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Bl PE3IOME

MpencTtaBneHa HoBaA Moaenb aperida ancbepros,
KOTOpaA NPOrHO3MpyeT KpaTKOBPEMEHHbIV apend
ancbepros, Ha OCHOBE pacyeTa CuIl, [ENCTBYIOLLNX

Ha 06beKT. [MpeanoxeHo onpeaeneHme BONIHOBOMO
BO3JEWCTBUA N NOKa3aHO, YTO OHO B HEKOTOPbIX
cnyyanAx AaeT BO3MOXHOCTb NPOn3BecTy 6051ee TOYHbIN
pacyeT gpenda. B epoATHOCTHBIM NPOrHO3 BKIIOYEH

B MOZESIb Ha Cny4aw, ecrv npuaeTcA UMETb AENO C
HeonpeaeneHHOCTAMN, 0ByCNOBNEHHBIMU Pa3NNYHbIMA
napameTpamun paccmaTpuBaemon nNpobnembl, Kak
Hanpumep, BENMUYMNHbI BAMAHUA BHELLHUX BO34ENCTBUNA,
rmapoaMHammyeckmne KoadphuumeHTbl, pasvep u
dopma 06bekTa, 1 apyrne. APPEeKTUBHOCTE MOAENM
6blna npoBepeHa ¢ NOMOLLLIO MaccuBa AaHHbIX O
nepemeLleHn ancbepros, NoNy4YeHHbIX B KaHaackmx
Bogax ¢ 1983 no1984 rog. 3TK ncnbiTaHNA NOAYEPKHYNN
HeobX0AUMOCTb TOHHOIO NPOrHO3NPOBaHMA APeNdOBbIX
TEYEHWIN N BaXXHOCTb y4eTa BOMHOBbLIX CUJI.

B nonApHbIX WwWmpoTax apendpytome ancbepru
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Il INTRODUCTION

In Arctic regions, drifting icebergs represent a very
dangerous hazard for navigation, and indeed for

offshore structures. To ensure safe operation, an iceberg
management plan must be developped; covering iceberg
detection to iceberg towing or platform evacuation. One
important part of the plan is the iceberg drift forecast.
Further to a review of existing drifting models, TOTAL have
decided to develop and test a new numerical model that
includes wave forces and a stochastic approach.

In previous models, wave effect was often taken into
account via a slightly over-estimated wind effect,
assuming that waves are only driven by local winds (see
Smith [1993] for example). Masson [1991] proposed an
hydrodynamic approach to the estimation of wave effect,
assimilating the iceberg to a cylinder and computing the
transfer function of the object. A similar approach will be
generalized here. The new iceberg drift model has been
written following the classic rules of drifting problems. The
principle is to estimate as best as possible the forces that
act on the iceberg, and to compute a trajectory during the



npeacTaBnAT BECbMa CEPbESHYIO Yrpo3y AN
CyOOX0ACTBa M MOPCKUX COOPY>XeHni. [ina obecneveHunn
6e30nacHOCTM HaBuraumm Heobxogumo paspaboTarb
nnaH KOHTPOnA 3a 06pa3oBaHNEM U ABUXKEHNEM
ancbepros, BKITKOYAOLWMIA OBHAPY>XEHNE ancbepros, UxX
B6YKCMPOBKY MM 3BaKyaumio NnaTtgopmbl.

Ba>kHOW COCTaBHOW YaCTbiO 3TOrO MyiaHa ABMAETCA
nporHo3vpoBaHue gpenda ancbepra. B nobasneHne K
0630pYy y>Ke CyLeCcTBYOWMNX Mogenen apenda, Totanb
pelwnna paspaboTarb 1 0NpPoboBaTb HOBYIO YNCIIEHHYHO
MOAENb, OCHOBAHHYIO Ha BEPOATHOCTHOM MOAXOAE U
YUUTbIBAOLLYIO CuUily yaapa BonH. B npeawecTsytowmx
MOAENAX, BONHOBOE AENCTBME YacTo YYNTbIBAIOCh
Yyepes NOCPEACTBO crerka 3aBbllWEeHHOro 3Ha4YeHNA
BETPOBOW Harpy3Ku, Npu YCNOBUX, YTO BOJHbI
BbI3bIBAlOTCA TOIbKO MECTHbIMM BeTpamu (Cmut [1993]).

MaccoH (1991) npeanoXxun ruppoaMHaMnM4EeCKUin MeTos,
OLIEHKW BOMHOBOIO adhdheKTa, CpaBHMB NPU 3TOM
ancbepr ¢ UMNMHOPOM M paccynTaB nepeaaToyHyo
yHKUMIO 06bekTa. B 0606LEeHHOM Buae cxoaHanA
MEeTOAMKa NCMOosb30BaHa 1 B JaHHOM cryyae. HosanA
mMoaenb gpernda ancbepra boina paspaboTtaHa no
K1aCCMYECKUM KaHOHaM nNpobnem, CBA3aHHbIX C
apendom. OcHOBHaA naeA B TOM, YTOObI ONPeaenuTb
KakK MOXHO JyyLle Cunbl, AENCTBYOWME Ha ancbepr,

N paccumTaTb TPAEKTOPUIO €ro ABMXKEHUA B TEYEHME
HECKOJbKMX YaCcoB, UCMOMb3yA ANA 3TOr0 OKeaHN4Yeckme
NpoLecChl 1 METEOPONOTMYECKME NPOrHO3bI. Bnnaxne
HeonpeneneHHOCTM Ha hopPMyNNPOBaHNE 3TUX Cus
NPVHNMAETCA BO BHUMaHNE Yepes BEPOATHOCTHbIV
NOAXoA4; MOAESb MO3BOAET paccynTaTb 30HbI
BEPOATHOCTU BMECTO €AUHNYHOWN TPAEKTOPUMN.
MpaBunbHOCTb 3TOM MoAenu bbina NoaTBEPXKAeHaA
LenbiM pAaoOM 3amMepoB apeinda, KoTopble Hbin
nposeaeHbl B utoHe mecAue B 1983 1 1984 rogy B
KaHaackux Bogax. [JaHHbIe 3TUX 3aMepoB NCMONb3YTCA
ANA NPOBEPKN TOYHOCTUN MOAENW U OLEHKW BO3OENCTBUA
KaxKoro napameTpa Ha gpend.

B nepBom pasaene fgaetcA KpaTkoe onmcaHue
ypaBHEHWI, B KOTOPbIX pellaeTca gaHHaaA Moaenb u
YMCNEHHbIN anropuTM. BTopown pasgen noceALeH
060CHOBaHMIO NPaBUILHOCTM MOAENWN HA OCHOBaHWM
NMetoLMXCA Pe3ynbTaToB UCMbITAHUA N B TPETHEM
pasaene NpeacTaBfieH BEPOATHOCTHbBIN MOAXOA,
peanM3oBaHHbIN B NporpaMmme.

H ©OPMYNINPOBAHUE MOAENU

OcHoBHaA uaen

Llenb paspaboTku moaenu — nporHo3mpoBaHue apenda
ancbepra, NCXoaA N3 OLIEHKM €ro pa3mepoB U Macchbl €
ncnonb3oBaHMeM (haKTOPOB OKPY>KaKoLLEN Cpeabl.

Hpend ancbepra ABnAeTcA pe3ynbTaToM BO34ENCTBUA
Ha Hero:

e Cunbl conpoTtumeneHna Tederunto (Fe)

e Cunbl conpoTtuenennsa seTpa (Fw)

¢ Cunbl yoapa BosHbl (Fway)

course of a few hours using oceanic and meteorological
forecasts. The uncertainties on the formulation of these
forces are taken into account via a stochastic approach;
the model computes areas of probability instead of a
single trajectory. The model is validated using a series of
drift measurements carried out during the months of June
1983 and 1984 in Canadian waters. This data is used to
test the accuracy of the model and to estimate the impact
of each parameter on the drift.

In the first section we describe briefly the equations solved
by the model and the numerical scheme. Sections 2 is
devoted to the validation of the model on the available
test cases, and in section 3, we present the stochastic
approach that is implemented in the code.

Il MODEL FORMULATION

Principle

The aim of the model is to predict the drift of an iceberg,
knowing an estimation

of its shape and mass and using environemental factors.

The drift is a result of:

e Current drag force (Fc)

e Wind drag force (Fw)

e Wave force (Fwav)

¢ |Inertia and Coriolis forces (Fm)

The model numerically solves the movement equation
(eq. (1)) to compute the

location of the iceberg.

(m + ma)

daX

dt2 = Fc + Fw+ Fwav + Fm (1)

where m stands for the mass of the iceberg, ma for the
added mass, and X for its position. m, is usually taken

to be half of m. All the terms in this equation are two-
dimensional vectors. We use a fourth-order RungeKutta
scheme with adaptative time-step to integrate the equation
in time.

Another equation could have been included in the system
to compute the yaw of the object. Such a calculation
requires having a good knowledge of the shape of the
object to be accurate. Furthermore, the formulation of the
problem can be very complex, because without using

a damping term, we obtain a permanent rotation of the
iceberg which is not realistic. And since the choice of

the damping coefficient is often arbitrary, it incorporates
another source of uncertainty in the model. So we
consider that given the lack of details on the precise
shape of the iceberg and the number of uncertainties
that already exist, it is not significant to include the yaw
motion of the iceberg in the calculation at this stage of
development.

Drag forces
The classical formulation of drag forces is used: for the
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¢ ViHepuma n kopuonucosblx cnn (Fm)

B moaenu uicneHHo pelsaeTca ypaBHeHue apmkeHna (1)
ONA pacdeTa MecTornonoXeHna ancbepra

(m + ma) doX= Fc + Fw + Fwav + Fm (1)
dte

roe m- macca ancbepra, ma—npucoeamHeHHasn

macca, a X 03Ha4yaeT ero nosioKEHNE. My OObIYHO
NPVMHNMAETCA pPaBHOW NONOBMHE M. Bce YneHbl 31oro
ypaBHEHVA ABYMEPHbIe BEKTOPLI. B Hawen mogenu
ucnonb3yetcA metod PyHre-KyTTa 4eTBepTOro nopAaka
annpokcumaumm ¢ aganTUBHBIMUA BPEMEHHBIMW TaKTaMu
ANA UHTErPUPOBaHNA YPaBHEHUA MO BPEMEHN.

MO>XHO 6bIS10 BK/IHOYUTB B CUCTEMY €LUe O4HO YpaBHEHME
C TeM, 4Tobbl paccyMTaTb OTKIIOHEHME 06bEKTA OT
HanpasneHuAa ABMKeHnA. [na Takoro pacyeTa, 4Tobbl
OH ObIyT TOYHBIM, TpebyeTca xopoluee 3HaHue opmbl
obbekTa. Kpome Toro, ycnoxHaeTca hopMynmpoBaHme
Npo6nembl, MOCKOMbKY, ECNN HE UCMOMb30BaTb
AeMNUPYIOLLMIA YIEH, TO Mbl MOY4YUM MOCTOAHHOE
KpYroBoe OBW>KEHME aincbepra, a 3TO y>ke HepeasbHO.

A pa3 Bblbop koapdmumeHTa gemnpmnpoBaHma 4acTo
ABNAETCA AeNnoM NPON3BOSbHBLIM, TO B MOAESb BHOCUTCA
eLe 0avH UCTOYHMK HEOMNPEeaENeHHOCTH.

[MosTOMY Mbl CHMTAEM, YTO MPU OTCYTCTBMU NOAPOOHBLIX
OaHHbIX O TOYHOM dhopme anchbepra n yunTbiBas
KOMMYECTBO CyLLECTBYHOLLUMX HEOMNPEOENeHHOCTEN,
HEeCyLLECTBEHHO BKJOYaTb B pacyeT OTKIIOHEHME OT
YCTaHOBMBLLErocA OBMXXEHUA ancbepra Ha JaHHOM dTare
pa3paboTKu.

Cunbl conpoTuBieHUA ABUKEHUIO

Vcnonb3yeTcA knaccnyeckaa oopMynmpoBKa Cun
CONPOTUBMEHNA ABUXEHWIO: AN1A CUMbl CONPOTMBIIEHNA
BETpa, NPOeLMpPyEMOrO B HAMPaBIIEHWU X 1 Y, BbIpa>keHNEe
NPUHUMAaET BUA!

_ L o { eosl,
f-“, = E( u"r:'-!r' | U= ”“.” (-‘“’IHHH')

r4e UW -CKOpOCTb BETpa, a Ow - yron nageHus Betpa.
[lnA cunbl CONPOTUBEHNA TEYEHUIO, B MporpaMme
UCNorb3yrTCA BepTUKarbHble NPodunu, a He
oTAesbHble 3Ha4YeHUA TedeHus. MoaToMy AnA nonyyeHua
KOHEYHOro YCUnuA HaM NPUAETCA CYMMUPOBATb A0NIeBOe
yyacTune KaXgoro cnos

| 1 mn . LA l2 :‘I).‘:ﬁ,.{;f::'
Fo= 5 IZ_;( (£)S (k) ||u — uclk) (.&afnfl-{ﬂ']l)

e N - KONIMYECTBO CNOEB, a Uc(K) - CKOPOCTb TEYEHUA B
k -cnoe.

YunTbIBas, YTO OTK/TIOHEHME OT YCTAHOBMBLLErOCA
HanpaBneHua ABWXEHNA HE NPUHUMAETCA BO
BHMMaHWe B pacyeTe, MOBEPXHOCTU Sw U Sc [OMKHbI
npeacTaBnATb COO0M ”CpenHIO NOBEPXHOCTD),
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wind drag force, in projection on the x and y directions, the
expression is simply:

, | s {cost,,
Pu_ — 5( ””r:)". | = ”u'” (_‘-_i.n'.”ﬁ..:n:')

where uw is the wind speed and _w is the wind incidence
angle. For the current drag force, the code does not use a
single value of current, but vertical profiles. So we have to
sum the contribution of each layer to obtain the resulting
effort:

I 2 [cosf.(k)
F. 5 ;( (E)Se(k) ||u— u(k)| (-Ff”ﬂ,-“f:])

where n is the number of layers and uc(k) the current
speed at the kth layer. Given the fact that yaw motion is
not taken into account in the calculation, the surfaces Sw
and Sc must represent a "mean surface” exposed to wind
and currents. The drag coefficients are usually equal to 1.

Wave effort

Let _ the wavelength of the considered wave motion and
A a characteristic length of the iceberg. In the theory of

wave-drifting objects, two asymptotic limits are usually

considered (see Molin [2002]):

e [ /A is small: the body is small compared to the
wavelength: it undergoes vertical oscillations but the drift
is not significant.

o L /X is not negligible: the body spans a large part of
the wavelength, or spans several wavelengths. When this
value becomes large, the drift force reaches an asymptotic
limit and does not depend on the wavelength.
Wave-induced drift can be numerically estimate:

Figure 1: Wave-induced force for two truncated cones of
upper radius (R) 50m. The dashed line is fora lower radius
of 356m and draft of 110m, the other for a lower radius

of 13m and draft of 125m.mated for simple geometric
shapes. Figure 1 presents the wave-induced drift
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NnoABEPrilytocA BO3AENCTBUIO BETPA U TEYEHWM.
KoadhdomumeHTbl conpoTmBneHna 06bI4HO paBHAOTCA 1.

Cuna Bo3gencTBuA BOJIHbI

Jonyctum, 4TO AnuMHa BOMHbI paccMaTpuBaeMoro
BOJSIHOBOIO ABUXXEHMA , @ A XapakTepuctmnyeckasn
AnvHa ancbepra. B Teopumn, nsyyaroLen 06beKThI,
apendpyrowme nog 4ENCTBUEM BOSH, 0ObIYHO
paccmaTpvBaroTcA ABa acCUMNTOTUYECKMX Npeaena
(cm. MonuH [2002)):

e [/ -manaa BenuuuHa: 06bEKT Mas No CPaBHEHMIO
C ANMHOM BOJHbI: OH COBepLiaeT konebaTesbHble
OBWKEHNA B BEPTMKANIBHOW MITIOCKOCTU, HO ero apend
He3HaunTESEH.

e BennunHa [/ A y>xe He ABNAETCA HUYTOXHO MasoN:
06BbEKT OXBaTbIBAET BOMbLUYIO YacTb AJIMHbI BOSHbBI UK
HECKOMbKO AJIMH BOMH. Koraa aTa BennymMHa cTaHoBUTCA
6onbLon, cuna gpenda gocTuraeT aCMMNTOTUYECKOIO
npenena v y>xe He 3aBUCUT OT AMUHbI BOSHbI.

[pend, BbI3BaHHbI BOSTHAMMW, MOXHO KOMMYECTBEHHO
paccumTaTb AJS1A NPOCThIX FEOMETPUHECKUX (DOPM.

PucyHok 1: BonHoBaA cuna onAa AByx YCeYeHHbIX
KOHYcOB ¢ BepxHum pagnycom (R) 50 m. MMyHKTMpHOM
NHWENn 0603HA4YeH HKHUIM paanyc 35 m n ocagka 110
M, OPYrOv NIMHWEN - HYKHWIA pagnyc 13 m n ocagka 125 wm.

Ha puc.1 npeacraBneH nHoyUMPOBAHHbIN

BOSTHaMM Apendd, pacCUMTaHHbIA ANA pasfnydHbIX
YCEYEHHbIX KOHYCOB C BEPXHUM paanycom R = 50m.
AcvMnTOTMYECKaA BENNYMHA gperda gocturaetca
npumepHo Npu kR = 2, rae K - BonHoBoe 4ncro. Micxoaa
13 OSIVHbI BOMH, OHa 9KBMBaneHTHa. i = A/,
Mono6Has MeToanka 6bina ucrnonb3osaHa MaccoHOM
[1991], roe ancbeprm nsobpakannce B BUAE

YCEYEHHbIX LMNnHApoB. AHanornyHbii npegen kR

=2 y>e onpeaeneH AnA HebonbluMx 06 bEKTOB.
AcvmnToTnyeckni npegen 0.6, BcTpeyarowminca B
OaHHon paboTe, 06ycnoBieH KOHycoobpasHom hopmon
06beKTOB. [InA umnuHapa TeopeTmdeckana BenmymHa
paBHa 2/3. B rnyboknx Bogax XOpOoLnin pacyeT ASUHbI
BOJHbI MOXHO MonyuuTb U3 A\ = g7 /27 = 1.567T
rae T o3Ha4aeT nepuog BosfHbl. [nA MOPCKUX BOSH C
neprvonom 6 ceKyHz AnvHa BOMHbl 6yoeT Toraa paBHa 56
mMeTpaMm. Takum obpasom, ancbepru ¢ pagnycom bonblue
18 m 6yayT UCMbITbIBaTb BO3AENCTBME aCUMITOTUHECKOM

estimated for different truncated cones of the upper radius
R = 50m. The asymptotic value of the drift is reached
approximately for kR = 2, where k is the wave number.

In terms of wavelengths, it is equivalentto [ = A /.

A comparable approach was used in Masson [1991],
where icebergs were represented by truncated cylinders.
A similar limit of kR = 2 was already found for smaller
objects. The asymptotic limit of 0.6 found here is due

to the conic shape of the objects. For a cylinder, the
theoretical value is 2/3. In deep waters, a good estimation
of the wave- length is given by A = T /27 == 1.5677,
where T is the wave period. For sea waves of 6 seconds
periods, this gives a wavelength of 56 meters. So,
icebergs with a radius greater than 18m will experience
the asymptotic wave-induced force in such a sea state.

Additional forces

Given the mass of the studied objects, we have to
include inertia and coriolis forces in the equation, they are
expressed as follows:

) dly
f’; ”:W

(4)

F,=mknty ©

where U is the total speed of the iceberg.

B FIRST TESTS

Presentation of test cases

The data we use to validate our model comes from the
database presented in Smith and Donaldson [1993]. This
dataset provides measurements of iceberg drifts carried
out during two campaigns in 1983 and 1984 near St
Pierre and Miquelon. These data were also described in
detail in Barker et al. [2004], and it has already been used
as a test of an iceberg drift model by Smith [1993] and
Kubat et al. [2005]. It includes trajectories of 9 icebergs,
wind data at icebergs locations, current profiles on every
10 meters at icebergs locations, mass of the icebergs,
cross-sectional areas of the sail and cross-sectional areas
of the keel at 10-meter depth intervals.

Here we present the results obtained for three icebergs
of the data set. Their characteristics are given in table
i 1, their locations on figure 2. They are representative of

eberqg Heiqgh m engtn (m Nidth (m prafrt (m Via (T ) ation

1 19 66 37
2 19 90 70
3 44 204 136

Tabnuua 1: Xapaktepuctmku ancbeproB n3 Habopa
OaHHbIX. MpOoAoMKNTENBHOCTE OTHOCUTCA K ANVMHE

54 85,000 12 yacoB / hr
70 320,000 41 yac / hr
110 1,900,000 64 yaca / hr

Table 1: Characteristics of the icebergs of the dataset,
Duration refers to the length of the measured track.

N3MEepEHHOro NyTn ancobepra.
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VHYLMPOBaHHOW BONTHAMM CUIbI MY TAKOM COCTORHMM MOPS.

Job6aBoyHble cunbl

MpuHMMan B pac4eT Maccy n3y4aeMbiXx 06bEKTOB,
HaM MPULLNOCH BKIOYMTb B YPaBHEHMUA MHEPLMIO
N KOPWONNCOBbI CUMNbl UHEPLMK, KOTOPbIE NMEIOT

cnepylowmn Bug;

F; = r;r:nIl (4)
ifi

F,=mhknlU (5)

roe U - oblwanA ckopocTb avicbepra.

Il TNEPBbIE UCTILITAHUA

MpenctaBrieHne KOHTPONbHbIX MPUMEpPOB

HaHHble, ncnonb3yemble HaMu oA 060CHOBaHNA
NPaBWIIbHOCTY HaWen MOAENN, 3aMMCTBOBaHbI

13 6a3bl AaHHbIX, NpeacTaBneHHon CMUTOM 1
HoHanbacoHom [1993]. BTOT maccueB AaHHbIX
obecrnevmBaeT BO3MOXKHOCTb NPON3BOANTL 3aMepbl
apendoB ancbepros, KOTOpPbie NMPOBOANINCE B TEYEHNE
OBYX BbIxofoB B Mope B 1983 n 1984 rogy B panioHe
CeHT-lTbep 1 MukenoH. 3Tn gaHHble Bbn Takxe
noapobHo onucaHbl bapkepom ¢ coaBTopamu [2004]

M Ncnonb30BaHbl 4nA onpoboBaHMA moaenu gpeinda
ancobepros Cmutom [1993] n Kybatom 1 ap. [2005].
MpuBOAMMbIE AaHHbIE BKIOHAIOT TPAEKTOPUM ABUXKEHNA
9 ancbepros, AaHHbIE O CKOPOCTU 1 HanpaBieHNA
BeTpa, NPodunmn CKOpPoCcTen TeHeHna Yyepes kKaxkable 10
METPOB OTPACMNONOXKEHNA ancbepros, Maccy ancobepros,
nnowaaun nonepeyHoro ceyeHma “napyca” (BbiCoOTbI
Ha[4BOAHOW YacTy ancbepra) v nnowanm NonepeyHoro
CeyeHnA MNoABOOHOM YacTu ¢ nHtepeasniom B 10 meTpoB
rmy6uHbl. Hxke npuBoaATCA pesynbTarbl, NONyYeHHbIe
Ana Tpex ancbepros n3 Habopa gaHHbIX. VX napameTpbl
AaHbl B Tabnumue 1, a MeCTOHaXOXAEHME MOKa3aHo Ha
puc.2. OHM xapaKTepHbl 4NnA AaHHOro Habopa AaHHbIX,
NocKosbKy ancbepr no.1 camblii ManeHbKWiM,

no. 3 camblii 60OMbLLIOK, a NO. 2 CpegHero pasmepa.
Opend ancbepros no. 1 n 3 nayyanu Kybar u gp. [2005].

UcnbiTaHnA BonHoBOro adpekra

MepBble MogenMpoBaHMA NPOBOAATCA NPU BO34ENCTBUU
BETPA N TEYEHUA C NCMONb30BAHNEM BESINUMH 13
Habopa paHHbIX. [pu pacdeTe cun conpoTUBNEHNA

Mbl UCMOMb3YEM B Ka4eCTBE MOBEPXHOCTHOW TOYKM
oTcyeTa nnowaam NonepeyHoro ceveHnsa. PacyeTHole
Opendbl CpaBHMBAKOTCA C pedynbTaTtaMmy HabnaeHUin,
nokasaHHbIMU Ha puc. 3. [pendbl, NOyYeHHbIe 6e3
yyeTa BO34eNCTBMA BOSH, HE MPOTMBOPEYaT AaHHbIM
HabnaeHN, XOTA NMEIOTCA HEKOTOPbIE PACXOXKOEHUA.
Xopowo npepcrtasneH gpend no. 1. Y ancbepra no. 2
xopotuaa dopma TpaekTopuu, a gpendd

“cnuwwkKom KopoTkuin' 3aBepLuatowan ctagna apenda
ancbepra no. 3 xy>e, 4em ero Ha4ano. Bce atu
pasnuyMA MOXHO 0THACTM O6BACHUTL OTCYTCTBMEM B

90 | ROGTEC

the dataset since iceberg no.1 is the smallest, no.3 is the
biggest and no.2 is mid-sized. Drift of icebergs no.1 and 3
were already studied in Kubat et al. [2005].

Tests of wave effect

The first simulations are conducted only with wind and
current forcings, using the values provided in the dataset.
For the computation of drag forces, we use the cross
sectional areas as the surface reference. Computed

drifts are compared to observations on figure 3. The drifts
obtained by omitting wave forcing are consistent with
observations, but with some disparities. Drift no. 1 is very
well represented. The shape of the trajectory of iceberg
no. 2 is good, but the drift is “too short” The end of drift
no. 3 is not as good as the beginning. These differences
can be partly explained by the absence of wave forcing

in this computation. As presented in the previous section,
we are able to estimate the wave effort for truncated
cones. We show here that this formulation leads to correct
results for the icebergs of the dataset although they

have very different shapes. The idea is to approximate

a characteristic radius of the iceberg in such a way that
the corresponding cone has roughly the same waterline
length and mass. We choose diameters of 60m, 100m and
200m respectively for the three icebergs (Diameter = 2R).
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Figure 2: Position of the 3 icebergs on the dataset.

With this values, the ratio kR is always much greater than
2, even for wind waves (periods greater than 5 seconds).
Since wave values have not been measured during the
experiments, we use a wave hindcast of the AES40
dataset (see Swalil et al.) to force the model. The hindcast
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Puc.3: PacueTHbIn opend (KpacHaa nMHWA) Figure 3: Computed drift (red) and observed drift (blue)
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no. 3 cnpasa).

JaHHOM pacyeTe BO/HOBbIX BO3aencTBuniA. Kak ykazaHo | provides gridded data of significant wave height and peak

B NpeablayLiem pasaene, Mbl MOXEM paccymTaTb i period for the whole ocean. One grid point is very close

BOJSIHOBOE yCUnue AnA yceYeHHbIX KOHYCcoB. B aaHHON i toicebergs no. 2 and 3 (52W,48N). But for iceberg no.

paboTe Mbl 0TMEYaeM, YTO TakaAa hopMynNnMpoBKa : 1, AES40 wave data could not be used because of its

OaeT npaBunbHble pesynbTaThl 41A ancbepros, i location in a coastal sheltered area. For this special case,
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npencTaBfieHHbIX B HAOOpe AaHHbIX, XOTA OHW UMEKOT
COBEpLUEHHO pa3Hble hopmbl. Maea B TOM, 4TOObI
annpoKCUMMPOBAaTb XapaKTEPUCTUHECKUIA pagnyc
ancbepra Takum o6pasom, YTO6bl COOTBETCTBYHOLWNI
KOHYC MMes NPUMEPHO Ty e camyto AJIMHY MNo
BaTepnvMHuM n maccy. Mol BbiIbupaem COOTBETCTBEHHO
anameTpbl 60M, 100m and 200M anA Tpex ancbeproB
(OnameTp = 2R).

MNpn Takmx nokasarenax, koadpduumeHT kR Bcerga
6onblue 2, gaxke AnA BbI3BaHHbIX BETPOM BOJSH C
nepuoaom npesbiwatrowmm 5 cekyHg. Nockonbeky

B XO[€ 3KCMEepVMEHTa HE NPON3BOANNCA 3amep
BEJMYMH BOSTHOBBIX Harpy3okK, Mbl UICNOJSIb3yeM pacyeT
3M1EMEHTOB BOSIHEHMA AJ1A NPOLeAWnxX nepmoaos
BPEMEHM MO AAaHHBLIM CMHOMTUYECKUX KapT 13 Habopa
AaHHbIX AES40 (cm. Ceenn v gp.) AnA onpenenexHns
CWIbl BO3OEWCTBUA Ha MOAeNb. OTOT pacyeT Aaet
OaHHble € reorpadnyeckomn NPMBA3KON O 3HAYUTENBHOWN
BbICOTE BOJTH Y MAKCUMAJIbHOM NMeproae BOSH Ha

BCeW NOBEPXHOCTU oKkeaHa. OgHa ToYKa NMIMHUM CETKMN
KOOpAMHAT pacrnosioXkeHa B HENOCpeaCcTBEHHON 6rnau
oT ancbepros no. 2 n 3 (52W,48N). [lnAa ancbepra

no.1, Bocnonb3oBaTtbcA AaHHbiMn AES40 0 BonHOBOM
BO34EMCTBUM 0Ka3aioCb HEBO3MOXKHbIM, MOCKOJbKY OH
pacnonoXeH B 3aLULLIEHHON OT BOJTH MPUOPEXXHON 30HE.
[ina aToro ocoboro cny4ana AnAa pacyeTa 3Ha4eHWi BOSTH
noa AevcTenem Betpa 6blna ucnonb3oBaHa npocran
ghopmyna pasroHa BorHbl (cM. BuHceHT 1 Pecno [1990]).
Ha pucyHke 4 nokasaHbl pe3ynbTaThbl NoayYeHHbIX
apendos.

[pend no. 1 y>ke nmen xopoLume nokasaresnu 1 no4Tn He
Bnaon3ameHeH. KoHeuHbln aTan gpenda no. 3 BbIrmAguT
Tenepb Nyylle, HO HeAOCTAaTOYHO AJMHHbIA. 1 Ha060pOoT,
apend no. 2 cMecTuscA B NPaBUIbHOM HarnpasieHnN,
HO cnuwkom yonuHunea. OgHako obwana popma 3Tux
OBYX TPAeKTOpWI yrydlimnachk. A HEKOTOPbIX APYrnx
ancbepros 13 Habopa AaHHbIX Mbl MONYYUNN pe3dynbTaTbl
aHanorunyHble gpendy no. 2: hopma TpaeKkTopum
XOpOLLAA, HO PacCTOAHNE HenpaBusibHOE. OTO O3HaYaeT,
4YTO MOAeNb 0TOBparkaeT BCE OCHOBHbIE NapameTpbl
apenda, HO HEKOTOpble U3 3TUX NapamMeTpoB
3aBblLLEHbl. OTO YaCTMYHO 06YCNOBNEHO TPYOHOCTHIO
OLEHKM XapaKTepucTuieckon anuHel ancbepra ana
NCMob30BaHMA Npu OOpPMyNMPOBaHUN BETPOBLIX
Harpysok. Mbl Takxe cuMTaem, 4To NCMONb3yeMble

HaMun BOSIHOBbIE AaHHbIE HE COBCEM TOYHO OTpaXKaroT
peanbHble ycnosua. Kpome TOro, BeNUYMHbI
KO3(h(PULIMEHTOB COMPOTUBIIEHNA TaKXE MOTYT BINATb
Ha ANWHY TpaeKTopuu.

B WCNbITAHUE BEPOATHOCTHON MOIENN

OcHoBHaA uaen

MbI BKMIOUMNM B Hally MOAESb BEPOATHOCTHbIX WA
pacyeT, UCX0AA U3 BIUAHNA HEONPEAENEHHOCTEN Ha
dusnyeckme napameTpbl (BETEP, BOMHbI U TEYEHUA),

Ha doopmy 1 Maccy ancbeproB u Ha napameTpusaumio
HeKoTopbIX Bo3aencTBmi. OCHOBHaA naeA 3aknoyaeTca
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we used a simple fetch formula to compute wave values
from wind (see Vincent and Resio [1990]). Figure 4 shows
the obtained drifts. Drift no. 1 was already very good and
is hardly modified. The end of drift no. 3 is now better
represented, but is not long enough. On the contrary, drift
no. 2 has been shifted in the correct direction but has
been too much elongated. However, the general shape of
these two trajectories has been improved.

For some of the other icebergs of the dataset, we
obtained results similar to drift no. 2: the shape of the
trajectory is good, but the distance is not correct. That
means that the model represents all the key parameters
of the drift, but some of these parameters are over
estimated. This is partly due to the difficulty to estimate

a characteristic length of the iceberg to use in the
formulation of the wave-induced force. We can also think
that the wave data we use are not precisely representative
of the in-situ conditions. In addition, the value of drag
coefficients can also have an impact on the length of
the trajectories.

I TEST OF THE STOCHASTIC MODEL

Principle

Given the uncertainties on the physical parameters
(wind, waves and currents), on the shape and mass
of the iceberg, and on the parameterization of some
forces, we have included a stochastic calculation in
the model. The principle is to compute N trajectories
for icebergs with slightly different properties instead of
calculating a single trajectory. The parameters that can
be randomly chosen are:

e Wind speed and direction

¢ Significant wave height and incidence
e Size of the iceberg

¢ Drag and wave coefficients

e Current speed and direction

An “error percentage” is provided to the code for each
of these parameters and a random choice is made at
the beginning of the run. In output, the code provides

a list of the positions of all the icebergs, and a mean
trajectory. From these results, we can compute a
spreading area, which corresponds to the area in which
there is a probability of finding the iceberg. Typical
errors for environmental inputs are of the order of 30%.
But a calculation with a 30%-error on all the parameters
listed above leads to spreading areas up to 40km2
after a drift of 24 hours. Such a result is clearly not
accurate enough to be useful. The aim of this section

is to find which are the key parameters to consider in a
drift problem to obtain an acceptable spreading area.
For this purpose, a series of tests is made for iceberg
no. 3, each parameter is perturbed separately. Table 2
presents the maximum distance between two points at

i the end of the drift.
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MapamerT

BennuuHbl TeyeHusa 30%
Current values

Hs n HanpaBneHve 30%
Hs and Direction

BonHoBble BENUYUHbBI 30%
Wind values

KoadhdpumumeHT conpoTmsneHnA Bogbl 30%
Water drag coefficient

[nnHa BaTepnnHum 30%
Waterline length

KoadhcomumeHT conpoTuBneHmA BeTpa 30%
Wind drag coefficient

Pa3mepbl n Mmacca 30%

Size and mass

Tabnuua 2. PaccTtoAHve mexkay AByMA KPanHMu

TOYKaMu pacrnpeneneHna B KoHue apenda no. 3.

PacctoaHne

0 Distan

15,700m

9,700m

8,200m

7,600m

4,200m

3,700m

500m

Table 2: Distance between two extreme points of the
distribution at the end of drift no. 3.

B TOM, YTOObI paccunTaTb TpaekTopun N ana ancbepros
C HECKOJNbKO pasnn4yHbIMU CBOMCTBaMU BMECTO pacyeTa
OOMHOYHOM TpaekTopun. Cneaytowme napameTpbl MOryT
6bITb MPON3BONLHO BbIOPAHbI:

CKopoCTb 1 HanpasneHne BeTpa
lMokasaTenbHaA BbicOTa BOSIHbLI M €€ nageHue
Pasmep aricbepra

KoathdomumeHT conpoTuBNeHMA N BOSIHOBOW
Koa(hpULMEHT

e CKOpOCTb M HanpasfieHne Te4eHnsa

[nA KaXkaoro ux aTmx napameTpoB B Nporpammy
BBOAMTCA “owmbKa B npoueHTax” n

B HaYase Kaxxaoro NporoHa nporpaMmmbl genaetca
cnyyarHbIn Bblibop. Ha Bbixoge nporpamma BbligaeT
nepeyeHb MeCTOMNONOXEHNA BCEX ancheproB N CPeLHIO
TpaekToputo. Ha ocHoBaHun aTux pesynbLTaToB Mbl
MOXEM paccynTaTb pavioH UX pacnpoCcTpaHeHus,
KOTOPbI COOTBETCTBYET PanioHy, B KOTOPOM CyLLUECTBYET
BEPOATHOCTb 0B6HAPY>KMTb ancoepr. TunmyHbIe owWnbKn
BBOAMMbIX MapamMeTpoOB BHELLHEN cpefbl COCTaBNAT
npumepHo 30%. Ho ecnu pacyet nmeet 30%
NOrpeLwHOCTb MO BCEM BbllEyKa3aHHbIM napameTpam, TO
paroH pacnpocTpaHeHnAa ancbepros nocne 24-4acoBoro
apendha MoxeT pacTAaHyTbeA A0 40 km. CoBepLueHHO
ACHO, YTO NOMb3bl OT TAKOrO HE COBCEM TOYHOIO
pesynbTata mano.

3agaya gaHHOro pasgena — ycTaHoOBUTb, Kakune

OCHOBHbIE NapameTpbl cnegyeT y4ecTb npy apende
ancbepra, 4Tobbl MOAYYUTb MPUEMIIEMBIN PANOH €ro
pacnpocTpaHeHunA. [nAa aTon uenv npoBOAMTCA PAL,
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Clearly, the most sensible parameter is the current. Waves
and wind have a comparable impact in this case, this is
usually the same for other drifts. In comparison, the mass
of the iceberg have a very minor influence on the drift. It
is also important to note that the waterline length has an
impact only on the length of the drift, not on its direction.
Simple considerations can lead to an efficient control of
the spreading: there is no need to perturb, for example,
both water drag coefficient and current values. These

two parameters influence the same force, consequently
there is a balance between the two values and that does
not bring much information. Using the fact that wind and
waves have generally a similar impact on the drift, the
same reasoning allows us to conclude that there is no
need to perturb both wind and waves values. In most of
the situations, we will recommend to perturb winds and
current values according to the expected precision of
forecasts, and iceberg length to modulate the length of
the drift.

To make easier the interpretation of the results of the
stochastic model, we define densities of presence in
different zones: we choose to define 3 zones delimited
by contours. At the end of the drift, 30% of the icebergs
are in the central zone, 60% in the middle one, and
90% in the last one. Thus the probability of having an
iceberg outside of the last contour is less than 10%.
Figure 5 shows examples of such a representation for
icebergs no.2 and 3. A perturbation of 20% is used for
currents and wind values, and a perturbation of 40% for
the waterline length. The total spreading area is 21 km2
at the end of drift no.2 (after 41 hours) and 29 km2 at
the end of drift no.3 (after 64 hours).
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Puc 5: lNMnoTtHOCTb NpucyTCTBUA ancbeproB no.2 n 3
B KOHLe apevida: 10% B cuHen 30He, 40% B 3eneHomn

30He 1 70% B KOpWUYHEBOW 30He. Habnogaemasn
TPaeKTOPUA OKpaLlieHa B CUHUIA LIBET, a CpeHAA
pacyeTHaA TPAeKTOPUA — B KPACHbIN LIBET.
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Figure 5: Density of presence for iceberg no. 2 and 3

at the end of the drift: 10% in the blue zone, 40% in the
green one and 70% in the brown one. The observed
trajectory is in blue and the mean computed trajectory is
in red.

ncnbiTaHUA AnAa ancbepra no. 3, Npu 3TOM Kaxkablii
napameTp BO3MyLLAaeTCA B OTAeNbHOCTU. B Tabnuue 2
NPUBOAMTCA MaKCUMasIbHOE PacCTOAHWE MeXay OAByMA
TOYKaMu B KOHUe apenda.

OudeBunaHo, Hanbonee CyLwecTBEHHbIM NapaMeTpoMm
ABMAETCA TeyeHne. BonHbl 1 BeTep okasbiBatoT
CpaBHMMOE BO34ENCTBME B 3TOM Clyyae, OHO 06bI4HO
Takoe e AnA gpyrux aperidos. AnAa cpaBHeHUA,
macca ancbepra okasblBaeT O4E€Hb HE3HAUYNTENbHOE
BO3JencTBUe Ha apend. BaxxHo Takxe OTMEeTUTb, 4TO
ANUHA BaTEPMHWN BAUAET TOMbKO HA MPOTAXEHHOCTb
Aperda, Ho He Ha ero HanpasneHue. MoXHo
PYKOBOACTBOBaTbLCA NMPOCTbIMU COOBPaKEHNAMMU,
4YTOb6bI 06EeCneUNTb IPEKTUBHDIN KOHTPOMb 3a
pacnpocTpaHeHMeM ancHepros: HET HEO6XOANMOCTH
BO3MyLLATb, K NpUMepy, KO3(hOULMEHT CONPOTUBIIEHNA
BOAb! 1 BOSIHOBbIE BEIMYMHbBI. DTV ABa napameTpa
B/IMAIOT Ha OJHY U TY>e Cusy, crefoBaTtesnbHo,
CyLLECTBYET paBHOBECHE MeXAy 3TMMW ABYMA
BENMYMHAMM 1 NMOITOMY Mnoslyvaeman nHpopmaumsa
He3HaunTesbHa. [1oCKonbKy BETEP M BOMHbI OKa3bIBatoT,
B 06LLeM, aHanorMyHoe BO3AencTeme Ha apend, To,
paccy>xaaa nogobHbIM 06pa3oM, MOXXHO 3aKJIIOYUTb,
YTO HET HEOOXOAMMOCTM BO3MYLLATb OAHOBPEMEHHO
BENNYMHbI BETPA U BOSH.

B 6onblUMHCTBE cry4yaes, Mbl PeKOMeHAYeEM BO3MYLLATb
rokasaTenu BeTpa U Te4eHWA B 3aBUCMMOCTM OT
oXXnaaemMon TOYHOCTM NPOrHO30B U ANMHLI aicbepra
ANA N3MeHeHMA NpPoTAXKeHHoCTH apenda. C uenbio
obnerynTb UHTEpNpeTaUmio pedynbTaToB UCMbITaHNA
BEPOATHOCTHON MoAenu, Mbl onpeaensaem NnioTHOCTM
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Il CONCLUSION

The several tests carried out with this new model permit
to have a more precise understanding of the key features
in the prediction of an iceberg drift. The computed drifts
are generally in good agreements with observations, this
shows that the major forces that act on the icebergs are
correctly represented in most of the situations.
Especially, drifts mainly influenced by wind and current
(no.1 for example) are very well estimated. But computing
the drift using only wind and current forcings could not
permit to fully describe iceberg drift.

The parameterization of wave effort is more complex
because the choice of some coefficients is still arbitrary
and can have a large impact on the accuracy of the
results (estimation of a characteristic radius or diameter
in our formulation). The stochastic calculation is a way to
take into account the uncertainties associated with the
parameterization of waves. To complete the validation of
the model, combined records of iceberg drifts, currents,
wind and waves are necessary. For an operational use,
results of the stochastic test highlights the need for a
proper forecast of currents, winds and wave conditions.
Such forecast needs to include real-time observations and
assesment of forecast reliability. Real-time observations
ensure the accuracy of environmental conditions at the
beginning of simulations. Forecast reliability will feed the
stochastic model and thus provides the best estimate of
future icebergs locations.
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pacnpeneneHna ancbeproB B pasfmMyHbIX 30HaX:

Mbl CHATAEM HEOOXOAUMBIM BbIAENUTL 3 30Hbl,
orpaHunyeHHble KOHTypamu. B koHue apenda 30%
ancbepros pacrnonaratoTcA LeHTpabHON 30He, 60% B
cpenHen 3oHe 1 90% B nocneaHen 3oHe. Taknm 06pasom,
BEPOATHOCTb HaxoXkaeHuA ancbepra 3a npeaenamm
nocnegHero KoOHTypa coctasnAeT meHee 10%.

Ha puc.5 nokasaHbl npyMmepbl Takoro npeacrasneHna
amncbepros no.2 1 3. [1nA nokasarenemn Te4eHuin n BeTpa
ncrnonb3oBaHo Bo3myLeHne 20% , U BO3MYyLLEHNE

40% pna onvHbl BatepnuHnn. Obana nnowaab
pacnpocTpaHeHua cocTaBnaeT 21 km2 B KoHUe apenda
amncbepra no.2 (cnycta 41 4ac) n 29 km2 B KoHUe gperda
amncbepra no.3 (nocne 64 yacosoro gpenda).

B 3AKNHYEHUE

HecKomnbKko ncnbiTaHWin, NPOBEAEHHbIX HA 3TON

HOBOW MOAENu, NO3BONWUIM NONYy4UTbL 6onee ToHHoE
npeactaBneHne o6 OCHOBHbIX OCOBEHHOCTAX
nporHo3mpoBaHuA apenda ancbeproB. PacyeTHble
Aperidhbl B LIENTIOM XOPOLLIO COMNacytoTeA C pesynbTataMu
HabnaeHn, 3TO NOKa3blBaET, YTO OCHOBHbIE CUSbI,
BO34ENCTBYIOLWME Ha aincbepru, B 6ONbLUMHCTBE
cny4yaeB, 0TO6paXKeHbl MPaBUIbHO.

B yacTHOCTM, XOpOLLO paccymTaHbl Apendebl,
BbI3BaHHbIE [MaBHbIM 06pa3oM BETPOM U TEHEHNEM
(no.1, Hanpumep). Ho pacyeT apenda ¢ ncnonb3oBaHNeM
TOSMbKO BO3AENCTBUIN BETPA U TEYEHMA HE NO3BOMNAET
NMOMHOCTbIO OXapaKTepmn3oBaTb apend ancbepra.
MapameTpursaumA BONHOBOIO BO34ENCTBMA elle bonee
YCNOXHAETCA BCNEACTBME TOr0, YTO BbIOOP HEKOTOPbIX
KO3 PULIMEHTOB MO-NPEXXHEMY NPON3BOSIBHbIN

N 3TO MOXET CUIbHO MOBMMATL HA TOYHOCTb
nony4yaembix pesysibTaToB, HanpPUMep, Ha BblYUCIIEHNE
XapakKTepuUCTMYECKOro paguyca unm amameTpa B Hawewn
dopMynmnpoBKe.

BepoATHOCTHbIN pacyeT NO3BOSAET y4eCTb
HeonpeaeneHHOCTH, 0OyCNOBIEHHbIE ONPeaeneHeM
napameTpoB BOJSH. [InA 3aBepLlieHna Banmaaumm
MoZenn, HeO6XO0AUMO UMETb COBMECTHbIE AaHHbIE MO
apencbam ancbepra, TeHEHUAM, BETPY M BOSTHAM.

[nA npakTudeckux uenew, pesynbtarbl BEPOATHOCTHOIO
UCMbITaHUA NOAYEPKUBAIOT HEOHOXOANMOCTbL AaBaTb
a[eKBaTHbIN MPOrHO3 TEYEHWIN, BETPOBbLIX 1 BOTHOBbIX
pe>xumoB. OHM J0/MKHbI HEMPEMEHHO BKJIOYaTb
HabnoaeHna B peasribHOM BPEMEHN U OLIEHKY
HaAEeXHOCTUW NporHo3a. HabnogeHna B peanbHOM
mMacwtabe BpemeHn obecneynBaroT NonyyYeHme TOUHbIX
OaHHbIX O COCTOAHMM OKPY>KatoLLen cpeapbl B Havane
npouecca MoaenupoBaHua. HageXxHoCcTb MporHo3a
OaeT NoanuTKy BEPOATHOCTHOM MOAENN U TEM CaMbIM
no3BonAeT ONTUMAasbHO ONpenenvTb byaywme
MECTOMNONOXEHNA ancbepros.

ABTOpbI BblpaXaroT 6narogapHocTb KaHaackomy
LeHTpPY rMapasfvKn 3a paspeLleHne ncrosnb3oBaTh UX

iceberg drits, and Ivana Kubat and Mohamed Sayed for
their help in the use of these data.
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