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ABSTRACT, Based on presented field d a ta . it is 5hOl \'l1 th a t sno\\' contributes 
roug hl y 8'Yo to th e to ta l m ass o f'i ce in th e \\' eddell Sea , Sno \\' d epth a \ 'C rages O,I 6 m o n 
first-war ice (aw rage thi ckn ess O,75 m ) a nd 0. 53 m on second-wa r ice (a \ 'C ragc 
thickn ess 1, 70 111 ) , Due to S110\\' loading, sea ice is d epressed belo \\' \\'a ter Ic\'cl and 
Il oocl ed by sea wa te r, As a res ul t o r fl oodi ng, sno \\' ice fo rms through co nge la ti on of sea 
\\'a te r a nd brine in a m a trix 0 [' me teo ric ice (i, e. sno \\') . Sea -i ce g rowth has bee n 
simula tcd \\'ith a on c-clim ensiona l m ocl el. treating th e e\'o luti o n o r salinit\" porosit v 
and th e rm a l properti es o r th e ice , Simul a ti ons d em onstra te th a t in th e prese nce of a 
snOl \' COl,(,1'. ice g rowth is signifi ca nth- redu ced, Brin e \'o lum es inc rease by a f'ac tor of 
1.5 2, a fTcc tin g prope rti es such as ice streng th, SnOl\'-i ce fo rm a tion d epend s on th e 
('\ 'o luti on of fr ee boa rd a nd ice perm ea bility, Efren s o r acc umula ti on-ra te cha nges ha\'(' 
bee n assessed [or th e \ \ 'edel ell Sea \\'ith a la rge-scale sea -ice mod el acco unting (or 
sn()\\'-i ce fo rm a ti o n , R es ults ro r c1iil i.:relll scen a ri os a rc presenteel a nd compa red with 
field data a nd one-d i ll1ensio na l sim ul a ti ons, Th e ro le o f sno\\' in mod u la t ing th e 
re, po nse of An tarcti c sea ice to c1im a te cha nge is di sc ussed, 

1. INTRODUCTION 

The sea -i ce zo ne is on c o f' th c mos t l'es ponsi\ 'C co mponents 

o f th e C1'yos ph ere with res pec t to g lo bal climate cha nge , 

Ci\ 'C n th e pro jected amplifi cati on or a globa l tempera ture 

ri se in th e po la r regio ns, th e extcllt a nd tiIi ckll ess of the 
sea-i cc cO\'Cr in th e Arct ic a nd Antarc ti c m <\ \ ' iJecolll c 
m aj o r ya rd sti cks in Ill o nito ring en\ 'iro nlll enral cha nge 
~ l it ch e ll a nd o th ers, 1990 ), Through th e ice-a lbed o feed

bac k a nd OI \'ing to it s impo rLa ncc [o r ocea n atmos ph ere 

inte racri on. sea ice no t onl\ records but also dri\ 'Cs 

clim a te \ 'a ri a bilit\. \\' hil e it is \n, 1\ es tabli shed th a t ice 
ex tcnt a nd icc-tiIi ckn css di stributi on a rc kn' \'ari a bles in 
thi s contex t. th e ro le of sno\\' in d e te rmining th e g rO\ \'th 
and d ecay of a sea -ice cm'er has recei\ 'ed mu ch less 

a ttenti on, 

fn th e Ant a rc ti c, \\ 'here sno \\ d epth s on sea ice ma\' 

a ttain a third or a hall' o r th e ice thi ckn ess a nd \\ 'here 
acc umul a ti o n ra tcs arc hi g hh' \ 'a riaiJle in time and space. 
one \\'o uld ex pect pronoun ced 5nO\\'-co\'er e ile n s, I n th is 
stud y \\'e assess hO\ \' a nd to \\'ha t d eg ree a sno \\' cOl 'er 

afTec ts seasonal a nd inter- a nnu a l \ 'ar ia bilit y in thi ckn ess, 

ex tent a nd p ro pe rti es of' sea ice , Fi rs t. d ata on th e 

d istributi o n o f sno \\' o n sea ice in th e \\'edde ll Sea a re 
presellt ed and impo rta nt processes in th e int erac ti on 
be twee n , nO\\' a nd ice a re id entifi ed , Based o n th ese 
res ults. thermoch 'na mi c gro\\,th o r a n ice cO\ 'e r with 

different snow-acc umula ti on ra tes is studi ed with th e a id 

o f a one-dim ensiona l sea -i ce m od el d e\'elo ped [ro m th e 

\\'o rk o f ~ laykut and U ntcrstein er (197 1) a nd C ox a nd 
W eeks ( 1988 ) , F inal ly, the large-sca le pac k-i ce bcha\'io ur 
und e r th e influence of' \'a rying snow-acc umul a ti on ra tes is 

assessed fo r th e \\ ' edd ell Sea \\' j th a d ), na mi c th erm o
ch-n a mie mixed-l aye r sea -i ce m od el (Fisc her and Lemke , 
199+). f n a sy nthesis o f th ese three lin es o r i]wes tiga ti o n, 

th e qua ntita ti\ 'e impa ct of snow on th e e\'o luti o l1 of ice 

thi ckn ess , ex tent a nd prope rt ies \rill be d educed and its 

impo rt a nce in m odula ting th e res ponse o r sea ice to g loba l 
clim a ti c cha nge wil l be enl lua ted, 

2. DEDUCING SNOW-COVER EFFECTS FROM 
FIELD MEASUREMENTS AND ICE-CORE 
STUDIES 

Th e d istr i bu ti on o r snO\o\' on sea ice and it s contri bu li on to 

th e to ta l ice m ass in th c "'edel ell Sea ha\'e bee n de ri\e d 

from m easurem ents and ice-co re a na lys is ca rr ied o ut 

during a number o r fi eld studi es on boa rd th e ice-breake r 

Po/an/em , H cre. d a ta co llected during th e winte r \\' edd ell 
G yre stud y (\\ ' \\ 'CS ), trm'ersing th e entire \\'edd e ll G yre 
in 1989 and 1992 (fi g , I; fo r d e tails on ex pedi ti o ns a nd 
sa mpling techniques. sce Ei cken and o thers, 199+) , a nd 

th e Eu ro pea n Po/an/em stud y (EPOS ) in 1988 a rc 

p rese n teel, T a ble I sh ows m ean \'a l ues o f SI1 0 \\ ' d cpth z" 
ice thi ckn ess Zj a nd fi"ee boa rd Ztb d e termin ed throug h 
thi ckn ess drillin g a lo ng pro files o f' 50- 100 m leng th (l o r 
2 m spac ing ) \\ 'ith O\ 'er 5000 indi\ 'idu a l m easurem ents, 
Th e res ults show th a t sno \\ ' d epth mostl y am o unts to 

rou g h I)' o nc-qua rter o f' th e ice thi ckn ess, with a n cx trem e 

\'a lu e oC close to on e-h a lf fo r seco nd- yea r ice sampl ed 

eluring W\\'CS 89. 
The ice sun'i\ 'ing sunl.m er in th e p e renni a lly ice

co\'e red wes tern bra nch o r the \\'cdd ell C yre (Fig , I ) a nd 
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Eicken and others: S170W cover 011 ~,j l7larctic sea ice 
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Fig . I. Pola rstern (l'lIise tracks during I VII 'CS il7 1989 
and 1992 alld EPOS in 1988. The shaded box marks the 
ap/JroAimate locatioll qf the b01llldal]1 between jJmlomi
lIanLi), second-)leal' ice il7 lite west andfirst-)'eal' ice in the 
east as deterlllill ed durillg the II ' rV(;S cruises. 

en tering its second year of grow th is charac terized by a 

disproporti ona te increase in snow d epth over ice thi ckness 
as com pared to first- year ice. Apa rt from snow acc umu
la ting during summer, thi s is a result of th e therm al 
insula ti on a snow cover pro\·id es . Since its th erm al 
conducti vity is an o rd er of magnitude less th a n th a t of 
sea ice (for an ave rage snow d ensity of 290 kg m 3 

meas ured during 'v\,WGS 89, its th ermal conductivity 
a mounts to roughl y 0.2 \\ ' m \ K \ acco rd ing to sta nd a rd 
model s, as com pa red to \'a l ues a t or above 2 \V m \ K \ 
for sea ice), conducti ve hea t flu x and hence ice-growth 
ra te a re grea tly reduced below a snow bla nket. This is 
a lso seen in indi\ 'idu a l thi ckness-drilling profil es through 

le\·el ice, wh ere snow d epth displays a strong nega ti ve 
co rrela tion wi rh ice thickn ess (Ei cken a nd oth ers, 1994) . 

Tra pping of snow within pressure-ridge zones may 
increase snow depth by a facto r o r two to live over m ean 
\'alu es in adj acent le\'e l a reas . Areas where the snow 
cO\'e r exceeds a cri ti ca l thresh old o r where deforma ti on 

processes loca ll y ofE et th e isos ta ti c balance such tha t th e 
floe surface is d epressed below sea le\'el. are prone to 
flooding . Prov id ed th a t h yd ra uli c pa th ways such as 
crac ks o r extend ed ve rti cal cha nnels ex ist, sea wa ter and 
brin e seep into the snow cove r a nd may eventua ll y 

congea l in to snow ice, con sisting o r a ma rine (mos tl y sea

wa te r ) a nd a m e teo ri c (snow ) com p on e n t. Field 

m eas urem ents sh ow th a t n ega ti ve fr eeboa rd as a 
p re req uisit e to sn ow-i ce form a tion is exceed i ng l y 
common in the \Veddell Sea, with Zfh < 0 for 15% , 
40% and 8% of all EPOS, WWGS 89 a nd WWGS 92 
measurements, r espec ti vely. Simil a r obsen 'a tions have 
been m ad e in other sectors of the Anta rcti c, such as the 
Bcllings ha usen a nd Amundsen Seas Oeffri es and oth ers, 
1994) . 

The frac tion of meteo ri c ice hidden in the so lid ice 
cover can be retri eved from sta ble-i so top e meas urements 
of sea-ice cores (Lange and others, 1990; Eicken a nd 
o thers, 1994) . Th e frac ti on of th e heavy iso tope \8 0 in sea 

wa ter grea tl y exceeds th a t in snow, since th e li ght isotope 
is enri ched in prec ipita ti on during e\ 'o lution of the source 
n lpour. H ence, th e frac ti on of snow (i. e . meteo ri c ice ) in a 
g iven sea-ice sa mple can be derived from th e mass
continuity equations for salt and \8 0 (for d eta il s, see 

Eieken a nd oth ers, 1994) . The con tribution of meteo ri c 
ice to th e to ta l mass of ice and snow in th e Wedd ell Sea 
deduced from \V\YGS 89 co res is shown in T a ble 2. Note 
in pa rticul ar tha t the meteo ri c-i ce fr ac ti on as we ll as th e 
snow fr ac ti on is signifi cantl y la rger for second- year tha n 
for first- year ice (this difference wo uld increase when 
acco unting for brine dra inage from second- yea r ice, 

whi ch results in an und eres tim ate of the meteori c-ice 
frac tion) . Compa ri son with d a ta from th e winter W edd ell 
Sea projec t 1986 indica tes th a t the distribution of snow 
a nd meteo ri c ice \'ari es both reg iona lly and inter
a nn ua ll y (Ei cken and oth ers, 1994). Th is is in pa rt 
ex plained by vari a ble acc umula tion ra tes, but model 
results presented below indica te tha t th e timing of th e ice
edge ad vance during a utumn and winter also plays an 
important role, since snow acc umul a ti on onl y has an 

T able 2. Fraction oJ SI10W .f~ and meteoric ice Jlll oJ the 
lotal thickness Zt of snow and ice in lite Weddell Sea 
( WIVCS 89, 11 = 21) 

Zt j~ f lU 
m % % 

Fi rst- year ice 1. 02 7 3 
Second- yea r ice 2.47 11 5 
All 1. 23 8 4 

T able I. AIeall values of SIlOW dejJ th zs, ice thickness Zj and jreeboard Zn) Ior fi1'5t - and secolld-)Iear ice ill the 
Il'eddell Sea 
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eflect once a p la tform fo r d epositi o n has bee n es ta bli shed . 

G i\T n th e co mpl ex it y o f th e ocea n ice a tm os ph ere 

sys tem and th e com pa ra ti \T I y sm a ll sno\\' Cl nd sea-ice 
d ata base. th e effects of c ha nges in th e bo und a ry 

co nd itions dri \ 'ing g rO\\,th and d eca\ ' oC ice arc bes t 

assessed thro ug h nume ri ca l sim ula ti o n , as a tt empted in 

th e lo ll o \ling sec ti o ns. 

3. RESULTS FROM A ONE-DIMENSIONAL 
THERMODYNAMIC ICE-GROWTH/SALINITY 
MODEL 

Th erm od y na mi c g ro\\' th of a n ice Co\T r subj ected to 
\ ',u ia bl e sno \l'-accu l11ul a ti o n ra tes a nd a ll o\l'ing fo r sno\\' 
ice fo rm at io n has bee n llum er ica ll y simula ted , based o n 
th e o nc-dim e nsio na l m od e l fo rmul a ted by J\l ay kut a nd 

U n terste ine r ( 197 1; a bbre \ 'ia ted as 1\1 & L ). Oespi te ice 

thi ckn esses in th e ra nge o f 0.5 1.5 m \I" hi c h \\"Q uld still 

j usti f\' th e ass umpti on o riin ea r tem pe ra ture profiles in th e 
ice, th e \1 & C model. \I' hi ch a ll o \l 's fo r nOll-lin ear pro fi les 
by so luti o n of th e hea t-co nductio n equ at io n, is pre fe rred 

in o rd er to co rrec tl y capture th erm a l e \ 'o luti o n oC th e ice 

u nd e r d ee per sno\l' cO\'e r a nd during sno\\'-i ce fo rm a ti o n . 

I n sho rt fo r a d e ta iled d escri p ti o n see \ 1 & C; reler to 

Ei cke n 1992 fo r m odifi ca ti o ns mad e \I'ith res pect to 
\\ 'edd ell Sea c lim a te l, th e surface tempera ture is d eri n "d 
ill th e m od e l fi 'o m th e surl i:lcc -e ne rgy ba la nce g i\ 'e n b \ ' 

\\' ith surface a lbed o 0, in coming 10 ng -\l'a \T a nd sho rt
\\,<I \ 'e flu xes F1 a nd F;, (o f \\' hi c h I II enter th e d ee per ice 
laye rs; see i\ 1 & L fo r d e ta ils, o utgo in g lo ng- \\,a\'e flu x 

FT . se nsibl e a nd late nt hea t flu xes F" a nd F; .. conduc ti \ 'e 

fl ux Fc , a nd hea t loss due to m e lting ofsno\l' a nd ice F.n . 
H ea t co nd uc ti o n fo r a te mpera ture di stribut io n T \\' ith 

d e pth z is d escribed b>' 

f)T; f)2T; 
(PC)i Of = Iti f) zl + I-{;lo exp( -h:i Z) (2) 

\I' ith th e rm a l conducti\ 'it\, k, d ensit y p a nd spec ifi c hea t C 

here a nd bel 0 11' , th e subsc ript s i a nd s de no te \'a ri a bl es 
re Ce rring to th e ice a nd sno \l' co lumns, rcspec ti \'C ly ). Th e 

a bsor p li o n of short-\l'a\'e so la r ene rgy in th e ice is a lso 

acco un ted (o r \I 'i th a n absorpli o n coe ffi c icn t h'i . Th erm a l 

conductio n in th e sno\\' is d esc ribed in a nal og ue, ig no rin g 

sho rt-II'a \ 'e a bso rpti o n du e to th e stro ng a ttcnu a ti o n in 

lhe uppe r sno ll' la \·el's. Sn o\l' th e rm a l conduct i\· it \, is 
la ken as 0 .23 \ \ · m I K I fc) r a d ens ity of 290 kgm .l 

acco rding to th e model 0[' . \ nd erso n 1976 1. . \ t the ice 

bo tt o m (i .e. a t d ep th hs + hi I hea t cond uc t io n is ba la nced 

aga inst ocea ni c h c-a t flu x F". a nd re lease o f la tent hea t o f 

li"eez ing L: 

Hi ( DT; ) - FI\' = [PL d (h , + h\ )] (3) 
f)z h,+it , elt 11 ,+11 , 

I n situ te mpera ture T; a nd sa linit y Si contro l th e \'olum e 

of liquid b rin e \I 'ithin th e ice, lI'hi c h in turn st ro ng ly 

influ e nces th erm a l condu c ti \' it y k i a nd spec ifi c h eat 
ca pac il y li . In o ur m od ili ed ,\1 & U m od el, th ese terms 

Eirkm Gild olhers: S1l01(, cover Oil . 11l/arc/ic sea ice 

a re prog nos ti c \'a ri a bl es d epending o n Si a nd T; as 

fo rmul ated b \ On o ( 1975 ) a nd ,\1 & U. Th e sa linit y 

e \'o luti o n o f' th e ice is d eri\'ed fro m a se mi-empi r ica l 
sim ul a ti o n sc he m e b y Cox a nd \\' ee ks ( 1988; a bbre\'ia tecl 

as c: & \\' 1. In c: & \\' th e initi a l sa linit y o Ca ne\\' ly g ro\l'n 

ice laye r Si() is d e termin ed b y a g rowth- ra te-depend e nt 

eflec ti\'e-di stributi o n coe ffi c ient k,,1'1' a nd the sea -wa te r 
sa linit\ , SI\': 

(cl) 

D esa lin a ti o n of ice la yers is acco unted for as brin e 

ex pulsio n du e to differe nti a l dec rease in ice-b r in e \ 'o lume 

VI, \\' ith coo li ng li'o m T j to T2 : 

\I·here S is sa lini t \·. a nd p de nsity o f bri ne (subscrip t b) 
a nd ice. Fo r 11" 2: 50%0, g ra\·it\· dra inage reduces ice 
sa linity b y rep lace m e nt o f' cold . sa lin e brin e \I' ilh sa lt 
so l u ti o n o f lesse r d e l1si t y: 

~~i = 1.68 X 10- .
5 (~~) - 3.37 X 10- 7 '1) (~~) . (6) 

D e ta il s o f th e sa linit\, m od e l ca n be fo und in C & \\' a nd 

Ei c ken (J 992 ) . T o assess th e e\ 'o l u ti o n o f snow-ice la ye rs a 

simpl e 1I 00d in g sc hem e has been in co rpo ra ted in to th e 

mode l. T he d ensit \· p(T. S) of th e ice cO\'er is compu ted 

from C & \\. a nd ice [reeboa rd d etermin ed acco rdin g to 

_ ( PiZi + p,zs) 
Zfh - Zi-

p'" 
(7) 

\I' ith z as thi ckn ess of ice a nd snow cO\'e r, a nd p as d ensity 

or ice, sno ll' a nd sea \I'<ll e r (subscript w ) . 

\\ 'he n fl oodin g th e snO\l' cover up to a he ig ht of - Z lh 

fo r Zth < O. the bo und ary conditi o ns o r the m od e l <liT 

m odili ed suc h th a t ( I ) th e te mpe rature of th e infilt ra ting 

w a ter a nd th e sno \\' m a tri x is se t to th e freez ing po int or 

sea \I'a te r , (2) th e d e nsit y of th e infiltra ted sno \l' laye r is 

increased b\· a factor o f 1.5 clu e to se ttlin g o f th e snow 
g ra ins (in acco rd a nce wi lh field o bse n 'a li o ns o n we t a nd 
fl ood ed sno\l') , (3 ) th e thi c kn ess of the o\'{Th'in g sno\\' 

co lumn is redu ced corres po ndin g ly, a nd (4 ) un t il 

comple te fiTez in g o f th e fl ood ed laye r, \I'hi c h th e rm a ll y 

d eco uples th e ice bo tlo m fro m th e su rface, no n e t 

acc re ti o n /a b la ti o n is a ll owed a t th e ice bo n o m. Whil e 

na tura l conditi o ns a rc not fLdl y re p resen ted in such a 
simp li fied sc hcm e, th e res ult s p rese nt ed belo\\' demo n
Slra te tha l th e conclusio ns a bo ul th e im porta nce o f sno\\,

ice fo rma ti o n a re ne\ 'e rth eless \·a lid . The m od el has bee n 

prog ra mmed o n a mi c rocomputer ; th e heat conduc ti o n 

eq ua ti o ns h <1\ 'e bee n ~o "'ed \\' i th an ex pli c i t fi ni te
difTc re nce sc hem e fo r laye r thi c kn esses o f' 0 .0 1 III (sno\l' ) 
a nd 0.02 m ( ice ) . 

Co mpu ta ti on o f th e sa linit y e \ 'o lu ti o n is nes ted 

be t\l'ee l1 tim e ste ps of 290 s (o r hea t conduc ti o n . Th e 

m od el is dri \'e n b y dim ato logica l d ata from the ce ntra l 

a nd eas te rn \ \ . edd ell Sea (see Ei cken ( 1992 for d e ta ils ). 

.\pa rt fro m m od el \'a licl a ti o n ca r r ied o ut by C & \\' a nd 
E icke n \ 1992 ). simulated thi c kn esses have bee n co m pa red 
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Eickell alld olhers: SIIOW (Ol'er 011 .fllllarclic sea ire 

with d a ta a nd m od el res ults fro m :"Je um ayer Sta ti o ll 111 

the Anta rc ti c (Kipfstuhl , 199 1) . 

R esults Cro m sta nd a rd m od e l run s fo r diffe re nt 

acc umul a ti o n rates, no t acco unting fo r sno ll'-i ce fo rm a
ti o n , a re shQ\\"Il in Fig ure 2 . In acco rd a nce with th e ice
ed ge ach" a nce in the \\'edel ell Sca (as see n in th e sa te llit e 
d a w oCCloe rse n and o th e rs (1992 ) a nd in Fig ure 5 be lo\\' 

for th e la rge-sca le mod el) ice g rowth is initi a ted o n I l'd ay 

U uli a n d ay 12 1) . Sho rtl y a fter m elting se ts in , simul a ti o ns 

a re termina ted beca use , a t present, sa lt flu xes ill m elting 

ice a re in ad equ a tel y represe n ted. Th e ocea ni c hea t flu x 
Fw is se t to 4 \\' III 2 to m a tch res ults o f" th e la rge-sca le 
model (see belo w) . Acc umul a tion rates a re g ivcn as wa te r 

equi\'a lent such th at th ey ha \'e to be di\'id ed by th e snOIl' 
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Fig. 2. Evolul ion oj ice Ih icklless Zi jrom simulalions wilh 
vai)lillg aCClImulal ioll rales ( w.e.) , lcilhoul snow-ia 
jormalioll , SLa rlillg da le oj ice jormalioll 1 ,I/{!)': oceallic 
heal JI//\ FI\" = J. 11 ·//7~ . ,-,"ale ILOll ' /lul\ imum ire 
Ihicklless is allained earlier Jar illcreasing acrllllll//alioll 
rales , The lower sel 4 curves shows Lime series oj 
freeboard Z[h relalive la sea level, wilh negalive jreeboard 

jor acell/nulalion rates 0.35 alld 0.5 JJI a I , jJo/enlia/b' 
illducingjlooding alld Sllol('-iajorl1lalion during the la ller 
hall oJ Lhe groll,th seaSO Il, 

d ensit y LO yield sno\\'-acculllul a ti o n rates. In th e m od el. 
sno\\' d epth increases linea rly \\'ith eve ry tilll e step. Based 

o n acc umul a tion d a ta fro m o\ 'C rwintering s ta ti o ns a nd 

g lac ia l-i ce cores fro m th e \\'edde ll Sea regio n. th e bes t 

es tim a te fo r acc umul a ti o n ra tcs ra ngcs betwee n 0 .2 a nd 
0,35 m a I (Ei c ke n a nd o th e rs, 1 99 '~ ) . Sno\\' d e pths 
m easured o n sea ice po int to\n ll"ds a bes t es timate o f" 
0 .2 m a I (i. e . sno\\' d e pth o f 0. 34 m o n J ulia n d ay 300 in 

Fig ure 2 ) , Fi eld d a ta as listed in T a ble I ra nge belo\\' this 

nu m ber , mostl y becau e (1) field measurem e n ts \\'e re 

ca rri ed o ut befo re d ay 300 a nd inc lud e ice fo rm ed a fte r 
ci a)' 12 1, (2 ) sno \\' is remO\'ed by \\'ind ac ti on , a nd (3 ) 
sno \\'-i ce fo rma ti o n d ec reases snow d epth (Ei c ke ll a nd 
o th e rs, 1994) , 

Th e res ults show n in Fig ure 2 a nd a ll o th e r runs \\"ith 

difTe rent bo und a ry conditi o ns (d a te o f ice fo rm a ti o n I S 
l\I a rc h I /\ug ust; 0 S F w 20 S \\ ' m ~ ) indica te th a t th e 
ne l e fTt'c t o f"in c reasing snow-acc umul a ti o n ra tes d z,/c1L 011 

sca ice is a pro no un ced d ecrease in m ax imum thi c kn ess 

Zi.ma" a tta ined thro ug h th e rm od yna mi c g rowth . Further

mo re , th c hig her d z,,/d t, th e ea rli er Zi.max is a tta ined a nd 

m clting se ts in (Fig, 2; T a ble 3 ) . As compa red to th e zero

acc umul a ti o n run ( Z j.llIHX = 1.59 m o n d ay 290) , Zj. lll l1.X is 
redu ced b y a facto r o f" 0,6 ( Zj,llIHx = 0 ,98 m o n d ay 278 ) 
a nd 0.4 ( Zi. max = 0,65 m o n d ay 25 1) [o r acc umul a ti o n 
\ 'a lues o f 0,2 a nd 0, 5 m a I, res pec ti\ ·e ly . In th e simul a 

tio ns, sno\\' a lso enh a nces th e se nsiti\'ity o f th e iee cO\'e r to 

oceani c hea t flux Fw. As compa red to a n acc umul a ti o n o f 
0 .2 m a I w ith F\\' = 4 \\' m 2, a n in c rease in Fw to 
10 \\' III 2 results in a d ecrease o f Z j.lIlax by a facLO r o f" 

0 .8 . Att a inment o f Zj,max sc ts in 38 d ca rli er. 

Acc umula tio n of snow o n th e ice surface a ffec ts no t 

o nl y th e thi c kn ess or th e ice cove r but a lso its pro perti cs , 

na m el" salinity a nd brin e \ 'o lume, Th e upper laye rs in 
ba re sea ice coo l d o \\'n to values a pproaching th e a ir 
tempe ra ture; co nsequentl y brin e vo lumes a rc compa ra 
ti\ 'e ly lo\\' (fi g, 3 ) , The rm a l insul a ti o n by a snow cO\ 'e r 

ca uses ice tempe ratures to in c rease \\'hi ch in turn res ults 

in brine volumes exceeding 80%0 in th e uppe r laye rs fo r 

acc um ul a ti o n ra tes a bo ve 0. 35 m a I (Fi g . 3) , By d a mpi ng 
ice-g rowth ra tes, a snow cO\'C r a lso dimini shes initi a l 
sa liniti es of ne\\' ly acc re red laye rs, ye t, as Fig ure 3 
d em o nstra tes, thi s canno t compe nsa te [o r th e tempera 

ture effect (see a lso Eic kcn , 1992 ) , With increas ing sno w

acc umul a tion ra tes. ice streng th , \\" hi ch scales with ice 

thi c kn ess a nd ill\'e rsely \\'ith brin e \ 'o lume (l\I ello r, 1986) . 
is g rea tl y reduced . As di sc ussed belo \\' . suc h a "soft e nin g" 

Table 3, ,\[a.\imulII (/lI illWI Ihickness Zi. max or l'olllme Vi.m;1" rij'sea ice and da"JI Q/ allainmenl dlllax jar 
dijJerell1 aCClImllfalioll rales (l(' ,e.) jrom one-dimensional l/zermo{(J'namic alld huge-scale sea-ice models 
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ACClI ll'lltfa Lioll rale 

I m a w ,e. 

0.00 
O,JO 
0 ,20 

0. 35 

0.50 

Olle-dimensiollal liz ermorD'lI alllic //lode! 

Zi.lll<lX dlll"x 
m 

1.59 299 
1.1 8 28 7 
0 ,98 278 

0 .79 263 

0 ,65 25 1 

Lm;r;e-JCale 1II0del 

1~.lllax dlllax 

km 
:l 

15 .2x 103 282 
13,9x I0' 282 
12,9 x 10:l 282 
12,0 x 10:l 282 
12,Ox 103 282 
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Fig, 3. Proji'les q[ jiar/iolla/ brille vO/llme for limll/aliolls 
,hOll'lI ill Figure 2 017 j llli(lII d(~J' 250. i.e, do,r 10 

allaillmenl 0./ ilia limulIl ice Ihickne'J ([or legend. see Fig. 
2) , ," ole I/Ie increase ill brine l'o/llme Ior illaea,ling ,1/101(' 

a(,{,lImlllalioll rale,l due 10 higher lell7jxralurej in Ihe IIjJ/Jer 
ice lal'ers . 

e!Ten has sig nifi ca nt impli ca ti ons fo r th e la rge-sca le 
beha \'io ur o f th e ice pack, 

The po tential fo r fl oodin g of th e ice surface a nd th e 
fo rm a ti o n o f sno \\' ice is ex pressed in th e tim e-se ri e, p lo t o r 

fiTe boa rd Zn, in Fig ure 2 , On d a \' 300. ZI1> = 0 ,1 7, 0 .00, 

0,09 a nd - 0 ,1 7 m fo r acc umul a ti o n ra tes o f O. 0.2, 0 ,35 

a nd 0.5m a I . res pec ti\T h-, Thus. fo r th e bo undary 
conditi o ns of th e simul a ti on. no sno\\' icc fo rms Lor 
acc umul a ti o n ra tes s:: 0 ,2 m a I . a nd no substa nti a l 
negati\ 'e fiTt' boa rd is reached {'o r hi gher \ 'a lues o f dz,/dt 
befo re d a y 250 , A furth e r pre requi site fo r fl oodin g to 

occ ur is th e prese nce o r a hydra ulic pa th\\'a y (e.g, cracks 

bet I\'ee n th t' ocea n a nd th e d epressed iee su rface , Flood i ng 
OH'!' lI'id e r areas of In't' l ice is a chi e\-ed onl y if th e icc 
co\'e r is suffi cientl y pe rmea ble to a \l o ll' sea \\',Her ro ente r 
from belo\\', La bora to ry studi cs see C & \" a nd fi eld 

ex periments (unpublished info rmatio n fi'om Eickel1 a nd 

H aas, 1992 ) indi ca te that sea ire is effeni\ 'C ly imperm e

a ble for brin e \'o lum es belo ll' SO 70%0, H ence , a 10 11'
po ros ity la \'e r \\ 'ithin an icc fl oe may prc\'ent fl oodin g 
d es pite negati n ' fi Teboard , .\n indi ca ti o n th a t thi s 
pe rme a bilit y crit e ri o n m ay be o L impo rt a n ce a nd 

requires rurth er attenti on is g i\ 'C 11 in Fig ure 't , \\'hi ch 

sho ll's th a t th e criti ca l thres ho ld o r 50%0 is surpassed a fter 
d ay 230- 250 fo r th e mos t rea li sti c acc umul a ti o n ra tes, 
G encra lh-. it a ppcars th a t mid-lI'inte r ice te mperatures 
a rc too 10 \\', c \-e n \\,jth hi g her sno ll' load s. to a ll o\\' 

fl oodin g (excluding thin nc\\' icc ). This is co rrobo ra ted b y 

fi eld obse n 'at ions ['rom \\' \ ' 'CS 89 and 92 I" hc re surface 

fl oodin g before d al' 250 270 \\'as much less commo n . 
d es pite lI' id e occ urrence o f nega ti \'l" fi'ceboard, th a n 
during EPOS art cr d a y 290. The e\'id ence th a t ice 
pCTmea bili ty is ind eed a li m i ti ng facr o r in snow-i ce 

fo rm a ti o n implies that th e complex it y o r a n ice cOI'e r 's 

res ponse to diflCrent sno \\'-acc umula ti on rat cs is g reater 

th a n sugges ted by a simpl e fl ooding crit t' ri o n as d eri\'t'd in 
Equa ti on (7 ), 

Eicke/l alld olher,l: SII 0 'll ' cO/ 'e r all :l lI larrlic sea ice 
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Fig . -I. T ime series 0/ minilllulI1 brille 1'0/111111' Vi),lIlin ill 
ice-grOll'l lt simll/aliolls shol('n ill Figure 2 (for /egelld. see 
Fig. 2 ) . . , 'ole halt' {l'ilica/ jJerllleabili( J' Ihreshold 0/ 
ViJ.lllill > 50 70%0 i, slIr/Ja,I',led 011 0 ' du ring lite laler pari 
0/ lite grou'I/1 seasoll. 

The e\'o luti o n of th e rree boa rd laye r d c termincs th c 
sustainable g rOlnh o r Sl1 0 W icc (Fi g , 2: bo ttom ), Fo r a n 
acc umulatio n ra te o r 0 .5 m a I , [o r exa mple , Zlh a mo unt s 

to 0 ,1 0 m. i. e . 15% of Zi,IIl"X on d ay 250 , R es ults from th e 

ice-g rOll'lh /salinit y m od el indi ca te, ho\\ 'C \'(' r , th a t sno \\'

ice co nge la ti on is limited to sm a ller am ounts clu e to 

energeti c co nstraints, Th e di\ 'iding line be tll'('en complete 
a nd in comple te co nge la ti on o f' a fl ood ed snOl \' layer is 
c\'id ent ri'o m th e data shown in T a ble +, Fo r acc umula 
ti on rates 2': O,S m a I, onl y pa rt o r th e fl ood ed fj'eeboard 

layer co ngea ls, if Gooding ta kes pl ace afte r d ay 230. 

Fl oodin g arter d a y 250 res ults in in compl e te co nge la ti o n 

fo r all simulated acc umul a ti on rat es. Onl y (o r ice g rOl \,th 
starting \ '(' 1'\ ' ea rh' in th e season or ror hig h oceani c hca t 
flux es is th c icc sUI'b ce d cpressed fa rth er belo \\' sea le\'l'1 

\\ 'ith Zlh ra ng ing bet\\'ee n 0 .1 a nd 0, 3 m (see T a ble 4 ) , 

\\,hile a d e ta iled assess m ent o f sno w-i ce fo rm a ti o n 

requires additi ona l clata on th e prerequisites a nd th e 

sa lt Gux assoc ia tedll'ith Goading a nd snow-i ce fo rm a ti o n. 

T able -I, Freeboard Zlh before j700dillg alld IlIitlme,ls if 
cOllgealed snolL' ice Z,i /or dijjfrenl aCClll lZlI/a lioll rales 
( we,) alld dales o/ire/ormalion di" and ,Iarl o/snoll'-ice 
rOllgel a I ion d si,s 

Acculllu/alioll rale dj" d ~I.S Zfl, Zsi 
I m a J11 m 

0, 50 12 1 230 0 ,07 0 .07 
0 ,50 12 1 250 0.1 0 0 .05 
0 ,35 12 1 250 0 ,04 0,04 

0 .35 76 220 0 ,08 0,08 

0 ,35 76 250 0 ,1 0 O, O.J. 
0 ,20 76 250 0, 0 1 0,01 
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Eicken alld a/hers: SilOlt' cover 011 An/arc/ic sea ice 

it app ears th a t the a mo unt o f snow icc fo rm ed due to 

fl oodin g und er a snow load ca nno t nea rl y compensa te th e 
d ec rease in ice thi ckn ess du e to enh a nced th erm a l 

insula ti on (Fig . 2; T a bles 3 a nd 4 ). A t best, snow-i ce 
form a ti on counterbala nces d ecreases in Zi. ll laX for 0.1 m a 1 

acc um ul a ti o n-ra te i ncremen ts. 
The ro le of snow in modula tin g th e res ponse of sea ice 

to clima te cha nge extends thro ugh to th e peri od of 
summ er melt. T o d a te, a bl a ti on processes in Anta rc ti c sea 

ice a re no t well enough und erstood to ex tend the one
dim ensio na l model fa r in to the melt season. Field d ata 
indi ca te th a t the situ a ti on is different ri'om th e Arcti c 
O cca n, where th e entire snoll' cOl'e r melts a way a t th e 
surface of multi- yea r ice . N e\'enhel ess, a n impo rta nt 
resul t of th e work of .\lay kut a nd U n tersteiner (19 71 ) a lso 

a ppli es to th e So uth ern O cean. Th ey fo und tha t a n 

increase in acc umul a ti o n o n mul t i- vea r ice be\'o nd 
a pproxim a tely 0. 6 m a 1 o f snow induc~d a n inCl'ea~')e in 
equilibrium ice thickn ess (i. e. stead y sta te ac hieved fo r a 

ba lan ce be t,\'Cen surface summ er m elt a nd bo tto m 
freez ing in winter). Thus, a thi ck snoll' COlTr persisting 

year-roun d pro tec ts th e und erl ying ice from down wa rd
direc ted hea t flux es a nd increases its cha nce of surviving 
summ er melt. E, 'e n tho ug h Antarc ti c clima te difIe rs from 
th a t of the Arcti c, th ere is e" idence th a t such "sno,,' 
shi elding" occ urs in some perennia ll y ice-cOl'ered a reas, 
such as th e \l'es tern \ \ 'eddell Sea (T a ble I), today , In the 

Bellings ha usen and Amundsen Seas, wh ere acc umul a ti on 

ra tes exceed th ose of th e \\'eddell regio n by more th a n a 
fac tor of t\l'O (Eicken a nd o th ers, 1994, J effri es a nd o thers, 
1994). snow may also pre, 'ent complete melting of the ice 
cOl'er du r ing summ er. 

4. RESULTS FROM A LARGE-SCALE SEA-ICE 
MODEL 

The large-sca le d yna mi c th ermod yna mi c sea-ice model, 

based on work by Hibler (1979) , is coup led to a one

dimensiona l oceanic mixed-layer mod el which determin es 

th e ocea ni c hea t flux prognos ti ca ll y (Lemke a nd o thers, 
1990 ). Simil a r to O we ns a nd Lemke ( 1990 ), a snow laye r 
is includ ed in th e mod el. Through continuity equa ti ons, 
ice thi ckn ess, ice co mpactn ess a nd snow depth a rc 

prog nos ri ca ll y ca lcula ted va ri a bles, composed of th erm o

d yna mic a nd d yna mic terms. Fro m th e mom entum 
equ a tio n, a n ice , 'e loc ity is d etermined , a ll owing for 
spa ti a l a nd tempora l va ri a bilit y o f ice thi ckn ess , ice 
compactness a nd snow d epth thro ug h ad vec ti o n a nd 
diffusion . Addition a ll y, intern a l ice stresses a re consid

ered , based on a \'iscous-plas tic ice rh eology (Hi bier, 

1979 ). 
Th e hea t-budge t ca lcula ti o ns a re based on fo rmu la

ti ons of Pa rkinson a nd W as hing to n ( 1979 ). A lin ea r 
tempera ture pro fil e is ass umed in th e snow and ice laye rs 
according to Semtner ( 1976) . A scheme [or snow/ice 

cO I1l 'e rsio n , which consid ers fl ooding of ice floes due to 
sno w loa d ing (L eppa ra n ta , 1983 ), is add ed to th e 
th erm od yna mi e part o f" th e model. Th e la rge-scal e model 
dom ain represents th e South Atl a nti c reg ion [i'om 60 0 \V 
to 60° E a nd from 80 to 4 7.5 0 S. A pola r stereogra phic 
grid is used with a spa ti a l resolution of 2.50 x 2.5°, The 

model is integra ted in da il y tim e steps to o btain upd a tes 
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of sea-i ce conditions, After 6 years of integra ti o n wilh th e 
1986 a tm os ph e ri c fo rc in g, th e m od e l reac hed a n 
equilibrium seasona l cycle with res pec t to ice vo lum e. 

U sing th e ice cond i li o ns of the las t d ay in 1986, a 
tra nsien t run for 1987 is started a nd used in th ese 
a na lyses. Th e d a il y forcing d a ta ori gina te fi'om the 
Euro pea n Centre fo r !\l edium R a nge \\'ea th er Fo recas ts 
(E C 1\l \ \ 'F) a nd i ncl ucl e th e wi nd com po ne n ts, ai r 
tempera ture, rela ti,'e humidity a nd a ir pressure for 1986 

a nd 1987 . Th e fo rcing terms a re th e same as those used by 
Fischer a nd Lemke ( 1994). 

1\lodel results of ice vo lum e for a complete a nnu al 
cycle a re shown in Fig ure 5 for dirlcrel1t acc umul a ti on 
ra tes . .\Jax imum ice " olumes a re in a ll cases a tta ined 
a round Juli a n d ay 282 (9 O ctober) . Compa red l O th e 

one-dim ensiona l mod el (fi g . 2; T a bl e 3), ice " olum e does 

not decrease as dras ti call y with increas ing acc umula ti on 
ra tes, a nd is redu ced a t mos t by 2 1 % wh en compa ring 0 
a nd 0 .35 m a 1 acc umula ti on scena ri os. This redu cti o n of 
the insul a ti on effec t is du e to the fac t th a t new ice gro" ,th 
along the ad vancing ice edge contributes signifi cantl y to 

the ri se in ice " olume during the growth season. On 

young ice, snow-cove r effec ts do not play as importa nt a 
ro le as in a one-dimensiona l scena ri o, where onl y one iee
thi ckn ess class is mo nito red . Ana lys is of model runs 
furth ermo re indica tes tha t neith er oceanic hea t flu x nor 
the a mo unt of ice deform a ti on a rc signifi cantl y a ffec ted 

by \ 'a rying acc umula ti on ra tes . 
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... .... 0.1 m a' l 

0,35 m a'1 

- '-' 0,5 m a'1 

50 100 150 200 250 300 350 

Time [day] 

Fig , 5, T ime series oJ /otal sea-ire l'o/lIme in /he II 'eddell 
Sea Jar difJerenl aCCllllZulatioll rales (w .e.) as comjJlI/ed 
with Ihe huge-scale sea-ice model. 

For acc umula lion ra tes of 0. 35 a ncl 0.5m a 1 dirlc r
ences in ice volum e a re neglig ible, whil e acc umul a ti on 
ra tes> O.S m a 1 induce a n increase in ice " olume due to 

th e g rowing contribution of snow ice, This is demo n
stra ted in F igure 6, with negli gible snow-ice form a tion for 
rates :::; 0. 2 m a I a ncl a di stin ct in crease fo r " a lues 
~ 0. 5 m a I . In th e la Ll er case, meteo ri c ice accounts for 
more tha n 10% of the to ta l ice , 'o lum e, a n es tim a te \\'hi ch 

may ha ve to be rev ised wh en ta king into acco unt the 
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F/~ft , 6, Formatioll rates oJ meteoric iaJi-o lll rom/mtatiolls 
I('ith the huge-gale ;,ea -ice model , . \ 'ate hall' Jormat ioll 
ratl'.l ill crease to/l'ardJ t/i e elld rij' t/ie ice-grOlclh seaSON , 

th erm och 'na ll1i c co nstraints a nd th e prerequi sIt es 101' 
noodin g di sc ussed a bO\'e , Bes ides th e co rres po nd e nce 
\\'ith res pec t to a criti cal acc umul a ti o n thres ho ld sli g htl y 
be loll' 0,35 III a I, th e tempo ra l e\ 'o lutio n oC m e teo ric-i ce 
fo rmatio n ra tes compares IIT ll \I'ith th e res ults f'ro m th e 

o ne-dim e nsio nal m od el. Bo th indica tr th a t th e peri od 

be tll'eenJulian da ys 220 a ncl 280 , i, e, th e la tt er pa rt o f th e 

ice-g ro wth seaso n, i, criti ca l fo r noodin g a nd eo nge la ti o n 
lI'hi eh is pa rtl y ex pl a in ed b l' th e free boa rd e I'C)luti o n fi g , 
21, Th e la rge -sca le m odel is rurth e rm o re a bl e to 

re produ ce th e regio na l di s tributi o n pattern o f' sno w and 

m e teo ri c ice with a di stin c t m ax ill1um in th e \\'es tern 

\\'eddell Sea \I'ith pre\'ailing second-\'ea r ice , I n contras t 

lI'ith th e ice-\ 'o lumc cunTS 5holl'n in Fig ure 5, the ice 
extent d oes no t \ 'a rv not a bl y betll,(,l' n simula ti o ns, i, e , 
lI' ith acc umul a ti o n ra tes ra ng in g be tll'ee n 0,0 a nd 
0, 65 m a I 

5. DISCUSSION AND CONCLUSIONS 

I n di sc uss ing th e eflee ts o r sno ll' on th e Anta rcti c sea-i ce 
co\'er, a di stincti o n has to be m ad e be tll 'Ce n loca l, "po int " 

effects a nd th e res po nse o r th e entire \\' eddell Sea pac k, 

The fo rm er halT bee n studi ed in fi e ldmcas urem ents a nd 

a o ne-dim ensio na l sea-i ce groll,th m od el, indica ting th a t 
increasing sno ll' acc umul a ti o n res ults in a ne t thinning o f' 
th e ice co\ 'C r du e to enhanced th e rm a l insulati o n fro m th e 
a tm os phe re , The reducti o n in sho rt-II'a \'(:' nu xcs due to 

hi g her surface a lbed o d oes no t co m e into pl a y, \\ ' ith Ou xes 

being 10\\' durin g mos t o f th e ice-g rO\\'lh season , Ri sing ice 

tempera turcs th a t accompa ny increases in sno w d epth 
halT import a nt co nseque nces fo r ice pro perti es , Simul a 
ti o ns of' th e sa lt and tcmpe ra ture di s tributi o n lI'ithin th e 

ice indi ca te that fi 'actional brin e \ 'o lum es ri se dras ti call l' 

as acc umul a ti o n ra tes increase fi 'o m 0 to 0 ,3 m a I o'r 

m o re , fn combina ti o n with th c d ec rease in ice thickness, 

thi s impli es th a t regio ns o r hi g h snow acc umulati o n 
d e\'elo p a n ice cO\'C r o f' sig nifl ca ntl y redu ced s treng th, It 

Eickfll and others: SIIOll' COl'{'/' 011 _Ill/arctic .lea ia 

still need s to be es tabli shed , howe\ 'e r. hO\\' suc h d ecrease 

in m a crosco pi c ice st re ng th affec ts la rge -sca le ice 
d e fo rm a ti o n, G i\'C n th e preva le nce o f' d yna m ic ice
grow th processes in th e Antarc t ic, enh a nced d yna mi c 
thi c ke nin g ma y \\'ell counterb a la nce so m e of' th e th e rm o

d yna mi call ;: induced thinning , 

As bro ug ht o ut b;: th e field d a ta a nd confirmed by 

bo th m od els, snOll' contributes direc ll \' to sea -i ce m ass 
thro ug h co nge la ti o n o f' snOll' ice, The o ne-dim ensio na l 
m od e l d em o nstrat es, h OIl'Cl'e r , th a t fl oodin g a nd snow-i ce 
fo rm a ti o n a re c riti ca ll y a ffected b y se\ 'C ra l int ertw ining 

p rocesses , Amo ng o ther facto rs, th e timing o f sno \\' 

acc umula ti o n, th e perm eabilit y o f th e underl ying ice 

and th e heat !lux susta in ed a t th e surface combin e to 

indu ce a hi g hh- no n-linea r res po nse oC th e ice cO\'C r to 

c ha nges in bo unda ry conditi o ns, This is con firm ed Iw 

compa rin g m e teo ri c-i ce a nd fr(' e boa rd d ata coll ected in 

differr nt yea rs ri 'om difre rent sec to rs o f th e W eddell Sea 

Ei c ke ll a nd o th ers, 1994) , Bo th mod e ls indi ca te th a t 

sn ow-i ce fo rm a ti o n m ay buffer so m e o f th e reduc ti o n in 
i('(' thi c kn ess lI'ith in c reas ing acc umuhJti o n ra tes : it d oes 
no t sufTi ce hOIl'(' \'e r. to increase ice \ 'o lum cs to \ 'a lues 
ac hi e\'ed fo r ice lI'ith thin o r no Sil O\\' COI'lT, 

H o w d oes the SIl O\\' cO\'C r m odulate th e respo nse o r 

Anta rcti c sea ice to e1im a te c ha nge, suc h as a proj ec ted 

a tmosp he ri c wa rming due to a nthro pogeni c g ree nh o use 
gas e mi ssio ns? \\ 'hil e it is no t quit e clea r hCJ\\' acc umul a 
ti o n ra tes in the Anta rc ti c sea -i ce zone lI'ill res po nd to a 
d o ublin g of ca rbo n-di ox ide a tm ospheri c co ncentra ti o ns 

:'li tc hell a nd o th e rs, 1990 ), G C :'l simul a ti o ns by Buclcl 

and S imm o nds ( 199 1) d eri\ 'ed a n increase in ne t aCC' lIll1-

ul a ti o n (prec ipita ti o n minus e \'a po rati o n ) ra ng ing hc t
lI'ce n 10% a nd +0'% , According to th e la rge-scale sea- ice 
m od e l, suc h cha nges lI'o llld dimini sh ice \ 'o lum e o nl y h\' 
small e r a m OUI1lS with n o a lt e ra ti o n in ice ex te nt. 

Prec ipit a ti o ll a nd acc umula ti o Il o f snow a re fa r fro m 

being' s pali a ll ~ ' a nd te mpo ra ll y ho mogeneo us processes as 
ass um ed in th e m od e l, hOIl'e \'e r, a nd hence local c fT('C ts 
ca n b e mu c h more pro n o un ced, An in c rca~e in 
acc umulatio n ea rl y in th e season o r nea r th e ach 'an c ing 
ice-ed ge zo ne would d ecrease ice-g ro wth ra tes a nd res ult 

in e nh a ncecl sno \\'-i ce fo rmati o n due to SIl O\\' loadin g o n 

compa ra ti\ 'C ly thin ice ( Fig , 2; T a ble 4: sce a lso Ei c ken 
and o lh ers, 199+), 

l\l o re impo rt a ntl y, th e d ecrea:;c in conduni\'c hca l 
[lu x Fe und e r a thi c ker sno w co \'e r en ha nces th e 
sensiti\ 'it y o f th e rm od yna mi c ice g rOll'(h to ocea ni c hea t 

nu x F", as di sc ussed abo \'e (see Equa tio n (3 ), At present 

th c thi c kn ess or th e \\'edd ell Sea ice CO\'Cr is close l>' 

c hec ked b y th e ba la nce betwee n F;, a nd FI\' (Jo rd o n a nd 
Hube r , 1990 1, \I'hi c h m a\' impl y th a t e \ 'e nlS dri\'('n by 
c ha nges of (Fr· - Fw ) , such as a \\'edd ell po l)'n ya, a rc 

likel y to occ ur m o re freque ntl y fo r in creas ing sno w 

acc umul a ti o n in th e a rea , 

\\'hil e th e SIl o\\' cO\'e r enh a nces "bo tto m " se nsiti\' it\' o r 
sea icc , " top " se nsiti\' it y is d eCl'easecl a t th e sam c lim e , 
Fi rs t, sno ll' ac ts as a buffe r durin g th e m e lting seaso n, 
sin ce the albed o d oes no t d ecrease as dras ti ca lh' lI'hile 

meltwa ter may percola te d o \\'nw a rd \\'ithin th e sno \\' 

co lumn, As lo ng as th e ice surCace rem a ins un ex posed a nd 

n o m e lt p uddl es fo rm, s u r face a bl a ti o n prog resses 
(ompa rati\ 'e ly slo wl v , Th e pe re nnial p ersiste nce o f' sea 
ice in regio ns o f thi c ker snOll' COl'(' r , such as th e lI'('s te rn 
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\\ 'edd ell a nd th e Bdlings ha use n Sea (Eicke n an d o th ers. 
I 994; J effri es a nd o th ers, 199+) m ay be du e ( 0 thi s " snOlI'

shi e lding" e (fec t . In th e Arctic, whe re ocea ni c hea t Du xes 

a re sm a ller, a n in crease in a nnua l acc umul a ti o n beyond 

1.2 m a I of snoll' indu ces a n increase or equilibriul~ ice 
thi c kn ess to \'a lues exceeding 6 m (.\Ja\' kut and U nte r
stein er. 197 1) , C lea rl y, th ese processes require rurth er 

s tud y, in pa rti c ul a r since th ey m ay a lso buffer inc reas ing 

sLimm er air tempera tures due to a tm os ph eri c wa rmin g . 

A second impo r ta nt process in thi s context is snow- ice 

fo rm a ti o n a ft er Oooding o r th e ice surface. Th e m odels 
em ployed in thi s stud y indica te th a t th e process o r snOIl'
ice ro rm atio n itse lf is co rrec tl y captured , ye t th a t m o re 

d e ta il ed s tudi es o f th e pre requi sit cs and bound a r y 

co nd iti o ns o f fl oodin g a nd co nge la ti o n o f sno ll' ice a re 

req uircd. ~I od e l s a nd fi e lcl d a ta indica te (h a t, a t present, 
m e teori c ice represents a compa ra ti\ 'e! y sm a ll , th o ug h 
sig nifica nt , term in th c sea -ice mass bala nce . Fo r la rger 
acc umula ti o n ra tes this contributio n is like l" to increase 

( Fi gs 5 a nd 6 ) . With a bes t es tim a te o f prese nt-d ay 

acc umul a ti o n ra tes be twee n 0.2 a nd 0. 35 m a I , th e 

Anta rc ti c reg im e ma y we ll be on th e brink or enh a nced 
sno \\'-i ce fo rm a ti o n . Fie ld res ults d e mo nstra te th a t in 
excep ti o na l loca ti o ns o r yea rs, sn ow (i n th e ro rm o f 
m e teori c ice ) contributes mo re than 25% to th e to ta l m ass 

of sea ice C\'e n no li' (Ei c ke n a nd o th ers, 1994) . Th e 

co nseq uc nces a re fa r rro m e, ·id c nt a t present , ~ 'C t th ey a re 

po te nti a ll y 0 [' g reat impo rLa ncc fo r a n assess m ent o f sea 

ice respo nse to e nh a nced acc umu la ti o n ra tes . Thus. i( 
co uld bc arg ucd th a t in rcgions where circ ul a tio n pa ttcrn s 
a ll o \\' mul ti- yca r icC' to d C'\·e lop. such a percnn ia l ice cQ\'c r 

wo uld bc sta hili sed thro ug h snow a cc umul a ti on (cve n fo r 

ra tes> I m a I I\'.e. ) . Sno \\'-i cc fo rm a ti o n ta kes pl ace in 

th c fr cc boa rd layCl' , wh e re m a ximum condu c ti\ 'e hea t 

Du xes arc susta in ed a nd co nge la ti o n is d eco uplrd fro m th e 
ocean by th e und erl ying ice . As lo ng as the ice surfacc is 
no t ex posed durin g summ er melting. a sta tion a r~ ' sta tc 

compa ra bl e to Arc ti c multi- ycar cycl ing (l\l ay kut a nd 

U nte rste ine r , 197 1) , ye t m os tl y or entircly driyen by 
sll ow-i ce co ngc latio n , co uld be a tt a in ed . 

[ss ucs requiring furth e r a tte nti o n a re indica ted by th e 
shortco min gs of thi s s tucl ~·. First, th e snoll' CO\T r is 
re p rese n ted in a simplis ti c fas hi o n in th e simula ti o ns. 

\\'hil e thi s surTi ces fo r a n asscss m ent o f' ge nera l pa ttern s in 

sno ll' icc inte rac ti o n. f'unh cr studi es wo uld pro babl y 

require a m o rc so phis ti ca ted snQ\I' m od el, suc h as th e 
o nc d e\'e lo ped by Lo th a nd o th e rs ( 1993 ) . S imil a rly , 
sno \\'-i ce fo rm a ti o n in th e la rgc-scale m od cl m a)' ha lT to 
be rC\'iscd to ta ke in to acco unt e ne rge ti c constra ints (i.e. 

stri ct co nse n 'a ti o ll of bo th m ass a nd ene rgy ) (or th e 

co nge la ti o n o r a fl ood ed SIl OW la ye r. \/fos t impo rt a nt of 

a ll , th e " snow-shi e ldin g e ffect" need s to be slUdi ed in 
m o re d e ta il bo th in th e fi e ld a nd thro ug h numeri ca l 
m ode ll ing, as it m ay be th e m os t impo rt a nt mec ha nism in 
m odula tin g th e res po nsc o f a n icc covc r [0 cnhan ccd 

a tm ospheric wa rmin g d ur ing th C' m elting scaso n. 
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