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MeToabl annpokcuManun KO3QPUUUEeHTOB
CTOXACTHYECKOIo MU epeHIMATBLHOI0 YPABHCHUA
U UX NIPUMEHEHHUE U1 AHAJIM3A BHYTPUTO10BOM
U MEKI0I0BOM U3MEHYMBOCTH MOTOKOB TEILJIA
B CeBepHOM ATIAHTHKE

H.II. Tyuxosa', K.Il. Beasies'?, I'.M. Muxaiijios!,
K.A. Pomammna®, A.B. Hopukosa®

' Buryucrumenvuviii yenmp um. A.A. JJopoonuyvina ®UL] 1Y PAH
’Uncmumym oxeanonoeuu um. ILI1. Ilupwoea PAH
3 Cesacmononvckoe omoenenue MI'Y um. M. B.Jlomonocosa

AHHoTaumsA. /[lis aHaiM3a TMOTOKOB TeIJa MCIOJIb30BaHbl JaHHBIC
HaOmonenut  3a  1979-2018rr. B paiione CeBepHOWl  ATIaHTHKH.
[IpocTpaHCTBEHHO-BpEMEHHasi ~ M3MEHYMBOCTb  IIOJIHOTO  TIOTOKAa  Teria
MOJEJINpOBaIach CTOXaCTUYECKUM G y3nOHHBIM MPOLIECCOM.
Kosdummentsr  croxactuueckoro  audPepeHIHATIBHOTO  ypaBHEHMUS,
MPEJCTABISAIONIET0 CTOXACTHUECKUH MPOLECC, ObUIM CTATUCTHYECKU OICHEHBI
METOJlaMU  HemapaMeTpuyecKkoil craTucTuku. Panee cyimiecTBoBaHHe U
CIMHCTBEHHOCTb  pEIIEHUS B  CHJIBHOM  CMBICIE€  CTOXAaCTHYECKOTO
g depeHInaIbLHOTo YpaBHEHUS, MOPOKJIEHHOTO MTOCTPOECHHBIM
TG PYy3MOHHBIM TPOIECCOM, OBUIM JO0Ka3aHbl TPU BBHIMOJHEHUU YCIOBUM
KommoropoBa. B Hacrosmelr  pabore  kodhduIHMEHTHI  ypaBHEHUS
anmnpoOKCUMUPOBAINUCH IO BPEMEHH TPUTOHOMETPUYECKUMHU IOJTUHOMAaMH,
aMIUIUTYZbI U a3kl KOTOPBIX 3aBUCENN OT 3HaueHud motoka. [lo 3amanHOMY
pany mmHoi 40 net ¢ 1979 mo 2018 r. 6bUIM MOCTPOEHBI MPOCTPAHCTBEHHBIE
KapThl U BPEMEHHBIE KPUBBIE, PE3YJbTAThI TOKa3aHbl s 1999 1., kak mpuMephl,
a TaKkyKe N3y4aJluCh CPEAHEMECIUHBIE JaHHbIE NOTOKOB Tema ¢ 1979 no 2022 rr.
UucneHnHsle pacueTsl Ha cynepkomibiorepe «JlomonocoB-2» MI'Y umenu M.B.
JlomoHoOCOBa.

KuawueBble c¢jioBa: aHAIN3 BPEMEHHBIX PAJIOB, KIMMATHUYECKUM CE30HHBIN
XO0JI, MAaKCHMAaJbHbIC W MHHUMAJIbHBIC 3HAUCHUS TEIUIOBBEIX IIOTOKOB U
TEeMIIepaTypbl BHYTPH KIIMMAaTHYECKOTO TO/la, almpoKcuMaIus ko3 puiimeHTon
CTOXaCTUYECKOTo MU PepeHIINaTbHOTO YpaBHEHUS.
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Methods for approximating the coefficients of a
stochastic differential equation and their application
to the analysis of intra-annual variability of heat
fluxes in the North Atlantic

N.P. Tuchkova!*wmwn-sssrosil P, Belyaey'2 1000-0003-2111-2709]
G.M. Mikhaylovy!"**10000-0002-4535-7180] 'Romashina K.A. """, Novikova K.A."™""

I Dorodnicyn Computing Center FRC CSC of RAS
2 Shirshov Institute of Oceanology of RAS
ISevastopol Branch of Lomonosov Moscow State University,
“natalia_tuchkova@mail.ru, * kosbel55@gmail.com,  gmickail@ccas.ru,

LR

. FTefedhk .
zemlyaksu@gmail.com, novikovaavl@my.msu.ru

Abstract. To analyze heat fluxes, observational data for 1979-2018 were used
in the North Atlantic. The spatiotemporal variability of the total heat flux was
modeled by a stochastic diffusion process. The coefficients of the stochastic
differential equation representing the stochastic process were statistically
estimated using nonparametric statistics methods. Previously, the existence and
uniqueness of a solution in the strong sense of the stochastic differential equation
generated by the constructed diffusion process was proven using the
Kolmogorov's criterion. In this work, the coefficients of the equation were
approximated in time by trigonometric polynomials, the amplitudes and phases
of which depended on the flow values. Using a given series of 40 years in length
from 1979 to 2018, spatial maps and time curves were constructed, the results are
shown for 1999 as examples, and also studied average monthly heat flow data
from 1979 to 2022. Numerical calculations realized on the Lomonosov-2
supercomputer of the Lomonosov Moscow State University

Keywords: time series analysis, climatic seasonal cycle, maximum and
minimum heat fluxes and temperature values within a climatic year,
approximation of the coefficients of a stochastic differential equation.

1. BBeaenne

N3yueHue mpoueccoB TEIIOOOMEHA M pacIpeaesieHrs MMOTOKOB Telia B
OKEaHaxX MMEET BAXKHOE 3HAYECHUE Ul IOHUMAHUS KIMMATHYECKUX U3MEHEHUU
Ha 3emie. CeBepHas ATJIaHTHKA UTPAET CYLIECTBEHHYIO POJIb B PETYIUPOBAHUH
KJIuMaTa HallMX IIHPOT, KaK CYIIECTBEHHBbIH KOMIIOHEHT IJ100albHON
KJINMaTUYECKOU CUCTEMBI.

OpHuM U3 KIIFOYEBBIX HHCTPYMEHTOB UL aHAJIM3a PACIIPEICIICHHS TEIUIA B
OK€aHax SBISIETCS  @eposimHOoCmMHbIUL  aHaau3. B pabore  Meromamu
MAaTeMaTHYECKOr0 MOJEIMPOBAHUS TMPOBOJIUTCS CTAaTUCTUYECKUN  aHAJU3
JAHHBIX HAOIIOACHUH TETUIOBBIX MOTOKOB B CeBepHON ATIaHTHKE.
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Hcropust  Bompoca  HEMOCPEACTBEHHO  CBsSI3aHa C  Pa3BUTUEM
MH(OPMAIMOHHBIX TEXHOJIOTHI U HAYYHBIX CEPBUCOB B c€TH UHTEepHET. HaunHas
¢ cepeaunbl 20-ro CTOJNETHs, KOI/a CTald pa3BUBAThCs 0as3bl JIaHHBIX
METEOPOTIOTHYECKUX HAOIIOICHH, BO3HUKIIA MPO0JIeMa CTATUCTUYECKON OLEHKH
HAKOIUJIEHHBIX KIMMAaTUYECKUX XapaKTEPUCTHK. DTO ObLJIO BpeMsl CO3JaHUS
NEPBBIX MOJIENEH oOkeaHa u aTMoc(ephbl, a TaK’Ke COBMECTHBIX MOJI€NIEH, KOTOPEIE,
B YAaCTHOCTH, MOKa3aJdd TEHACHLMH K POCTYy TEeMIEepaTypbl OKeaHa, M Kak
CJIEICTBHE, BO3MOKHOE NOTEIIEHUE KIIMMATA.

B 1988 roay Obuia coznana MexnpaBUTEIbCTBEHHAS TPyIIa 3KCIEPTOB 11O
n3meHennto knumara (MI'UK), ¢ uctopueid 3Toil opraHu3anuu U €€ OTYETaMHU
MO>XHO O3HAaKOMHUTHCS B MHOIOYMCIIEHHBIX OTKPBITBIX MCTOYHMKaxX. OauH u3
BBIBOJIOB 3TOH T'PYIIIbI 3aKII0YAIICSA B HEOOXOJUMOCTH MIPUBJICUCHHS KAK MOKHO
OOJBIIEr0  YWCia CHEHUAINCTOB, CHOCOOHBIX  BBIINOJHATH  YHUCIIEHHOM
MOJICIMPOBAaHUE KJIMMAaTa, 4TOOBbl MOJYYUTh JIOCTATOYHOE KOJUYECTBO
crieHapueB (aHcaMOJIEBOE MOJISTTUPOBAHNUE), U Jlajiee OLICHUTh UX BEPOSATHOCTh. C
TOM MENbI0 MEXIYHAapOJHOE HAyYHOE COOOIIECTBO OTKPBUIO pa3paboTKu
MoJieNiel, a CIy>KObl MOHUTOPUHTA OTKPBUIM 0a3bl HAOIIOACHUN AJI1 HAYYHOTO
(HeKoMMepueckoro) — ucnoJib3oBaHus. Kaxnapli  mpoQuibHBIA — HAyUYHBIH
KOJUIEKTUB, TakuM O0Opa3oM, TMOJY4YWJI BO3MOXKHOCTh Yy4acTBOBAaTh B
UCCJIEIOBAHUSX MO M3MEHEHHUIO KIMMaTra MpU HAIWYUU BBIYUCIUTENBHBIX
momHocTer, a MI'MK pnenath BbIBOJBI Ha OCHOBAaHHUHU ASTHUX MCCICIOBAHHUU.
Pa3pabotannpie  MozmenM WM JaHHbIE  HAOMIONEHWW  BBUIOKEHBI  C
COOTBETCTBYIOIIMUM CEPBUCOM Ha CATax B UHTEPHET, 00eCIIeunBas BO3MOXKHOCTb
UX KCIOJIb30BAHUS HAYYHBIM COOOIIECTBOM.

B pabote npuBeneHbl pe3yabTaThl CTATUCTHUECKOTO aHAIM3a CIy4YailHbIX
npoiieccoB Ha ocHoBe mAaHHBIX NAAD (https://naad.ocean.ru/), mosy4eHHBIX B
paMKax MEXIYyHapOIHOIO SKCIEpUMEHTa sl pernoHa CeBepHOU ATIIAHTHKH,
UTPAIOIIETO  KPUTUYECKYI0  pOJb  ME30MACIITAa0HOM  AMHAMUKA  BO
B3aUMOJICHCTBUU OK€aHa v Bo3ayxa|l].

[IpensioxkeHHbie B pabOTe METObI BKIIOUYAIOT B CEOsl aHAIM3 CIIy4alHBIX
IPOLIECCOB, 3aJaHHBIX CTOXaCTHYECKUM JU(PPEepeHIIMaNIbHBIM YpPaBHEHUEM
(CAY) unu ypaBHeHueM M To, anmpokcuMaIyio JaHHbIX HAOII0IEHUI U pellieHre
ypaBHeHus: dokkepa-Ilnanka-Konmoroposa (PIIK) ans onucanusi 3BONIOIUN
BEPOSITHOCTHOI'O PaclpeiesICHUs TeIjia B OKEaHe.

C mnomoIBI METOJO0B MAaTEMAaTUYECKOTO MOJEIMPOBAHUS MPOBEJIEH
BEPOSITHOCTHBIN aHAJIU3 paclpeiesieHus IOTOKOB Teria B CeBepHOU ATIIaHTHKE
3a mepuoa ¢ 1979 mo 2022 roxel. Pe3ynbTaThl HCCIEAOBaHUS MO3BOJIUIN
YCTAaHOBUTh 3aKOHOMEPHOCTH pPAaCHpENENCHUs IMOTOKOB TEIUIA B H3Yy4aeMOM
PETrvOHE 3a pacCMaTPUBAEMbII IEPUO] BPEMEHMU.

[lonmy4yeHHbIE CTATUCTUYECKHE OLIEHKHM MOTYT OBITh MOJIE3HBIMH IS
JaNbHEHIIero UCCIeI0BaHus U MOAECIUPOBAHUS KIMMATHYECKUX IMPOILIECCOB B
CeBepHOll ATJIAaHTHKE M MHUPOBOM OKEaHE, a TAaKXe BBIPAOOTKH CTpaTErHii
KOHTPOJISL ¥ 3aIUThI OKPY>KAIOIIEH Cpe/Ibl.
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2. 3amauu M MeTOAbI
2.1. Mamemamuueckas mooenn

N3MeHeHne noTokoB MoAenupoBaock ¢ nomoiso CAY, ypaBaenus 1to,
[2-6]

X = a(t, X)dt +b(t, X)dW . (1)

rie:
X (f ) - IOTOK T€IJIa B MOMEHT BPEMEHH 1,

dX = X(t+dt)- X(f) - usmenumBocTh (MHKpPEMEHT) NOTOKA TeIUia 3a

BpeMsl dt=t+dt—t B (UKCUPOBAHHOHN TOUKE;

a(t,X),b(t,X) — Kodppuuuentsl cHoca U AUGy3un, 3aBUCSIINE OT
BPEMEHH ¥ OT 3HAYECHUU MPOLIECCA X (1) ;

dW - cTaHjgapTHOe OO0O3HAUYEHHUE e2ayccosa 0eno2o uwyma C HyJIEBbIM
CPEeIHHUM U €IMHUYHOM McTiepcuen, He 3aBUCSIIETO OT MPoLecca X () .

B pabote [2] ucnosb30BajiuCh JaHHBIE MO MOTOKAaM TeIa, 3a/JlaHHbIE B
y3JaX OJIHOTPAJyCHOM CETKM C BPEMEHHBIM paspenieHueM 6 4acoB ¢ 1 sHBaps
1979r. no 31 pekabps 2022r. IloToku SBHOrO H CKpPBITOTO TeIUa,
COOTBETCTBEHHO, PaCCUUTHIBAIKCH 110 (opMyiam:

Qh = Cpp CT (Tw' Ta) V, (2)
Qc=Lp Ce (O O) V. 3)

[To hbopmynam (2) u (3) MOTOKH TETUTa PACCUYNUTHIBAIOTCS C UCITOJIH30BAHUEM
napaMeTpoB Ha TPAHUIIEC pa3iesia OKeaHa U aTMoc]ephr:

- TeMIIEpaTypsl BOAbI U BO3yXxa 1, 14;

- MOJyJisi CKOpocTH BeTpa Vi

- yAeNIbHOW BIAXXHOCTH MPUBOAHOTO Bo3ayxa O;

- MaKCHUMaJbHOW [IJI1 JAHHOM BETWYMHBI TEMIEpPaTypbl MOBEPXHOCTU
OK€aHa HACBIIIEHHON yJIeTbHOMN BIAXKHOCTU HaJ MOBEPXHOCTHIO BOABI ;.

B kauecTtBe k03P hULIMEHTOB MPOMOPIIMOHATLHOCTH B COOTHOILIEHUSIX (2) 1
(3) cayxar:

- kod(pduruenter ooOMena Teriom Cr (uucio lImuara) m obmena Bnarou
C. (uucno [anbToHa);

- yAenbHas TeTUI0Ta ucnapeHus L;

- yAenbHasl TEIJIOEMKOCTh BO3JyXa IPU MOCTOSTHHOM JABJIEHUM C, U €r0
IJIOTHOCTB p.

B Hamem wucciaegoBaHuM 3HAYCHHUS MOTOKOB (), (. CUUTAIHUCH YXKE
W3BECTHBIMH, IOTIOJTHUTEIBLHOTO0 pacueTa o hopmysnam (2) u (3) He TpeOOBaIOCH.

B paborte mnpencraBieHbl MOAETUPOBAHHME IIPOLIECCOB H3MEHUYMBOCTHU
notokoB Tera B CeBepHON ATIaHTHKE, pacueTbl KOI(PQPUIMEHTOB CHOCA U
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muddy3un Ha KaxKApIH MOMEHT BPEMEHH, MPUBOISATCS TOIHKO KapThl TOTOKA HA
CEepEIMHY KaXKJI0r0 MECSIA.
Brenewm cnenyroniye BEITUYNUHBI:

P(y | X) = P(X(f + df) =Yy \ X(f) = X) - YCIIOBHasl BEPOSITHOCTbD, €CJIM V, X
JTMCKPETHBI,

p(y|x)dx=p(X(t+dt)=y|x< X(t) = x+dx) - yCIIOBHAS
MJIOTHOCTH BEPOSITHOCTH (Tipou3BoaHas Pagona-Hukoauma), eciu npouecc x (z)

paccMaTpHUBaeTCsl, KaK HEMPEPBIBHBIN.
Jl1is onpeieieHHOCTH OyJIeM paccMaTpuBaTh MPOLIECC KaK HETIPEPHIBHBIM €

YCIIOBHOU TUIOTHOCTBED BE€POSTHOCTH p(y \ X). UtoOBl OTNIMYATH caM MPOIEecC
X (f ) OT €r0 3HAUYCHUM, ocieHue OysieM 0003HauaTh MaJICHbKUMU OykBamH. J1Jist

onpenenenust  kodbdunmenros  A(f,x),b(¢,X) ucronesyrorest  crenyromue
dbopmynsl [7]:

alt,x) = lim - [ (r=9p(y] 00y, @)
b(e.0)= lim Aij (v=x) p(y | X)dy . 5)

Jlnst onpenenenus KO3POUIMEHTOB a(z, x),b(z,x) 10 Gopmynam (4) u (5)
HEOOXOIMMO PeaTM30BaTh ATOPUTM, ITOPOOHO OMHCAHHBIH B [1].
Wurepsan suHauenuii X(t) or X (t) = Xpin 10 Xpax (t) = Xmax
. Xmax—Xmin .
pasouBaercss  ToukaMu  X; = X + 1 *M, i=0,..,L wmHa L

noAbIHTEpBaIOB [X;, X;41] . [Ipr 3TOM (UKCHPYIOTCS BCE TOYKH OOJIACTH, IJIE
BoInotHsIeTCs yermoBre X; < X(t) = x < Xj 1.

Jlanee, cuntaercss KOJIMYECTBO TOUCK, T/I€ 3HAUYCHUS CYMMapHOTO MOTOKa,
nonajv B 3TOT MHTEPBAJ, U MYCTh TaKUX TOYEK OyAeT m (HEOOXOJUMO Tak
BBIOpATh MHTEPBAIBI, YTOOBI m ObLI0 Ooubine 0 mus moboro X; < X(t) = x <
Xi11). Hanee, nepexons Ha mar t + dt, BBIIOJHIEM aHAJOTUYHOE pa30ueHue
uHTepBana 3HaueHuid X(t) Ha momuuTepBanbl [Y;,Y;,,;] u BeIOMpaem cpemn
(UKCUPOBAHHBIX Ha MPEIBIAYIIEM IIare TOYeK T€ U TOJbKO T€ TOYKH, IS
KOTOPBIX BbIMONHsACTCs ycnoBue Y; < X(t +dt) =y <Y, ans modoro y, u
MyCTh TaKUX TOYEK Oyner /.

Torna p(y/x)=1I/m. HNanee mo dopmymam (4) u (5) paccuuTaroTcs
ko>(puuuents a(t,x) u b%(t,x).
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2.2. Ilapaboauueckoe ypasenenue @okkepa-Ilnanka-Koamozoposa

Kak 0b110 yKa3aHO B mpeApIayIeM naparpade, i3MEeHYUBOCTh CITY9aifHOTO
nporiecca mnpexactrapiasercs B Bujae (1). Beipaxenue (1) moHumaercs B

HHTCTPAJIbHOM CMBICIIC, TO €CTh
t+At t+At

X(t+At) —X(t) = f a(u,X)du + f b(u, X)[W(u + du) — W(u)].
t t
Koapduuuentsr a(t,x) u b%(t,x) paccuntansl no Gpopmynam (4) u (5).
Kak criencrBue, MOKHO HamucaTh YpaBHEHHE ISl pacueTa BEPOSTHOCTEH
3HAYEHMH IOTOKA B 3aJJaHHbIN (KIMMAaTHYECKHIT) MOMEHT BPEMEHHU B BUJIE

op _ _ 0(altx)p) | 10°(b*(t0)p)

at dx 2 9x2 ! (6)

r7e p(t,x) - UCKOMas TJIOTHOCTh BEPOSITHOCTH B MOMEHT / 3HAYEHUS MOTOKa X,
ocTajbHble 0003HAUCHHSI IPUBECHBI BBILIE.

VYpasuenue OIIK (6) pemaeTcs npu rpaHUYHBIX YCIOBHUAX 30MMepdenbaa
U TIpH 33/1aHHOM HAydaJbHOM pacHpeieSICHUH BEPOSTHOCTH. AHAIMTHYECKU 3Ta
3amada, BOOOIIE TOBOpS, HE pelIaeTcs, HO YHCIEHHO €€ pelIeHHue He
NPEJCTaBIsIeT 0COOBIX TpyaHocTel. OmHaKo, IS CHIBHO OCIHHUTHPYIOIIUX
KO3 (PUIIMEHTOB YMCIEHHOE pEIIEHWE JTOT0 YypaBHEHUS NPHUBOJIUT K
3HAYUTENbHBIM BBIUMCIUTEIBHBIM OIMMOKaM. [loaToMy c 1enbi0 yMEHBIICHUS
BBIUHCIUTENBHBIX OMIMOOK MMEET CMBICH CIIAAUTh CHJIBHO OCHUJUTUPYIOLINE
koddumentsr a(t,x) u b2(t, x).

Jlanee B paboTe TmMOKa3aHO, KakK BBIMIOJHAETCS  CIVIaKMBaHUE
KOA(PUIIUEHTOB U MPUMEHEHHE MOTYYCHHBIX AHATUTHUECKUX BBIPAXKCHUM s
pellleHusT OCHOBHOW 3aJaud — BBIYHUCICHUS MJIOMHOCIU  8EPOAMHOCTU
CMOXACMUYECcKo20 npoyeccd.

2.3. Memoo naumenvuiux K6aopamoe 011 AannpoOKCUMAyuu
K03(hpuyuenmos

AnnpokcuManus kodppunmenta  a(z,x) HaXOJIUTCA B BUJIE
TPUTOHOMETPUYECKON (QYHKITUU

a(t,x) = A(x)sin(awt) + B(x)cos(at) + C(x) . (7)

Takas dopma anmpokcumMupyroiiei GpyHKIMU ObliIa BEIOpaHa MOTOMY, YTO
UCXO0/HBIE KO3 UIIMEHTHI CHOca (Takxke U KodhduiuenTs! auddy3un) umMeroT
SApPKO  BBIP@KEHHBIA BHYTPUTOJOBOM IMKJ, TJ€ dYacToTa KoyieOaHUi
w=21/12 (mec!). CnenosarenbHO, 5Ta (OpMa AaNMPOKCHMALUK (DU3HIECKH
000CHOBaHa.

[TapameTpsl A(x), B(x), C(x) onpenenstoTcs MociaeaoBaTEIbHO METOI0M
HaUMEHbIIUX KBa/ipaToB. CHavasa onpeaenstorcs mapameTpsl C(x), Kak cpeiHee
3HAYEHHUE BBIOOPKH
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1 N
Wtzlla(t, x)-C(x)=0 (8)

rae N=364 11 MEXroJoBOM HM3MEHYMBOCTH M 518 mis cpenHeMecsyHOM
W3MEHYUBOCTU, 3aTeM ompeaestorcs koddduiumentel A(x) u B(x). DTOT
ITOPUTM XOPOIIO U3BECTEH B MPAKTUYECKUX MPUIIOKEHUAX U HE HYXKIAeTCs B
JOTIOJTHUTENBHBIX 000OCHOBAHUSX.

ITocne Toro, kKak Bce aMIUIUTYIbl ompenaeyeHsl mo dopmyne (7),
anmpokcumanus koddduimenTa a(z,x) IpUBOJUTCSA K BUIY

a(t, x) = A(x)sin(t + ¢(x)) + C(x) 9)

Ta »xe mpomemypa NpUMEHEHa IS anmpoKcHManuu KoddduireHTta
nuddyszuu b(t,X)

b(t,x) = A(x)sin(@t + ¢(x)) + C(x). (10)
3. Pe3yabTaThl YNCJIEHHBIX PACYCTOB

Pe3ynbTaThl yncaeHHBIX pacuyeToB g ypaBHeHuit (9) u (10), roe x —
3HaUEHHUE MOTOKAa, MPEACTABICHBI HA WILTIOCTPAIMSIX C TOSCHEHUSMU K HUM.
Cepust nmmoctpauuii (Puc. 1(a,0,B) - Puc. 4(a,0,B)) 1€MOHCTpUPYET KapTHHY
MOBEJCHHS UCXOIHBIX 3HaueHHi Kod(pduuuentoB cHoca u aupdysuun a(t,x),

b?%(t,x) u crnaxeHHbIX 3HAYEHHH 3THX KO3(PPUIMEHTOB a(t,x), b (t,x) . beum
MIPOBEICHBI PacUYeThl 32 BECh BPEMEHHOMW TIEpHOI, a I AEMOHCTPAIIUY BRIOPAHBI
XapakTepHbIC 3HAYCHHUS JJII MUHUMAIBHBIX, CPEAHMX M MaKCHUMAaJIbHBIX
3HAYCHUH ITOTOKA.

Cepus  wunoctpamuii  Puc. 1(a,0,B) - Puc. 2(a,0,8)  1eMOHCTpUpYET
BHYTPHUIOZIOBYIO HM3MEHYMBOCTH g BbeIOpaHHoro 1999 roma, a cepus
wuttoctpauuii  Puc. 3(a,0,B) - Puc. 4(a,0,B) 1€MOHCTPUPYET  MEXKIOJIOBYIO
CPEIHEMECSIYHYI0O M3MEHUMBOCTh 3a 40 JeT Jjis MUHUMAJIbHBIX, CPEIHUX H
MaKCUMAaJIbHBIX 3HAYEHUH TTOTOKAa COOTBETCTBEHHO.

Ha Puc. 1(a,0,B) - Puc. 2(a,0,B) BUIHO, YTO anmpOKCUMHUPYIOIINE KPUBHIE,
MOKa3aHHbIC KPACHBIM IIBETOM, XOPOIIO OTPAX)AIOT BHYTPUTOJOBOW CE30HHBIM
xoa. Ha Puc. 3 (a,0,8) mokazansl rpaduku koddduiuenros a(t,X) u d(t, x),
cpennue 3a mecsi 3a 40 met. KpacHsIM MokasaHbl CrilaKeHHBIC KpuBbie A(t, x),
nocTpoeHHsie 1o hopmynam (9-10), rae COOTBETCTBYIOMIME aMILTUTY/IBI U (pa3bl
HaWJIeHBl METOJIOM HaWMEHbIIMX KBajpatoB. Ha puc. 3(a,0,B) mMOKa3aHBI
u3Menenuss kodpdunrentoB a(t,X) u d(t,x) Bo BpeMeHHU INPU 3HAYCHHUIX
noTokoB X, paBHBIX X;ax, Xmin U CPEIHEMY 3HAYCHHIO TIO OOJAcTH
COOTBETCTBEHHO.

Hanee, Ha Puc. 5(a,0) mpencraBieHbl NPOCTPAHCTBEHHBIE KapThl s
ammnTyq u3 ypaBHeHus (7). Ha kapre CeBepHOU ATIIaHTHKM NOKa3bIBAETCS
MOJIO’KEHUE aMIUTUTY U (pa3 CriaXeHHOTO MPoLiecca U JAaeTCsl X reopundeckas
UHTEPIIPETALIUA.
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Oco60 oOTMETHM, YTO MAaKCHUMyM TOCTPOEHHBIX aMIUTUTYl XOPOIIO
COrJIacyeTcsi C JaHHBIMM MCCJEJIOBAaHUN W3BECTHBIX pailloHOB CeBepHOi
ATIIaHTHUKWU.

MN3ameHeHne KoahdruneHTa cHoca B TedeHMe 1999 rona ONA NoTokKa X = -67 BT/M2
A = -4.633108495960309, w = 0.018911809455510315, p = -1.551760881065743, c = -15.923805413943006
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M3meHeHne Ko3@MUUMeHTa cHoca B TedeHue 1999 roda 4719 NoTokKa X = 230 BT/M2
A = B.89929118680365, w = 0.019126144330781684, p = -1.6476615749559094, c = 18.244321727267085
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(8)
Puc. 1. Koodduupent cuoca d(f,X) u criasxkenHsiit ko3 HUIUIEHT CHOCA 4(z, x)
(kpacHble kpuBbIe) 11 1999 1.: a) x = min; 0) x = mean; B) x = max.
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3HavyeHne KoapuuneHTa

3HauyeHWe Ko puUMeHTa

3Ha4eHWe KO3 puLneHTa

M3MmeHeHne Ko huMumMeHTa Udgpy3nKM B TeyeHe 1999 roga ONA NoToka X = -67 BT/M2
A =878.7181304371913, w = 0.020788693381335724, p = -1.915353153685617, c = 1490 5860735259175
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N3meHeHWe KoadduuneHTa gupdysMn B TedeHwe 1999 rofa 415 NOToKa X = 83 BT/M2
A =-20256556297299966, w = 0.015339689549922021, p = -1.124609793479837, c = 1494 424321552135
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(6)

M3meHeHWe KozdduuedTa guddysnmn B TeyeHe 1999 rona ona notoka x = 230 BT/M2
A =1830.810996201201, w = 0.019719722549967764, p = -1.7084097913795422, c = 3018.1229189509877

—_— A=ssin(w*t + p) + C
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(B)
Puc. 2. Kosbdurment nuddysun b(1,X) u croaxennsii kosddumment

mudbysuu b(t, x) (xpachas mmnus) wist 1999 r.:
a) x = min; 0) x = mean; B) X = max.
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Puc. 3. Ismenenue Bo BpeMenu koddduimenra caoca a(t, X) (Br/m>cyr) n
criaxenHoro ko3ddunmenta a(t, x) (kpacHbie Kpubie) 3a 40 ser:
a) x = max; 0) x = mean; B) x = min.

I'paduku Puc. 3(a,0,8) umeroT pazyMHyr0 (GU3NYECKYIO UHTEpIpeTanuto. Jis
MUHUMyMa TIOTOKa 3aMETHO TMpeo0jalaHue «IHUKOB» KPHUBBIX BBEpPX U
JOCTHKEHHE 3HadeHHs] Kodp¢uimeHTa cHoca Makcumyma. J[[is cpemHero
3HAUEHUS TOTOKA «IHKW» CMOTPAT BHU3, KOX(PQHUIMEHT CHOCA JOCTHUTAeT
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MHHUMYMA.

Jlnst makcumyMma 3amereH pazopoc 3Hadenuit ot 200 go —200, rae

caMu K03 (PUITMEHTHI B CPETHEM OKOJIO HYJIS.
AHanornyHo BeINIAAT rpaduku kodpduiuenta quddysuu b(t, X) u b(t, x)

(cm. Puc. 4 (a,0,B)).
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Puc. 4. U3

(B)

MeHeHHe Bo BpeMeHu kodpdummenta muddysuu b(t, x) (BT/M>cyT) 1

criaxeHHoro kosddumuenta b(t, x) (kpacHsie KpuBbie) 3a 40 Jer:

a) x = max; 0) x = mean; B) x = min.
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[To paccunTaHHBIM 3HAUYEHUSM AMILTUTY/bI, a3bl U cABUra B hopmymnam (9)-
(10) (kak dyHKIMH TOJIBLKO MTPOCTPAHCTBEHHBIX MEPEMEHHBIX) OBLIIN MOCTPOCHBI
ux KapThl. [[ns 3TOrO ObLIa MCMOJIB30BaHA TOTOBas Macka KapTbl CeBepHOIt
ATIIaHTHKHU.

Ha Puc. 5(a) u 5(0) npencraBieHbl aMIUIMTYIbl JJi1 MEXIOJ0OBOM U
CpeIHEMECSYHON H3MEHYUBOCTH COOTBETCTBEHHO.

JIHWKM ypoBHA aMnauTyObl A 018 Ko3thdULMEHTa CHOCa AMNAWTYJa annpoKCUMUPOBAaHHLIX KO3hMULMEHTOB
160

+ 10

T . .
-120°  -100° -80° -60° -40° -20° 0 20° 0
fonroTa Y

0 25 50 75 100 125 150 175
(a) (6)

Puc. 5. AMmumtyapi: a) MEXToJ0BOM U 0) cpeTHEMECIYHON H3MEHYHUBOCTH.

Jlanee B 3TOM pa3zjene MpeacTaBiIeHbl pe3yIbTaThl YUCICHHOTO PEIICHUs
ypaBHeHus: OKII co criaxennbiM koddpduiuentom no dopmynam (1) u (2).
Vpasaenue ®OIIK 6bu10 3anucano Kak

_ ), 10
ot ox 2 ox?

(bp) (11)

rIe:
p(t,x) - ICKOMAs TIOTHOCTh BEPOSITHOCTH TEILIOBOTO ITOTOKA B MOMEHT ¢,
€CJIM €T0 3HAYCHHUE PaBHO X;

a,b —x03¢dPUITMEHTHI anmPOKCUMAIINH, pacCuuTaHHbIE 110 hopmyiam (9) u

(10).

Vpasuenue (11) pemaercs mpu HauameroM ycmoum P(5,0)=py(xX) u

rparmanbix yenopusix  P(0,30) =0 s ypasuenust (11) Gbina peanmsosama
HEsBHAs PAa3HOCTHAs CXeMa BTOPOrO IMOpsAKa ammnpokcuMauud [7] co
criaakeHHbIMU 110 popmynam (9), (10) koadppunmenTamu.

Ha Puc. 6, 7 noka3aHsl pe3yJIbTaTbl YUCIEHHOTO pemenns ypaBaeHus OIIK
JUISl BHYTPUTOJI0BOU U MEKTOZOBOM CPENHEMECIYHON U3MEHYNBOCTH.
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Puc. 6. Pemenne ypaBuenus OIIK mis anmpokcuMupoBaHHBIX KO3()PHUIIMEHTOB
JUIs1 BHYTpUT010BoM (fy1st 1999 1.) M3MEHYMBOCTH ¢ 11arom 3 Mecsiia.

Ha puc. 7 nokazaHbsl pe3yabTaThl YUCICHHOTO pemieHus: ypaBHeHus OIIK
Ha 15 suBapa 1979, 1989, 1999 rogoB mist cpelHEro 3HA4Y€HUs] MOTOKOB Ha

COOTBETCTBYIOIYIO faTy. HauanbHoe yciaoBue 3aaBanoch no hopmye

2
X

1
p(t,0) = ——exp| —— | -
o /271. 202 (eayccoea HAuajlbHAA I’l]ZOI’I’lHOCl’I’lb),

II€ 3HayeHue O 3aJaBallOCh, KaK pPA3HOCTh MEXAY MAKCUMAaJbHBIM U
MUHUMAaJIbHBIM 3HAYEHUSMHU MTOTOKA.

W3 3TuX pUCYHKOB BHIHO, YTO TpaUKH IUIOTHOCTU B LIEJIOM Pa3yMHBI,
XOpOIIO OTPa)KalT JAUHAMUKY KO3((UIHUEHTOB ypaBHEHUS, UX MaKCUMaIbHOE
3HaueHne ocuwumpyer ot 0.18 go 0.01, m ux cpenHee 3HaYeHUE TOXKE
ocutupyet ot 0 (B Havasie ¥ B KoHIle pacuera) 10 50 (MecsIeB) Ha cepeuHy
pacyeToB.

15 aHBapna 1979 ropa 15 saHBaps 1989 rona 15 aHBapa 1999 ropa

i
W

m

w

Puc. 7. Pemienne ypasuenus ®OIIK nns anmpokcuMupoBaHHBIX KOG OHUITMEHTOB
JUISL MEXKTOJIOBOM CPEAHEMECIYHON N3MEHYMBOCTH.

I'paduixku HEe cuMMeTpuuHBI U pacnpeneneHue pemieHus ypaBHeHus OIIK
CWJIBHO OTJIMYAETCA OT HOpMayibHOrO. Ilynbcanuu KpuBbIX Ha rpadukax B UX
BEPXHEHN 4acTH OOBSICHSIOTCA TPYyObIM MPOCTPAHCTBEHHBIM Pa3pEIIeHUEM CETKH
(omuH rpamyc — okoio 100 kM), Ha KOTOpOM HaXOASATCS KO3(PPUIMEHTHI
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ypaBHeHUsA. TeM He MeHee, 3TH pacipeneieHusi GU3NYECKU pa3yMHbl U MOTYT
UCIIOJIb30BAThCA JUIS NIPUIIOKEHUN IIPU aHAIM3€E KIMMATUYECKUX JAHHBIX U IS
KJINMaTUYECKUX NIPOTHO30B.

4. 3akio4eHnue
Pe3ynpTarel ucclieoBaHUsI TO3BOJUIM YCTAHOBUTH KOJWYECTBEHHBIE U
Ka4€CTBEHHbIC 3aKOHOMEPHOCTH PACHPEAECICHHUSI MOTOKOB TEIJa B M3y4aeMOM
pEerroHe 3a paccMaTpuBaeMblil Tieproj] BpeMeHH. OHM MOTYT OBITh MOJIE3HBIMU
JUIS.  TaJIbHEMIIEro M3y4YeHUs KIMMaTU4YecKux ImponeccoB B (CeepHoil
ATnaHTHKe, a TaKXke g pa3pabOTKUA CTpaTErwil yNpaBlIeHUS pecypcamMu U
3alUTHI OKPYKAIOLIEH CPEBL.

[IpoBenenHoe B paboTe UCCIIEIOBaHNE HAIPSIMYIO HE TIPEIHA3HAYCHO IS
IPOTHO30B MOTOJbl U KJIMMAaTa, OJHAKO IMMOJYYEHHBIE PE3YJIbTAThl JAIOT OLICHKU
HEKOTOPBIX M3BECTHHIX (PEHOMEHOB M TMAaTTEPHOB. B 4YacTHOCTH, XOPOIIO
M3BECTHBIC 3aKOHOMEPHOCTH 30H MOBBIIICHHOTO JaBjieHus B objactu CeBepHOi
ATIaHTUKH, TaK HA3bIBAEMOTO UCTAHOCKO20 MUHUMYMA U A30PCKO20 MAKCUMYMA
HE ITPOCTO MOJYYarOT MOJTBEPKIACHUE B TPOBEACHHOM UCCIIEIOBAHUM, HO U JJAFOT
BO3MOXKHOCTh KOJIMYECTBEHHO OIICHUTh (DU3NYECKUE XAPAKTEPUCTUKH B ITHUX
30HAaX U UX U3MEHUYUBOCTb.

Ha mnpaktuke pesynabTaThl MOTYT OBITh HMCIHOJIB30BAaHBI JJISI aHAIU3a
OOJBIINX OOBEMOB JAHHBIX, XaPAKTEPHBIX JUISI KIUMATUYECKUX HAOIIOJACHUM.
TenneHunn mnepexona OT HCHOJIB30BAHUSI COBMECTHBIX MOJEJIEN «OKEaH-
atMocdepa» K CTaTUCTHUYECKOW OIICHKE OOJIBIINX JaHHBIX CTad BO3MOKHBI
Onmaroyapsi HOBBIM TEXHOJOTHSM HAKOIUJICHUS, XpaHEHUs JaHHBIX U UX
MPEIOCTaBICHUSI HAYYHOMY COOOIIECTBY Yepe3 MHTEPHET-KOMMYHHUKAITUH.

OpnHako creayeT OTMETUTh, YTO MTPOBEAECHHOE UCCIENOBAHUE UMEET CBOU
OTpAHWYEHHMS,  BKJIKOYAs  OrPAHUYCHHOCTh  JOCTYNHBIX  JAHHBIX U
IIPEANOJIOKEHHNS], JIEKAINE B OCHOBE NPUMEHEHHBIX Mojeneu. [lanmpHeimme
UCCIIEIOBaHUSI B ATOM 0O0JACTH MOTYT BKJIIOYATh PACHIMPEHUE BPEMEHHOTO
JYana3oHa M YyJIy4lI€eHWEe METOJOB aHalih3a JJisg TOoJIydyeHUs 0oJiee TOUYHBIX
MPOTHO30B W HMHTEPIPETALMN, HANPUMEpP, UCCICIOBAHUE MHOTOMEPHBIX
(B3aMMO3aBUCHMBIX) BEJIMYMH U HAXO0XKJICHUE MX COBMECTHBIX BEPOSITHOCTHBIX
pacupeaeacHui.

Takum 00pa3oM, H3ydYeHHE BEPOSTHOCTHOTO aHallM3a pachpeeieHus
noTokoB Tersa B CeBepHOM ATIAHTHUKE MPEACTABISIET COOOM aKTyalbHYIO H
HAayKOEMKYIO 3a/lady, pELIEHHE KOTOPOM BHOCHUT BKJAaJ B IIOHUMaHUE H
MPOTHO3UPOBAHUE KIIMMATUYECKUX NU3MEHEHUH Ha IIJIaHETE.

PaGora nmnpencraBieHa B paMkax  BbimoiHeHus ~ Tembl  HUP
«MaremaThudeCcKue METOJIbl aHAJIN3a JAHHBIX W NMpOorHo3upoBanus» OUIL[ 1Y
PAH.
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