTH.

PazpaboranHast MoauQUKaIms MpeArnonaaraeT BbI-
YUCJICHUE NIEPBOM U BTOPOW IPOU3BOJHBIX TMIPOCTa-
THdeckoro gasneHus. s cHmkenus sddexra ycnie-
HUS TIyMOB TpH auPepeHIpoBaHIH TIPEITIOKEHO
UCIIOJIB30BaTh (QUILTPHI-IU(GGEpeHINATOPEl U JaHa
PEKOMEHIAIMA 110 ONPEAETICHUI0 T'PaHMLBI I10JIOCHI
IMOJAAaBJICHUA YaCTOT B 3aBUCUMOCTHU OT CKOPOCTH IIPO-
¢unmpoBanmst. B kadecTBe (GUIBTPOB IpemIOKEHBI
U anpoOupoBaHbl HU(POBEIE QUILTPHI ¢ KOHEUHOU
UMITYJIbCHON XapaKTEPUCTUKOM.

[Ipoananu3npoBaHo BIHMSHUE CKOPOCTH IOTPYKe-
HUSL 30HAa-poduiorpadga Ha AMHAMHYECKYIO TIO-
IPEIIHOCTh U3MEPEHHS JaBJICHUS U MOTPELIHOCTD aHa-
JIOro-IU(poOBOro mpeodpa3oBanus. BeiseiieH auana-
30H CKOpocTed NpomInpoBaHus, B KOTOPOM CHI)KEHO
BIIMSIHUE YKa3aHHBIX IOrpemHocTed. (s ckopoctu
npodunrpoBaHus v=1 M/C TIpUBEACHBI PE3yIbTATHI
MOJIETUPOBAHNS, TOKA3BIBAIOIINE, YTO OIINOKA METO/Ia
He npesbImaet 5x10°%.

HAYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 4



MOJUDUKALISI METOJA JUHAMMWYECKMUX M3MEPEHUI 109

[MPMJIOXKEHUE

z(t)

Current depth [m]

x Vbim alf) —
+

Gy | v

zit)

Density profile model

1
JO Dt ;

" I Ro(P) [kg/m3]
x Cx"Sm/(2"m)
2T 2 Current pressure [dbar]
[ | ‘ (2

x Ll

4

P=Ro’g’z[Pa]l |pdbar] Cument density [kg/m3]

L | >< [Ro] 2] )‘—

100
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Puc. 1. KommnerotepHas monens B MatLab Simulink: Momens norpysxeHust 30H71a.
Variable Variable
1 . o| Au " . o) Au i .
Pl TS [ & »| Bandwidth » p| Bandwidth F—
P FIR FIR
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Discrepancy
(percent)
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Puc. I12. Kommnetorepnas mozens B MatLab Simulink: Mozens usmMepeHus ¥ BIYUCIICHHH.

Paboma ewinoanena no 2ocbrooxncemmnon meme MIITC CIIMCOK UCTOYHHUKOB

"Cosepuiencmeoganue mMexHUYecKux cpeocme u usmepu-
MENbHLIX  UHPOPMAYUOHHBIX MEXHONO2UN  UCCIe008aHUL
npupoorwvix 600" (Ne cocpecucmpayuu 124012700512-1).

1. Robinson E., Hosegood P., Bolton A. Dynamical oceano-
graphic processes im-pact on reef manta ray behaviour:
Extreme Indian Ocean Dipole influence on local internal
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REFINEMENT OF METHOD OF SEAWATER DENSITY DYNAMIC
MEASUREMENTS USING MARINE AUTONOMOUS PROBE-PROFILERS

I. Yu. Semykinal, L. A. Krasnodubets'*

'nstitute of Natural and Technical Systems, Sevastopol, Russia
Sevastopol State University, Sevastopol, Russia

The study described in the article relates to in situ determination of the vertical profile of seawater density p.
Traditional density-determining methods by means of CTD parameters (conductivity, temperature, depth) have
a multi-stage nature, complicating their use in real-time applications. A promising method is the dynamic mea-
surements using a marine autonomous probe-profiler, which is equipped with only one pressure sensor and
could determine the density profile at an order of velocity of 1 m/s. However, the current embodiment of this
method requires knowing the seawater density on the surface. The objective of this study is to develop the re-
finement of the seawater density dynamic measurements method that does not require such information. The
method is based on the analysis of the mathematical description of the probe-profiler motion in a field of hy-
drostatic pressure p during free immersion. It helps to obtain the equation for p(p) that does not require a priori
information about density. The method involves calculating the first and second derivatives of hydrostatic pres-
sure. To reduce noise amplification because of differentiation, the use of filter-differentiators is proposed, and
the frequency suppression band boundary that depends on the profiling velocity is determined. The influence of
the probe-profiler immersion velocity on the dynamic error of pressure measurement and the analog-to-digital
conversion error is analyzed. The range of profiling velocities has been obtained in which the influence of the
indicated errors is reduced. Simulations were conducted to confirm the effectiveness of the proposed method
refinement. The obtained results can be applied in determining the seawater density profile in oceanography,
/fisheries, and underwater work.

Keywords: seawater density, autonomous probe-profiler, dynamic measurements, profiling velocity, filter-differentiator
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INTRODUCTION

Data on the density distribution of seawater play
a fundamental role in the study of dynamic processes
in the world's oceans. Seawater density generally in-
creases with depth; however, due to various factors
such as seasonal temperature fluctuations, evapora-
tion, and others, surface density increases may be ob-
served in some zones, leading to the formation of
thermohaline circulation. This circulation significantly
influences large-scale ocean currents [1-3]. Informa-
tion on the density profile of seawater is also impor-
tant for studies of marine flora and fauna, as this pa-
rameter influences the distribution and migration of
biological species [4, 5]. Furthermore, data on the
density profile of seawater, in combination with other
hydrological parameters, play a key role in assessing
the effectiveness of technical means for implementing
specialized marine tasks [6].

In practice, indirect methods for determining den-
sity based on in situ measurements of other seawater
parameters are common. For example, the WOCE
standard requires measuring seawater CTD parame-
ters (conductivity, temperature, depth), processing
them, and calculating seawater density using
the TEOS-10 thermodynamic equation of state [7].
The main drawback of this method is the multi-stage
nature of the procedure, which significantly compli-
cates its application for determining seawater density
in situ directly during vertical profiling.

Another common approach to determining seawa-
ter density is the use of hydrostatic pressure measure-
ments. For example, to determine seawater density,
studies [8, 9] propose using a tank containing a refer-
ence fluid, with differential pressure sensors placed in
the upper and lower portions of the tank, and the den-
sity determined from the pressure difference mea-
surements. However, this approach is inconvenient for
operational profiling, since ensuring high-accuracy
vertical density profiling requires hydrostatic equili-
brium for each measurement, as well as information
about the steady-state average temperature in the re-
servoir containing the reference fluid. Adherence to
these conditions leads to significant inertia in the mea-
surement channels, and consequently, during vertical
profiling at high speeds, significant dynamic distor-
tions in density measurements occur.

There are options for using hydrostatic pressure
measurements that do not require a reservoir with
a reference fluid. For example, studies [10-12] pro-
pose determining seawater density by the difference in
pressures measured using a system of pressure sensors
at several spatially separated points, for example, at
the boundaries of a segment, at the nodes of a pyra-
mid, etc. The advantage of this approach is the inva-
riance of density measurements with respect to seawa-
ter temperature and vertical profiling velocity. How-

ever, obtaining the pressure difference by subtracting
two pressure measurements obtained by spatially se-
parated sensors typically introduces significant error.

Another approach to determining the seawater den-
sity profile is the use of dynamic measurements. This
approach is being developed at the Institute of Natural
and Technical Systems specifically for operational
probing and involves the use of an autonomous profil-
ing probe that has known design parameters and per-
forms free vertical movement (immersion) at a speed
of approximately 1 m/s, which is significantly higher
than the profiling speed of the Argo program's CTD
probes [13], which perform profiling during ascent,
for which it takes 5—7 hours to ascend from a horizon
of 2000 m.

In one implementation option of this approach
[14], the vertical components of the probe's velocity
and acceleration, as well as the depth, are continuous-
ly measured during the dive using an onboard naviga-
tion system, and the vertical density profile is deter-
mined from the dynamics of changes in these parame-
ters. However, onboard navigation systems capable of
measuring vertical velocity and acceleration, as well
as dive depth with acceptable accuracy over hours-
long vertical profiling, are extremely complex in de-
sign. Furthermore, this dynamic measurement method
determines the seawater density profile as a function
of depth, while modern oceanographic instruments
determine hydrological characteristics in the ocean
depth as a function of pressure.

To overcome these shortcomings, [15] proposed
equipping an autonomous profiling probe with a pres-
sure sensor. It is assumed that the shape and geometric
parameters of the probe body remain constant. Pres-
sure measurements are taken during the dive, when
the environment is in a state of hydrostatic equili-
brium. During the dive, the probe, if moving horizon-
tally, only follows the water flow lines. Under such
conditions, the horizontal forces acting on the probe
are negligible compared to the vertical ones. Under
conditions of hydrostatic equilibrium, the pressure
change recorded by the profiler during the vertical
movement of the probe in a stratified ocean is deter-
mined exclusively by the change in seawater density.
The vertical profile of seawater density is then deter-
mined from the dynamics of pressure change, conti-
nuously measured during immersion, using the formu-
la

p(p)=po[2—é(ﬁ(t)+ap(t)2)j» (1)

where p is the seawater density; p is the measured
pressure; po is the seawater density measured at the
surface before the probe's immersion or the average
value of seawater density for a specific region; g is the
gravitational acceleration for the geographic latitude



and depth at which vertical profiling is being con-
ducted; p(¢) and p(¢) are the first and second deriva-
tives of p with refer to time ¢, respectively, calculated
by the difference method using a microcontroller; a is
the design constant:

CxSm
a=—"
27,

b

where V), is the volume of the probe body; S,, is the
cross-sectional area of the probe; C, is the drag coeffi-
cient. The essence of the method for dynamically
measuring seawater density using an autonomous pro-
filograph probe equipped with a pressure sensor is
shown in Fig. 1.

Fig. 1. The essence of the method of dynamic mea-
surements of seawater density using autonomous pro-
filing probes.

1 — probe, 2 — pressure sensor, 3 — derivative cal-
culator, 4 — density calculator

The advantages of the described approach include
determining the vertical profile of seawater density as
a function of pressure using only a single pressure
sensor. However, implementation requires prior in-
formation on the surface seawater density. Further-
more, it is proposed to use pressure derivatives, and
differentiation amplifies high-frequency noise, includ-
ing analog-to-digital conversion noise. Therefore,
the challenge arises of developing a modification of
the dynamic measurement method for determining the
vertical density profile using a pressure sensor that
does not require prior information on density and also
suppresses analog-to-digital conversion noise to re-
duce the resulting error in seawater density determina-
tion. This study is devoted to solving this problem.

MATHEMATICAL APPARATUS

When an autonomous profilograph probe is sub-
merging, it is subject to a system of forces [16] con-
sisting of
gravitational force

F =mg,
hydrodynamic drag force
CS,.p

2

where z is the probe's immersion depth; z(¢)is the

probe's velocity in seawater, and the total pressure
from the surrounding marine environment, the main

F = A1)

component of which generates the buoyant Archime-
dean force

F,=pgV,.

In accordance with Newton's second law, the equa-
tion for the free immersion of the probe is written as
follows:

§ C.S, .
mz(t)" =mg — pgV, - pTz(t)z- )

The pressure sensor is located in the nose of the
probe, and the pressure it measures is equal to

p()=p, +pgz(0), )
where p, is atmospheric pressure; while it is fair
p(t)=pgz(t) n p(t) = pgz(?). “

Taking into account (3) and (4), the free-
immersion equation of the probe (2) seems a nonlinear

differential equation relating p(¢), p(¢) and p.

A second-order algebraic equation can be considered
with respect to p

o(E5) p(—gz){—c‘s = piay +ﬁ(z)j -0
m 2mg

having a solution

m 4
p(p) _2_Vb[1+\/1_ -

Comparing with (1), it is easy to see that (5) has
a higher computational complexity, requires more in-
formation about the design and parameters of the
probe, but does not assume the use of a priori infor-
mation about the density of seawater.

The error in vertical density profiling p(p) depends
on a large number of factors: the error of the known
pressure p(f), the errors with which the constants in
formula (5) are known, the accuracy of the arithmetic
operations, etc. Since the only source of information
obtained by the probe about the marine environment is
the pressure sensor, we will consider the transforma-
tion of the pressure signal in more detail (see
Fig. 1). Due to the fact that the pressure sensor has
inertia, during the response time of the pressure sensor
7, the probe sinks, forming a dynamic pressure mea-
surement error &, In digital form, a change in the
pressure signal will occur only when the pressure dif-
ference at two depths exceeds the analog-to-digital
conversion step, creating an analog-to-digital conver-
sion error &,,,. Therefore,

4 [ﬁ(t)+%p(t)2n. s)
g 2mg

p(t):p(t_f)_‘_Apép +g()uy +é&

amm ?



where Ap is the pressure sensor's measurement range,
corresponding to the range of pressure change during
vertical profiling to a given depth; J, is the reduced
error of the pressure sensor.
The dynamic error ¢,,, can be expressed as
op .
S = 20T, (©)
oz
For slowly changing quantities, the analog-to-

digital conversion error &, is harmonic in nature,
close to a sawtooth with a frequency

p@)

= 5 7
Son Ap /2" @)
which first harmonic component is
Ap /2" . (¢
() = P sin 27[L)N . (8)
2r Ap/2

By virtue of (4), the probe's velocity z(¢) will be
close to constant, depending on the ratio of the probe's
design parameters Vj, S,,, C,, m to the density of sea-

water p
2
A0~ Jg%[%—lj

and the change in pressure p(f) will be nearly linear.
Then, to estimate the magnitude of the errors ¢,,,, and
Eam, WE CaN write

©

2(t)=v and p(t)=10*vt, and p(¢)=10%v, (10)

where v is the profiling velocity.
To ensure the reliability of pressure sensor mea-
surements, it is necessary to satisfy the condition

Epn AP 5p,

which, taking into account (6) and (10), can be
represented as
10'vr <Ap 6. (11)

Direct calculation of p(¢)will amplify e, by

a factor of X, where
_2YM0 y
Ap .

X (12)

To avoid amplifying analog-to-digital conversion
noise, derivative calculators must have filtering prop-
erties, i.e., act as differentiating filters. Considering
the microcontroller-based implementation, it is advis-
able to use digital filters, such as finite-pulse-response
differentiating filters [17], modal differentiators based

on normalized Butterworth polynomials [18], or diffe-
rentiating filters with output signal delay [19].

Differentiating filters are configured so that their
amplitude-frequency characteristic 4A(w) at the fre-
quency fu, is below the level of 1 / X (Fig. 2). To en-
sure this condition, it is required that

/,
=0 13
s 5 (13)
which, taking into account (7) and (10), allows us to
write:

£ =2""10" 2L (14)
Ap

Meanwhile, at low profiling rates v, the frequency

suppression band boundary f, may be close to the op-

erating frequency range f,,s. To prevent this, condition
must be met:

Jo>2f v (15)

Fig. 2. Required amplitude-frequency characteristic
of the differentiator filter

Since p(f) has a nearly linear increase, the value of
Jrac can be estimated from the response time of the
pressure sensor:

1
fpaﬁzg'

In this case, taking into account (6) and (10), con-
dition (15) can be represented as

et Vs 2

Ap T

By analyzing (11) and (16) together, we can obtain
a relationship that determines the range of profiling
velocities v that ensures the smallest error in pressure
signal conversion:

(16)

Ap Ap 51)
<v< . 17
2"10%r 10%7 (17)
For a selected v, taking into account (9) and (10),
the design parameters V, S,, C, and m of the probe
are selected from the relationship

;(m —1027V,) ~ 52v°.

CX m
Thus, expressions (5), (14), (17), and (18) form the
mathematical basis for a modification of the dynamic
measurement method for determining the vertical pro-

(18)



file of seawater density. This modification uses a sin-
gle pressure sensor, suppresses analog-to-digital con-
version noise, reduces the resulting error component,
and does not require a priori information on seawater
density.

IMPLEMENTATION OPTION

The described modification of the dynamic mea-
surement method for determining the vertical density
profile of seawater can be implemented using the
functional diagram shown in Fig. 3.

Fig. 3. Functional diagram of the method implemen-
tation

The pressure sensor should be a marine-grade sen-
sor, for example, with piezoceramic or capacitive ce-
ramic sensing elements [20] or manufactured using
silicon-on-sapphire technology [21]. The on-board
microcontroller can be a 32-bit microcontroller, such
as the STM32 family, with an integrated 12-bit ana-
log-to-digital converter (ADC), 16-bit I/O ports and
compatibility with various memory devices, such as
flash memory. A radio modem can be used as the
communication device. If necessary, instead of the
built-in on-board microcontroller, you can use an ex-
ternal analog-to-digital converter chip, for example,
a sigma-delta ADC with a bit depth of 16 to 24, which
will further reduce the noise of the analog-to-digital
conversion.

As an example, consider the problem of obtaining
a vertical density profile of seawater at a given depth
of 1000 m. This depth corresponds to a pressure sen-
sor measurement range of Ap=10 MPa. When using
a pressure sensor [21], the reduced error will be
0,=0.25%, and the response time =1 ms. With an
analog-to-digital converter resolution of N = 24, the
profiling velocity v should lie in the range from 0.238
to 25 m/s. The filter-differentiator's frequency rejec-
tion band in this case will be from 7.806 to 820 Hz,
and at a profiling velocity of v=1m/s, it will be
f2~33 Hz.

The calculated range of profiling velocities can be
estimated by comparison with other known probing
systems. For example, the Argo system's probes [13]
perform profiling at an average velocity of 0.1 m/s.
This value is below the left boundary of the calculated
range of profiling velocities v, i.e., profiling using the
developed modification of the dynamic measurement
method is performed at significantly higher velocities.

MODELING RESULTS

The study of the proposed modification of the dy-
namic measurement method for determining the ver-
tical density profile of seawater was performed using
computer modeling and the MatLab Simulink soft-
ware package.

A model of an autonomous profiling probe during
free diving is shown in the Appendix, Fig. I11, along
with a measurement and calculation model in Fig. I12.
The vertical seawater density profile is defined as
a 1-D lookup table based on the actual density profile
p(p) obtained from the Argo probe: 77° N-latitude,
atmospheric pressure is set to 101.325 kPa. The probe
parameters used in the modeling are shown in Table.

Tab. Parameters of the autonomous profilograph
probe

Finite impulse response filters implemented using
the Variable Bandwidth FIR Filter block were se-
lected as the filter element. The filter's amplitude-
frequency response was adjusted using the filterDe-
signer tool. A Hamming window was used as the win-
dow function.

Simulation of the proposed modification of the dy-
namic measurement method for determining the ver-
tical density profile of seawater demonstrated high
convergence of the results. For illustration purposes,
Fig. 4 shows the Discrepancy (percent) oscilloscope
readings (see Appendix, Fig. [12), which display the
discrepancy in percentage between the [Ro(t) model]
and [Ro(t) measure] signals, respectively, obtained at
the output of the probe model and the output of the
measurement and calculation model.

Fig. 4. Discrepancy in the results of dynamic mea-
surements of seawater density.

As can be seen, despite the filtering, the [Ro(t)
measure] signal contains noise resulting from the ana-
log-to-digital conversion. However, the gain of X =
=1.054x10’ calculated using (12) is not observed, and
the discrepancy is only a fraction of a percent.

It should be further noted that the resulting discre-
pancy is a method error and cannot be considered
a metrological error in dynamic measurements. Quan-
tifying the error in dynamic seawater density mea-
surements for the proposed modification of the me-
thod is the subject of a separate study.



CONCLUSION

This paper proposes a modification of the dynamic
measurement method for determining the vertical pro-
file of seawater density using an autonomous profilo-
graph probe equipped with a pressure sensor. The
study is based on an analysis of the mathematical de-
scription of the motion of an autonomous profiling
probe in a hydrostatic pressure field p during free im-
mersion. This analysis yields an equation for deter-
mining p(p) that does not require a priori density in-
formation.

The developed modification involves calculating
the first and second derivatives of hydrostatic pres-
sure. To reduce the effect of noise amplification dur-
ing differentiation, the use of differentiating filters is
proposed, and a recommendation is given for deter-
mining the frequency rejection band boundary de-
pending on the profiling speed. Digital filters with
finite impulse response are proposed and tested as
filters.

The effect of the profiling probe's immersion speed
on the dynamic pressure measurement error and the
error of analog-to-digital conversion is analyzed.
A range of profiling speeds is identified that minimiz-

es the impact of these errors. For a profiling velocity
of v=1 m/s, the simulation results show that the me-
thod error does not exceed 5%10°%.

APPENDIX

Fig II1. Computer model in MatLab Simulink:
probe immersion model

Fig. I12. Computer model in MatLab Simulink:
measurement and calculation model




