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ABSTRACT

The saice cover diglays various dynamical characteridics such as breakup , rating, and ridgng under externd
forces. To nodd the ice dynamic process accurately , the dfective numericad nmodeling method should be egablished. In
this paper , a nodified partidein-cdl (PIC) method for sea ice dynamics is developed coupling the finite difference
(D) method and soothed particle hydrodynamics (SPH) . In this method , the ice cover isfirg discretized into a series
o Lagrangan ice particleswhich have their own gzes, thicknesses, concentrations and velocities. The ice thickness and
ooncentration at Eulerian grid podtions are obtained by interpolaion with the Gaussan function from their surrounding ice
particles. The nomentum of ice cover is solved with FD gpproach to obtain the Eulerian cdl veocity , which is used to
edimeate the ice particle velocity with the Gaussan function d. The thickness and concertration of ice particles are ad
justed with particle mass dendty and stooth length , which are adjuged with the redigribution of ice particles. With the
above nodified PIC method , numericad smulations for ice notion in an idedized rectangular basn and the ice dynamics
in the Boha Sea are carried out. These smulations show that this modified PIC method is gpplicable to sea ice dynamics
dmuation.

Key words: partiderincdl; smoothed partide hydrodynamics; sea ice dynamics; numerical simulation

1. Introduction

Under natural conditions, the seaice isa mixture of rafted and ridged ice , level ice and open wa
ter, and diglays various dynamic properties. A series of numerica methods have been developed to
smulate the sea ice dynamical process under different scales. Normdly , the ice cover is treated as a
two dimendond rheological flow , and the Eulerian finite difference (FD) method is gpplied widdly to
the polar zone at large scale , and the sub-polar area at meso-scde (Hibler , 1979 ; Lepparante and Hi-
bler, 1985; Lu e al. , 1989; Zhang and Hibler , 1997 ; Wu e al. , 1998) . Inthe solving of advec
tion in the ocontinuity equation by the FD method , the numerica diff uson gives poor prediction of ice
edge postion (Huang and Savage, 1998) . Sme researchers developed other Lagrangan methods to
overoome the numerica diffuson problem (Shen et al. , 2000; Tremblay and Mysak , 1997 ; Overland
et al., 1998; Wang and lkeda, 2004) .

The Discrete Hement Model (DBM) was adopted for sea ice dynamics under Lagrangian coordi-
nate a different scaes (Shen e al., 1987; Da et al., 2004; Hopkins, 1996; Hopkins e al. ,
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2004) . The DBEM is a good gpproach to the sudy of the mechanisms of ice floe interaction , icewave
interaction , ice rafting and ridging, but it has mot been used for genera ice forecaging and long term
dmulation for its low computationa eficiency. As another Lagrangan goproach to sea ice dynamics,
the Smoothed Particle Hydrodynamics (SPH) was d s applied succesfully in the rivei! seaice dynam
ics (Qufraind and Savage , 1997a, 1997b; Shen et al. , 2000; Lindsay and Sern, 2004) . The SPH
method can smulate the ice edge accurately , awiding the riumerica diffuson problem. Mearwhile
the huge interpolating caculation anong particles, egecielly in the determination of ice drain rate,
dress and internd ice foree | 1s very cogly. Thus, tiie computationa dficiency of SPH method should
be improved fci sea ice forecaging and smulation.

The particle-irrca! (PIC) method is a suitable one with a coupling of Eulerian and Lagrangian
ooordinates. Hato (1993) firdly introduced the PIC method into the sea ice dynamics for the polar
one, and it was found that the PIC method had an obvious advantage in determining the accurate ice
edge podtion. Inthe PIC method for sea ice Smulation, a bi-linear function was adopted to interpol ate
the ice variables between ice particles and grid nodes. In the previous PIC method , the ice particle did
not have concentration , and its area was a feedback variable of the grid concentration , which was adt
justed with the critical concentration condition (A <1.0) at grid node (Hato, 1993) . Moreover , the
ooncentration of grid node could d % be lved with its continuity equation , while the numerica diff
don dill gopeared in the wolution of the continuity equation with the FD method (Huang and Savage ,
1998) .

In this paper , the PIC method is nodified with flexible particles and a Gaussan interpolating
function based on the SPH theory. The Gausdan function has sroother continuity and higher precigon
than the bi-linear function. The ice concentration and thickness of ice particle can be determined with
its mass dendty and sooth length in ice notion. In this nodified PIC method , the ice velocity at grid
mde is determined by lving the nmomentum equation with FD method. It is fager than the SPH
method which has cormplex iterations in lving drain rate, dress and internd ice force. With this
nodified PIC method , the ice ridging processin a rectangular zone , and the ice dynamic processin the
Bohai Sea are teged. In the two numericd teds, the smulated ice results are in good agreement with
the anaytical slution and observed data for the Boha Sea.

2. Basic Equations o Sea Ice Dynamics

2.1 Momentum Equation
The nmomentum equation for the notion of the ice field is governed by ice interactions, wind and
water forces, the Qoriolisforce , and ocean tilt dfect , and can be written as:

M%%:-MfKXV+Ta+TW-MgV€w+ v(ilo) (1)

where, M isthe ice massper unit area, and M =p; h, the mean ice thickness h = Nh; ,p; being the
ice dendgty , h; being the ice thickness, N being the ice concentration; V isthe ice velocity vector ; f
isthe Qoriolis parameter; K is a unit vector rormd to ice suface; T ,and T , are the air and water
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Vi, andTW:pWCW| Vwi| Vi , inwhichp ,andp, are the denr
dtiesdf air and current , Caand G, are the drag codficients of wind and current , and V4 and V., are
the relative wind and current velocity vectors; g is the acceleration of gravity; & is the ice suface
height ; 0 isthe ice dress vector.

dreses, and hereT ,=p ,C,| Vi

2.2 \Viscous Hagic Congitutive Modd
In the Smulation of seaice dynamics, the ice cover is mormally treated as a 2D oonti nuous medi-
um, and the visoousplagic (VP) oongitutive nodel with dliptical yield curve law is applied nog
widely (Hibler, 1979) . This VP lav can be expressd as:
0y = Z’ﬁlij + ([ - H)S'kéu - I5ij/2 (2
where 0 ; and€ ; are the 2D sress and drain rate tenor; P is the ice pressure; O is the Kronecker
operator { andn are the ronlinear bulk and shear visoosities, and can be determined as:
¢ =CE€y,P) =min(PI2A (o), (3
n =0/¢, (4

inwhichA = ,éi +£2/ ¢, and hereg | =€}, +€ ,, ande ', = A/(5'11 -e,)2+&%,; eisthe eccen
tricity of the dliptical yield curve. Based on Egs. (3) and (4) , we havel = qandn = o/ €®when
the ice cover has a small shear rate ( P/ 2A >( () . Under this condition , the ice cover exhibits linear
visoous refological charactertics. When the ice cover has a large shear rate ( P/ 2A <o) , the ice
principa dresses lie on the dlipitica yied curve , and the ice cover diglays pladic rehology.

The pressure termis calculated by (Shen et al. , 1990)

o™ el|, PifPighj N |’

P-tan[4in{l pvj > | Ny (5
where @ isthe internd friction ange of surface ice, Npux IS the maximum possble ice concentration ,
and j isan enpirica condant st to 15 normally. The” +” and” - " dgns are for pasive and active

daes o ice flow.
3. Maodified PIC Method for Sea Ice Dynamics

In this nodified PIC method , the ice cover is discretized into a seriesdf ice particles, which have
their own locations, velocities, thicknesses, concentrations and dzes. With the Gaussan kernd func
tion, the ice iformetion a a grid node can be interpolated from their surrounding ice particles. The
ice velocity at a grid node is lved with FD method , and used to determine the ice particle velocity.
With re-digribution of ice particles in the Lagrangan sysem, the mass dendty of ice particleswill be
adjugted to determine the particle thickness and the concentration of the ice particles.

3.1 lce Thickness and Concentration at Eulerian Grid Node

The sea ice thickness and concentration a the Eulerian grid nodes can be interpolated with the
Gaussian kernd function from their neighboring sea ice particles. Based on the SPH theory (Shen e
al , 2000) , afidd variable f a podtion r can be expressed as:
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() = kzgm‘k‘f(rk)wu- i, ho) | (6)

where r isthe postion vector for esimating variable f , ry isthe postion vector of ice particle k, M
and m, are mass dendty and mass of particle k, and hg is the shmooth length , which determines the
range of irfluence of the interpolation kernd. In this sudy , the Gausdan kernd foundetion is adopt
ed , which has good ocontinuity and precidon as the interpolating function. The satia digribution of
the 2D Gaussan kernd function is plotted in Hg. 1, and can be written as:

1 r-r)?

W(r - ,ho) = € - 7
(r re, ho) nh(z)Xp h% (7)

Based on Eq. (6) , the ice thickness and concentration at grid node X; j can be determined from
its neighboring ice particles by

(X)) = kZ[Mm:W(Xi,j - 1g, ho) hi(rk)i| , (8)
Ni (X ) = Z[ﬁmtw(xi,j- rk,ho)N(fk)] , (9)

where X; ;isthe postion vector of the grid node; hi(r) and N () are the thickness and concentrar
tion of ice partide k; hi (Xi,;) and N(X; ;) are the edimated thickness and concentration a grid
node Xiyj.

Fig. 1. Sketch of atid digribution
o 2D Gausdan function.

3.2 Saa lce Vdocity at Eulerian Grid Node
The ice velocity a a grid node can be caculated from the sea ice momentum equation with Eulerian
FD method. The conponentsin x and y directionsd the sea ice nomentum equation can be written as:

%l:[!"LU%Lj"LV%;J:fV' g%‘)‘(”+(Tax+TWX+ F)/ M

%J“U%)fJ“V%j:' fU - g%;”+(ray+rwy+ F)/ M

(10)

where, U and V are ice velocitiesin x and y directions; T 5, andT ,,, T wx andT ,, are the conpo-
nentsof air and water drag dress; Fx and Fy are internd ice force components, which can be deter-
mined by

0 il 0 2
Fo = 5, 0uh) + ay(crxyh) , Ry = ay(cyyyh) + 3,00, (12)

A
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inwhicho,,,0,, ,0, and0, are the ice sress conponents. Based on the visoous plagic conditutive
nmodd of Hibler (1979) , the sea ice gresses can be written as:
0-><>< = rF-xx +Z8‘><x +Z€.yy - r-F‘yy -

(12)

P
2
O, =TE,, +&,, +E&, - TE, - J22
O =0y = 2AE
where €, , €, and€ , are drain rate components.
In the present sudy , the FD method has a gatid central difference scheme with a gaggered grid
and a three leved time difference scheme (Fig. 2). In thefirg hdf time gep from At —(n+ 1/ 2)
At , the velocity conmponent in x direction, UTi%, , is 2lved with an inplicit scheme, and the ver
locity component in y direction, V7Y%, , is @lved with an explicit scheme. In the seoond half time
gep from (n+1/2) At ~(n+1)At, the velodities, V] %}y, and UTLy, ;, are lved with inplicit
and explicit schemesin y and x directions, regpectively.

y

jv2 o+ — E— +  — o+ — o+
it | | | | +" for M, A, h, H, and P;
i1+ — o+ v+ “°"for{ ,n,and0y;

1}

it | I \ | “ - "for Ua, Uy, and U;

j + — + — + = o+ — o+

o = |\ =t | w g
- | | I ‘ | | " for Va, Vy, and V.
j-1 + = + — + — + - + Uzand Uy, Vaand Vy are thewind and current ve
Py
J_ O | | e | | locitiesin x and y directions, regpectively.
j2 + — + — + — + — o+

X
i-2 i-% i-1 1-% i i+ i+l i+% i+2

Fig. 2. Qoordinate of difference cel for sea ice momentum equation.

3.3 Vdocity and Position o Sea Ice Particle
With the ice velocity (Ui+y2,;, Vi j+u2) @ a grid rode lved with FD method at time t" or

t"*¥2 | the velocity vector of ice partide k, V (rc(t")) or (U(rk) ,V( rk)) can be egimated from

the velocities at its neighboring grid nodes, and can be written as:

U(ry) = z Z[ﬁm:iw(xi,j - 1k, ho) Ui+1/2,;| (13)
V(r) = Z z[ﬁm:*jiW(Xi,j - Ik, ho) Vi,j+1/2i| (14)

where , U(r) and V (r,) are the velocity componentsin x and y directionsof ice particle k , repec-
tivey; Ui+y2,;and Vi j+y2 are the seaice velocity conponents at the grid node; m; ; and M; ; are
the mass and mass dendty of grid; hgisthe svooth length. Here we have hg :']2‘ (Ax +Ay) ,Ax and
Ay being the grid dze in x and y directions, regectively.
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The velocity vector of seaice particle k at time " ?or t"** can be determined with Egs. (13)

and (14) . I itslocation vector & time t"is rc(t") , then its position vector r, (t"*”?) a time t"*"?
can be caculated with

n+ n At~ n
f("Y) = n () + S () (15)
whereA t is the time gep.

3.4 Thickness and Concentration of Sea lce Particles

In a previous PIC gtudy for sea ice dynamics, Hato (1993) interpolated the ice thickness and
concentration at grid nodesfrom the volume and area of ice particles. And the ice particle area was ad
juged based on the feedback of the edimated concentration in cellswith the critica condition Npex =
1. 0. Huang and Savage (1998) determined the physica ice thicknessin cellswith its continuity equer
tion by FD method , then determined the mean ice thickness in cell swith interpolation from ice particle
thicknesses. The ice concentration &t the cell centers was evauated with N = h/ h,. In the present
gudy , the mass dendty and shooth length of ice particles are introduced for the calculation of thick
ness and concentration of particles. Then, the thickness and concentration in cells can be interpolated
from the thickness and concentration of particles.

If the ice particle k has podtion vector r, , its mass dendty can be edimated from its neighboring
particles,

N

M(r) = Z mW(r, - 1, ho) . (16)
£
The srooth length hg has a close rdationship with mass dendty. If the initid svooth length is
h? | its sooth length @ nrth time sep can be determined with
) 3
n M| 2
hy” = hé‘”[ M(n)J (17)

where h{” and h{" are the initid sTooth length and the stooth length a time sep n; M© and

(™ are the initid mass dendty and the mass dendty at time gep n.

The maess densty of particle k can d9 bewrittenas M (r,) =p;N(r) hi(r,) , and its concerr
tration can be determined by

M

M (ry)
ph(r) (18)

If the smulated ice concentration N(r,) > 1.0, ice ridgng or rating will occur. In this Stua
tion, we =&t N(r) = N =1.0, and have the ice thickness h, (r,) =M (r)/ @; Nma) .

With the above nodified PIC method , the sea ice dynamics can be dmulated in thefirg haf time
gep from t"to t"* Y2 or the second half time gep from "% to """, In this method , a Gaussan
kernel function is used to interpolate the ice variables between Lagrang an particles and Eulerian grids.
The thickness and concentration of ice particles are determined with their sTooth length and mass denr

dty. With the nodified PIC method , the sea ice dynamics could be nodeled without numerica diff ur

N(rk) =
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son. Its conputational cog is lower than that of the SPH method for its does not have the complex in
terpoletion in the caculation of ice particle interactions.

4. Numerical Simulation of Ice Ridging in A Regular Domain

Under congant wind and current drags, the ice ridcing processin a iectangular domin 1s Smulat
ed for verification of the nodified PIC method. The initia 1c2 condition is that ¢ of thickness tijp and
concentration Nijo is distributed uniformly over a rectangular regon ¢ iength L and width B , as shown
in FHg. 3. Under condant vind and current drags, the ice cover will pile up a the downsream end.
The internd ice red gance increases with the ice thickness to balance the wind and current drag forces.
In the deady date, the ice drain ratea‘ij =0, and the ice concentration gpproaches its maximum val-
ue,i.e. Nmx=1.0. Inthis amulation, the gravitational gradient and the Coriolis dfect are both ig
rored.

1 Uniform e field with ¢ and Nop -+
Fig. 3. Sketchd theinitid digribution of sea

ice over the reguar regon.

¢
o
-
B
&
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&
|3

| L

With the sTooth boundary , the andytica ol ution for the thickness prcfile of the datic ice ridge
can be obtained as (Shen & al. , 2000) :

2(0,C,Va +P, C Va)

= fig+ _ 0 X (19)
o TL Pi
tant4+2J 1-pMing

where tjg isthe Snge layer ice thickness at the ice edge, and x is the distance from the leading edge
to the ice ridge , where t; = tjo.

In this numerical tes of ice ridgng, the initid ice regon L x B =20 km x 20 km, the initia
thickness tip =0.2 m, and the initial concentration No =100 %. The current velocity is st at zero
the wind velocity is 15 m/ s, and the wind direction is 27C°. In the smulation , the time gepA t =9.
0 s, the grid szeA x xA y =400 m x 400 m, and there are 2 x 2 particles in a cdll initidly.

The wind and current drags are the main driving forces in the sea ice dynamics, and the drag co
dficients are the nog important in their calculation. The wind and current drag codfficients vary with
different sea ice conditions. Based on the resultsfor different regons and the sea ice characterigicsin
the Bohai Sea (Ji et al., 2003) , we adopt the wind codficient C, =0.0015 and the current coeffi-
cient C, =0.0045, repectivdly. The main parameters are liged in Table 1.
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Table 1 Parameters used in the ice ridgng Smuleion
Parameter Vdue Parameter Vdue
Ice frictional ande @ =46 Bulk visoosty {o=1.0x10°N- ¢ n?
Air dengty P,=1.29 kg/ nt’ Shear visoosity No=2.5%10°N- ¢ nf
Wind dreg codficient C,=0.0015 Current drag coefficient G, =0.0045
Water densty P, =1010 kg/ i’ Ice_density p, =910 ky/ n?

With the nodified PIC method , the smulated width-averaged thickness is plotted in FHg. 4. It
can be sen that , under the gven wind in the 27C° direction, the ice ridgng approaches the seady
date in 14 hours, and the mean ice thickness is cond gent with the analytica lution. The measured
resultsfor the Bohai Sea show that the leve ice thickness is generdlly smaller than 0.2 m, and the
refted ice thickness can be over 0.4 m. In generd , the thickness of the humnocked iceis1l 2 m,
and its maximum value can be 3 5m (Wu e al. , 2001) . The ridge height in this sanpleis 1. 31
m, which is rea®nable based on measured data for the Bohai Sea.
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Fig. 4. Conparion o smulated result with anaytica lution in gatic ice ridge thickness prdfile.

For the wind direction of 225° , the dmulated ice thickness contour and the ice velocity vector are
gown in FHg. 5. It can befound that , under thewind drag, the ice cover ridges at the downwind cor-
ner of the domain. In 20 hours, the ice ridge gpproaches a deady date.

5. Smulation o Sea Ice in the Bohai S

To examine the validity of the nodified PIC method , we smulate the sea ice dynamics of the
Lisodong Bay for 72 hoursfrom 13:40, Jan. 22, 2004 , and conpare the results with the satdllite re
note sendng image and fiedld data. The initid ice thickness and concentration are obtained from the
digtad NOAA remote sendng image, and digplayed on thefirg picture in Fgs. 6 and 7, repectively.
The wind velocity measured at Jz20-2 plaform (121°21 , 40°30) is used and the wind fied in the
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Fig. 5. Didributions of dmulated ice velocity and ice thickness.

Liaoding Bay is assumed to be uniform. The tidal current is calculated with 2D shallow water equation
by ADFFD dgorithm. In the Smulation, the time gep is 600 s, the grid 9ze is 0. 1" x0.1°, and
there are 5 x 5 particlesin one cdl initidly. The other conputational parameters are liged in Table 1.

5.1 Smulated Ice Digribution in the Liaodong Bay

The ice thickness contours smulated with the nodified PIC method for different times are plotted
in Hg. 6. In thisfigure, the sadlite remote sendng images are a dven for comparion with the
dmulated results. It can be seen that the nodified PIC can Smulate the ice dynamicswell. The smu
lated ice concentrations are nogly in the range from 80 % to 100 %, which can be found from Hg. 7.
Within the 72 hours of numerical Smulation , the smulated ice edge drifted to the south area under the
rorth wind action , and the Smulated ice concentration was decreased dightly. If the ice thermodynant
icsis conddered in the nodd , the smulated results should be nore reasonable.

5.2 Smulated Resultsfor Jz20-2 Area o Liaodong Bay
The sea ice parametersfor the Jz20-2 area of the Liaodong Bay are interpolated from its neighbor-
ing particles with the Gaussan function. The smulated ice thickness and velocity in the 72 hours are
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Fig. 7. Digributions of sea ice concentration smulated at different time geps.

plotted in Fg. 8. The ice informeation observed on the JZ20-2 oil/ gas platform is d < plotted in this

2% © 1994-2006 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.1
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Fig. 8. Smulated and measured ice irformetion for JZ2G2 area in 72 hours.

figure. It can be found that the observed ice thickness lies in the range from 9 cm to 13 cm, which is
in agreement with the smulated data. Under the srong tidal current , the ice velocity diglays a regular
fluctuation , which can be observed from the smulated data. The smulated velocity is in good agree
ment with the field measured data.

6. Conclusion

In the numerical smulation of sea ice dynamics, it is very important to develop dfective and ac
curate numerica methods. In this sudy , a nodified particleinrcel (PIC) method is developed cou
pling the BEulerian FD method and Lagrangian SPH nodd . In this nodified PIC method , the Gaussan
kerne function is adopted ingead of the bi-linear function , and the mass dendty and the sooth length
of ice particles are used to determine the particle thickness and concentration. In thisway , the numeri-
ca diffudon of the Eulerian FD method can be awided , and the Gausdan function with perfect conti-
nuity is nmore preci s than the bi-linear function. The ice velocity at the Eulerian grid is Smulated with
finite difference method , and the novement of ice is determined under Lagrangan ooordinate. The ice
parameters are tranderred between the Eulerian gird and Lagrangan ice floe by meansof Gaussan in
terpolation. By use of the nodified PIC method , the ice ridgng processin a rectangular regon and sea
ice dynamics of the Bohai Sea are Smulated , and the results are in good agreement with the anaytical
lution and observed data. The conputation ficiency of the nodified PIC is evidently higher than
that of SPH. For ingance, inthe case of ice ridging , the conputation time with the nodified PIC is 15
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minutes, while it is 50 minuteswith SPH. The reason is that with the nodified PIC, the seaice dress
and notion are caculated based on the Eulerian FD method , thus, the time gep is much larger than
that for the SPH calculation under Lagrangan coordinate. Therefore, both the computaton dficiency
and precigon of the nodified PIC method are high in the numerica smulation of <& ice dynamics.
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