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ABSTRACT. The Sea-Ice M odel Intercompa rison Proj cct (SIM1P) is pa rt oCthc ac ti
viti es o r-the Sea Ice O ccan Modeling Panel (SIOM) orthc Arctic C lim ate System Study 
(\Vr-.[O ) (ACSYS) that a ims to detcrmine the optimal sea-ice model [or clim ate simul
a ti ons. This im"C'stigation is focused on the dynamics of sea ice. A hierarchy of four sea
ice rheologies is applied, incl uding a vi scous-pl as tic rheo logy, a cavitating-Ouid model, a 
compressible Newtonian Ouid, a nd a simple scheme with a step-function stoppage for ice 
drift. 

For comparison, the samc g rid, land boundari es a nd forcing fi elds are applied to a ll 
models. Atmospheric fo rcing [or a 7 yea r period is obta ined from the European Centre 
for !vIed i um-Ra nge Weather Forecas ts (U K ) (ECMWF) anal yses, while oceanic forcing 
consists of annu a l mean geostrophic currents and hea t Ouxes into a fixed mixed layer. 
D a ily buoy-drift data monitorcd by the Interna ti onal Arctic Buoy Program (IABP) a nd 
ice thicknesses at the North Pole from subm a rine upwa rd-looking sonar a re avail able as 
\'erificati on data. The da il y drift sta tisti cs fo r sepa rate regions and seasons contribute to 
an error function showing significa nt d ifferences betwee n the modcl s. Additiona lly, Fram 
Stra it ice exports predictcd by the d iflcrent models a re im·estigated. The ice export of the 
viscous-plas ti c model amounts to 0. 11 Sv. when it is optimi zed to the mean daily buoy 
ve locities a nd the observed North Pole ice thi cknesses. The cav ita ting-fluid model yields 
a very simila r Fram Stra it o utOow, but underestimates the :\fo rth Pole ice thickn ess. The 
two other dynamic schemes predict unreali stica ll y la rge ice thicknesses in the centra l Arc
tic region, whil e Fram Strait ice exports arc too low. 

INTRODUCTION 

Th e sea-ice cover in the pola r regions strongly a ffects thc 
Ea rth 's clim ate system . Due to high surface refl ectance a nd 
reduced turbulent-hea t exchanges bctween the ocea n a nd 
the overlying a tmosphere, sea ice ac ts as an insul ating 

bla nket. The insul ating effect of the ice cover is strongly 

dependent on its thickness and t he fraction of open water. 
The ice-thickness buildup and the open-water formation 
a re, beside thermodynamic processes, strongly determined 
by the dyna mics of sea ice (ice motion a nd deforma ti on). 
Further, the fresh-water Ouxes associated wi th ice moti on 

represent a maj or dri ving mechani sm [o r g lobal thermo

ha line circul a ti on. Therefore, thi s work focuses prima rily 
on sea-ice dynamics a nd the associated ice export through 
}'"'ra m StraiL. 

I n the pas t, a l1umber or different sea-ice rheolog ies were 
di scussed (Ca mpbell, 1965; Rothrock, 1975; Hibl er, 1979; Fla
to and Hibl er, 1992; lp, 1993). T he purpose of this study is to 
show the differences within a model hierarc hy including a 
rela ti ve ly simple scheme and more compl ete rheologies. 7 
yea rs of simulations ( 1 986~92) with the same thermo
dyna mic pa ra meterizatio l1s fo r a ll models a rc compared 
with observed buoy-drift statistics a nd monitored North 
Pole ice thicknesses du r ing the same time peri od. This com
parison a llows a determination of which of these rheo logies 
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provides reali stic ice cover, correct ice-d ri ft cha rac teri stics 
and reasonabl e Fram Strait ice export that is important (o r 

the acc uracy of clim ate models. 

MODEL HIERARCHY 

For all models, the same thermodynamic pa rameteri zations 

a rc applied. Thermodynamic ice-growth rates a rc derived 
fi'om surface-energy ba lance (Parkinson and \ Vas hing ton, 
1979), using the Semtner (1976) zcro-I ayer approach [or heat 
conducti on. A tempora lly constant, but sp atially va rying, 
oceanic heat flu x into a fi xed mixed layer is presc ribed. A 
brief desc ription of the [our dynamic schemes is g ive n below. 

The viscous-plastic Illodel 

T he impl emented ve rsion is based on Hibl er's (1979) \"i s
co us-plas tic model. The momentum ba lance for sea ice, with 
the inerti a l term neglected , is described by the vec tor equa

tion 

-mfk x u + Ta + T", - mg\7 H + F = 0 (1) 

where nJ, is the ice mass per unit area, u the hori zontal ice 
\'c1 ocity, f the C orioli s parameter, k a unit vector normal to 
the surface, Ta and Tw fo rces due to non-linear a ir and water 

stresses, g the acceleration due to gravity a nd H the surface 
dynamic height. F is the internal force described as the 
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ci i\"(Tge nce orth e stress tenso r 0", with sea ice considered as a 
111111-1 i nea r-\' isco us compress ible n ui d obeyi ng the consti tu-
1 in' la\\' 

(2) 

\\ here ( a nd T) a rc non-linea r bulk a nd shear \'iscositi es de
pcnding on stra in ra te E, Dij is the Kronecker symbol, a nd 
til l' press u\:e term P is a fun cti on o f ice-thickn ess cha rac ter
i,t ics and the stra in ra te, The viscositi es a re re la ted to th e 
strain ra tes such tha t the stress sta te lies on a n elliptical plas

ti c yield curve. In the case of plas tic now, ice streng th is 
pa ra meteri zed as 

P = P *h cxp{ -C( l - A)} (3) 

where P * is a streng th para meter (N 111 ~), h is the mea n ice 
thickness (m ), C is a dimensionless streng th para meter a nd 
A is ice compactness. P* essenti a ll y de termines the magni

tude o r ice strengt h, whereas C controls the dependence of 
ice stre ng th on compactness, For \'e ry sma ll stra in ra tes, 
streng th is mod ifi ed assuming replace ment closure (lp, 
1993; H a rder, 1996). 

The cOIll.pressible Newtonian fluid Ill.odel 

T he compressible Newtonia n nuid model represents a linea r
\·iscous medium. In thi s case, the bulk and shea r \'iscositics of 
Equati on (2) depend on the ice cha racte ri stics but not on the 
stra in ra te. T he \'iscositi es a rc presc ribed as 

P 
(= 2,10 

1] = 0.05( (5) 

\\'ith ,1u = 10 s I. The press ure term in Equa ti o n (2) is se t 
to zero. \\'ith this rheo logy, sea ice has the sa me res ista ncc to 

dil a tion (opening o f leads) as to compressi\"C defo rmation, 

in contras t to the viscous-plas tic model, which enables open
ing with littl e or no stress. 

The cavitating fluid Ill.odel 

In thi s scheme (after FlaLO a nd Hibler, 1992), pac k icc is 

assumed to ha\"e plas tic beha\'ior in the case of compress i\ 'e 

defo rm ation. The fund a menta l assumption is tha t this idea l
ized med ium has no shea r or tensile streng th. This ma kes 
the mode l simple to IOnllul a te a nd to implement. T he initi a l 
ice-fo rce term of Eq uation (I) ca n now be expressed simply 
as 

F = - \Jp (6) 

where P is intern a l ice pressure. P is se t to zero if the 
\"C loc it y field is di\"Crgent, a nd P is eq ua l to compressi\ 'C 
st reng th if there is a eO I1\ 'erge nt component. The comprcs
si\ "C streng th pa ra meteri za ti on is the same as in the \·isco us
plas tic model (Equ ati on (3)), 

Ice-drift scheIll.e with step-function stoppage 

The simplest model within the model hi era rchy sta rts with 
the free-drift solut ion of Equation (I ), i. e. the intem a l ice 
fo rces a re se t to zero. In a subsequent co rrec ti o n step a ll 
veloc ity components a re se t to ze ro if (a ) the ice thickness 

exceeds the critica l ice thickness h llH1X , a nd (b) the ice wo ul d 
be ad\ 'Cc ted from thinner to thicker ice conditi ons. This co r
recti on to li-ee drift excess i\'C ly da mps the veloc it y lield . but 
prevents ice buildup nea r the coasts from becoming unrea l
isticall y la rge. 
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SIMULATION RESULTS 

COIll.putational grid and forcing fields 

The model is run on a rota ted spherical g rid cOlTring the 

\I'hole Arctic. \I 'ith a reso lution of I (110 km ) a nd a dail y 
ti me-step. 

Atmospheric lc) reing data a rc derived from Europea n 
Cent re for .\led i um- Ra nge Weat her Fo recasts ( EC~l\ VF ) 
a na lyses fo r the 7 yea rs 1986- 92. 10 m lI'ind is applied as 2+ 
hour mean value in acco rd a nce lI'ith the model time-step. 

2 m a ir a ncl dew-point te mperatures a rc linea rly inter
pola ted be t lI"('en 7 vea r monthl y means to remo\'e the a ni
fi cia l tempera ture shift s d ue to cha nges in the ECi\f\\ 'F 
m ode l o\"Cr the 7 yea r per iod (H a rder, 1996). Precip it a ti on 
(\ 'owinckel a nd On'ig, 1970) a nd cloud cO\'er (Ebert a nd 
Cu rry, 1993) a re prescribed as spati a ll y consta nt climatolo

g ica l monthl y mea ns. Geostrophic ocea n currents a re cles

cribed as a nnua l mea ns fro m a n ocean m ode l (G erdes a nd 
Koberie, 1995), a nd sea-surface tilt is ca lcul a ted by geostro
phy. An annua l a\"Crage heat nu x from th e deep ocean into 
the li xed mi xed laye r is ta ken from the coupl ed ice-ocean 
mode l of Hi bier a nd Zh ang (1993), 

The model sta rts \I'ith an ice-free ocea n. After one spin-li p 

cycJc of 7 yea rs of forcing data, the model results a rc ta ken 
from a second 7 yea r cycle when the model has reached a 
cyclosta ti ona rv sta te. 

Th e models a re imple mented on different computer sys
tems; therefore a qua ntila ti\ 'e intercompa rison o f CPU timc 

consumption has not ye t been madc. 

Drift speed statistics 

Buoy da ta monito red by t he Intern ati onal Arct ic Buoy Pro
g ram (IABP) (e.g. Colo ny a nd Ri gor, 1991) a rc used as \'C ri
fi cati on da ta , O\n 50000 dail y buoy \'Clociti es wcrc 

reco rded in the per iod 1986 92. ~Iodc l \"Cloe iti es wcre inter
pola ted onto the buoy pos itions to fac ilita te compar ison 
with obsen·ati o ns. 

The dlccts of ice interac tions a rc bes t re fl ec ted in drift
speed sta tistics (Lemkc a nd others, 1997), Speed di stribu

ti ons or the models a nd the obser\"a ti ons a rc calcula ted fo r 

lo ur seasons Oa nua ry ~la rch , April- June. July- Septem
ber, O ctober December ) a nd fi\ "C sepa rate regions cO\Tring 
the whole Arctic, each conta ining abo ut 10 000 da il y buo\' 
\"(' Ioc iti es. The error of the drift cha racteri sti cs is measured 
by the root mea n squa re (rms) of specd di stribution differ
ences betllTen simulati o ns a nd obsen ·a ti ons. An example of 

rms d istributio n error is shown in Figure I for the \"i sco us
plas tic model in the p cri odJa nua ry i\Ia rch. 

All models a re run with dilTercnt ra ti os of a ir a nd wa ter 
drag coeniciellls Ca / Cl\" to obt a in rea li sti c average dail y-drift 
speed . The ice moclel with stcp-function stoppage slo\\'s the 

\'clor it y field so much that it docs not m a ke sense to com

pensa te this a rtificia l error \\'ith a n unrealistica lly high rat io 
of drag coelli cients. Th erefo re, thc ra ti o here is set to the 
\'a lue of the \'iscous-plas tic mode l. Ta ble I shows the ra ti os 
ofdrag coemcients used 1'0 1' the dilll' I'C nt model s. 

Subsequentl y, th e icc-streng th pa ra meter P * (h lllax for 

the ice-cl rift stoppage scheme) is optimized with rcga rdto 
the rms speed-distribution error. The rcs ult s (Fig. 2) renec t 
that the viscous-plas ti c rheology pred icts the most rea li stic 
drift sta tistics, foll owed by the compressibl e l\'c\I·toni a n fluid 
model. Th e C<l\'it a ting fluid simul ati on, with no shear forces, 
d iffers significa ntl y because it does not p rO\' idc ice-drift 
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Fig. 1. Observed ( thick line) and simulated ( thin line) daily 
speed distributions Jor buoy data in the period ]anumy 
1Hardz. Error measurement is based on the differences if the 
individual histogram hars. The rool mean square ( 1"I71S) if 
these dijJinenas is 0.9 % . 

Table 1. Parameter corifigurations Jor opt imiz:ed ice-drift 
statistics 

r Il lIJa x 

kN m :2 m 

Viscous-plastic 0.·~2 20 
Compress ible :\fcwtoni81l 0.51 +0 
Ca" itat ing nuici 0.36 27.5 
Ire drift with stoppage 0.-12 :3 

4 

~ 
( I) viscous-plastic 
(2) compressible Newtonian fluid 

..... 3 (3) cavitating fluid 
0 (4) ice drift with stoppage ..... ..... 
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Fig. 2. Rms speed dislrihuliol7 errors (%) forfollr different 
dJlI1amic se/zones ( based 071 drift -speed statistics calw/ated 
Jor Jive separate regions andJour seasons). 

stoppage nea r coasts. The ice-drift schemc with step-function 
stoppage dam ps the ice drift in an unrea li stic way, refl ected in 
the highest error of the drift stati st ics (Lemke and others, 
1997). 

Fram Strait ice export 

The previous section presented the qua lity or drift cha ra c
teristics predicted by th e different dynamic schemes. This 
raises the iss ue of how impon a nt these diffe rences a re for 

the ice export forcing th e th ermoha line circu lat io n in 

coupled sea-ice ocean models. 
Fig ure 3a compa res the ice thickn ess a t th e North Pole 
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Fig. 3. (a) lcelliickl7essalllie.Yorth Pole ( m). ( b) averaged 
daily -drift speed (cm s ') ill From Strait region, and ( c) 
!/lean ice export through Fram Strait ( Sv) Jor the different 
models. The horiz:ontallines indicate the observations. 

fo r th e different models to observati ons. Seven m ean lce
thickness obser vati ons a t the North Po le from 50 km sub
m arine tra nsec ts in the period 1986- 92 ( ~1cLaren and 

others, 1994) are used as \ 'erifi cati oll data. The best pred ic

ti on of North Pole ice thickn ess is obtained with the viscous

plas tic model. In contrast, the cav itating-fluid model under
estim a tes a nd the two other schem es overestimate the ice 
th ickness a t the North Po le. 

Figure 3b shows the ice-drift speed in Fram Strait region. 

The two plas tic rheologies slightl y unde restima te ice-drift 

speed. The other two m odels predict drift velocities th a t 

are much too low. Ice thickness in the centra l Arctic a nd 
th e ice-drift speed in Fram Strait de termine th e ice export 
through Fra lll. Strait as di sp layed in Figure 3c. In agreement 
w ith the observed Fram Strait out flow of 0.\ - 0.16 Sv g iven 

by Aagaa rd and Carmack (1989), the viscous-plastic a nd 

th e cavitating-fluid model both pred ict a Fram Strait ice ex

p ort of 0.11 Sv. The other dynam ic schemes yie ld signifi-
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Pig..f. Time series qfmeall seasonal [yles qfia e.\porllhrough Pram Slrail (Sll) Jor 1986 92. ResullsJorJourdiJferenl ([rllamics schemes 

are S/701l '1I . 

cantl y small er Fram Strait outflows, and a lso prcdict mark

edly diITerent seasonal cycles of ice export (Fig. 4). 

CONCLUSIONS 

Thc \'isco us-plastic model with repl acem cnt closure pre

dicts the most reasonabl e drift statistic a nd ice thicknesses 

in th e central Arctic. In contrast, th e resu lts of the \'ery sim

ple ice-drift sc heme with step-function stoppage e1early 
show d iITerc nces in d ri It characterist ics, as well as in ice 
thicknesses and ice export. The compress ible l'\ewtonian 
nuid simul ati on shows good conformity with observed drift 

sta ti stics, but cannot prevent excess ive ice-thickness buildup 

in the central Arctic. Also, the mean seasonal cycle ofFram 

Strait outnow shows significant differences when compared 
with the res ults orthe visco us-plastic model. The cm'ita ting
fluid model shows marked diffe rences in drirt-speed stati s
tics due to the lack of shear strength. The m ean seasona l 

cycle of ice export is very similar to th e vi sco us-plastic 

mode l. 

This leads to the conclusion th at the plastic beha\'ior of 
sea ice cfTeet i\'ely limits ice-thickness buildup in the central 
Arcti c due to advect i\ 'e processes. A diverge nt ice [low w ith 
littl e or no inte rn a l forc es, permitted by the v isco u. -plastic 

and the cavita ting-fluid models, seem s to be a requirement 

to predi ct a reasonable Fram Stra it ice export. In terms of 

Fra m Strait outnow, the ca\'it ating-nuid model is a good al
te rnati\ "(' to the more conl.ple te \ 'isco us-plas t ic model. 

O\'era ll , \ 'isco us-plastic rheology yields the most reali s
tic simulation with respect to drift stati stics, ice thickness a t 

the North Pole, and Fram Strait outflow. 

An O\wv iew of SIMIP is gi\·en by Lemke and others 

(1997) a nd furth er, related work is described by Harder (1997). 
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