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ABSTRACT. A globa l coupled a tlll ospherc ocean icc modcl is used to examine thc 
in terdepende nce a mong se\'C ra l compo nents o f' the hyd rologic cycle in th e Arctic O cea n. 
including ri \'(T di scha rgc, sea-ice cO\'(' r, a nd the fl o\l' of sea ice throug h Fram Stra it. Since 
the ocea n model has a free surface, fres h-wa ter infl O\I' from ri\ 'Crs is added direct ly to th e 
ocea n. The timing o f' the pea k spring ,-il'C r fl OlI' depe nds o n snOll'melt run oO' a nd its sub­
sequent routing th ro ug h th e river system . T hermod yna mic sea ice is included, a nd a new 
sea-ice ach-ecti on scheme is desc ribed , The modcl's ri\Tr di scha rge a ffec ts sa linit \' a t th e 
mouth of la rge ri\ 'Crs, T he effec t o f' th c r i\'Cr di scha rge on sea-i ce ~O\'er is not clea ;-. e ither 
loca ll y or a t the bas in sca le, Th ere is sig nifi ca nt inte r- a nnu a l \'a ri a bilit ), o f' ice fl o ll' 
th ro ugh Fra m Stra it. but the modcl 's fl oll' is abo ut ha lf of th at obse l'\ 'CCl. Th e a noma lous 
ice [l ow throug h Fra m Stra it is most highly co rrel a ted lI'ith th e mer idio na l lI'ind stress. 
Potenti a l implicati ons fClI' the "great sa linit y" a noma ly a rc di sc Ll ssed , 

INTRODUCTION 

The g loba l hyd rologic cyc le is onc orthe m ajor components 
of th e cli mate system. In high la titudcs th ere a rc illl er­
ac ti o ns a mong prec ipita ti on, ('\'a po ra ti o n, ril 'C r (l Oll' a nd 
sea ice. Aagaa rd a nd Ca rm ac k (1989) indica ted th at 

cha nges ill fresh-water flo\l ' could a lte r th e sta bilit y of the 
Arctic water column a nd thus a ffec t ocean processes, A 
model study by Semtne r ( 1 98-~) fo und tha t pote lltia lm odifi­
ca ti o ns o f' r i\'C r nOlI' into th e Arctic wo uld not cause maj or 
cha nges in ocean tem peratu re, sa l i nit y or sea ice , \\'ea therl I' 
a nd \ \ 'a lsh (1996) used a n ocean ice m odel a nd fo und th a t 

dec reased ri\ 'CI' runofr into the Arctic O cean a frec ts sea ice 
m ore th a n increased runofTb ecause th e fo rmer cha nges \Tr­
tica l sta bilit v more cflC-cti vel y. They also sugges t th a t th e 
Semtner stud y m ay halT underestim ated th e impac t o f' 
cha nges in rilTr fl ow beca use th e ocean model under­
estim ated the streng th oUhe ha loc line, 

In recent yea rs, co upled a tm osphere- ocean models ha\'C 
been deI'C' loped lO st udy the climate system. Th e spa ti a l re­
so luti on of th ese models is la rge in compa ri son to th e sca les 
o f'm a nv import a nt processes, such as leads in ice pac ks a nd 
th e hyd rology o f' sno\\' melt r un off in mounta inous regions. 
Both of th ese sma ller-sca le processes a rc importa nt in th e 

present study, the fo rmer because la rge high-l atitude hea t 
flu xes occ lll' through leads, a nd the la tter because it a ITe-c ts 
th e timing a nd magnitude of rresh-II'a ter inputs '0 th e 
ocea n, 

T he pu rp ose of thi s paper is to describe a new sea-i ce ad­

\'Cc ti on scheme a nd use it in a coupl ed a tmos phere ocea n 

model to examine components of th e hydrologic cycle in 
the A rctic O cean, O f'pa nicul a r interest a re th e interac ti o ns 
a mong ri l't' r fl OlI', ocean salinity a nd sea ice, \\' hen c lim ate 
models arc used at decada l-to-century ti me-sca les, onc 

ass umes th a t the magnitude or a ny phys ica l res ponses to 
cha nges lI'ithin th e coupled system lI'ill domin ate any sloll' 
c l i ma te dri Ct of t he model. For example, a ny cha nge ill coast­
a l sa linit y th a t occ urs in res po nse to a noma lously high ri\'e r 
fl o ll' should excced a n)' cha nge th a t is assoc ia ted lI'ith a 
long-term drift of'th e model's mea n salinit y. This stud y is 

based on a 23 yea r simula ti on o f' the coupled a tmos phere­
ocea n model in II'hich Ilux adjustment s sueh a s th ose 
desCTibed in ~Ia n abe a nd o th ers (1991) a rc not used , 

THE COUPLED ATMO SPHER E-OCEAN-ICE MODEL 

The co upled a tmosphere- ocean- ice model developed by 
Russe ll a nd o thers (1995) is used in thi s study. The reso luti on 
is..j. latitude by:) longitude. There a rc nine \ 'Crtica ll aye rs in 
the a tm os phere a ndl3 in the ocean , The atmospheri c model's 

source te rm s, such as radi a ti on, surface interacti on and con­

densati on, a re simil a r to those or H a nsen a nd others (1983 ). 
The a tlll ospheric model includes the C-grid scheme orAraka-
11'£1 a nd La mb (1977 ) to soh-e the momentum cquation, and 
Russe ll and Lcrtl er's 11981 linea r upstream scheme to aeh-ec t 
potenti a l entha lpy a nd lI'a tCl' "'Ipor. The ri\ 'C r-routing scheme 

of ~Iil ler a nd others 199+) is used to mO\T model-ge nera ted 

runoff within a grid box downstream to the ocea n, 
The ocea n mode l is described in Russe ll a nd o th ers 

(1995). It uses the linca r upstrea m scheme of Russe ll a nd 
Lcrncr (1981) 10 1' th e aeh-ee ti on o f' hea t a nd salt , so h-cs th e 
Ill ass a nd moment um equati ons with a nell' C-g rid scheme, 

a nd is initi a li zed with temperature a nd salinity fi-om Lel'i­

tus a nd others (199+). The modcl a ll ows di\ 'erge nt mass flux , 
a nd has a fiTe surfac e. Ca leula ti ons based o n the g radi ents 
o f' press ure. hea t a nd sa lt a rc lI sed to determine the fl olV o f' 
mass, potenti a l entha lpy a nd sa lt through 12 stra its th a t a re 
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too na rrow to be resolved by the g rid resolution. Fresh water 
is added direetl y to the ocean by precipita ti on or river now. 

There a re two imprQ\'ements to the Russell and others 
(1995) modclthat a rc used in thi s paper. One is the inclusion 
of sea-ice advection, which is di scussed in the next section. 
The second is the use of ocean-surface a l bedo based on Brie­
gleb a nd R a ma nath an (1982) which has been used in the 
United Kingdom M eteoro logical Omce (U K1V[O ) a tmo­
sphere- ocea n model. In Russell and others (1995), the g loba l 
a nnua l ocean a nd ocean- ice a lbedo, weighted by incident 
sola r radia tion, was 7.4% . The a tmospheric component of 
the a tmosphere- ocean model, when il1legrated with c1ima­
tological ocean temperatures a nd sea-ice concentrati ons, 
had a globa l annua l net heat imba lance into the oceans 
a nd ocean ice or7.4 \V m :z When the la rger U K?\[O ocean 

a nd ice a lbedo of 9.6% is used, the net heat imba lance into 
the oceans is reduced to 3.9 \V m 2, which helps to reduce 
the clim ate drift in the coupled model. 

SEA-ICE ADVECTION 

The new sea-ice advec ti on scheme introduces five advective 
prognostic va ri ables th at a re added to the five thermo­
dyna mic prognosti c va ri ables used in Russell a nd others 
(1995) (sce Ta ble I). The time rate-of- change of the sca-ice 
veloc it y components a re g iven by 

a11, = T, _ (11, _ U) pCb,. V _ 11,BRM + V(f + 11,0 tall cf!) 
at M M a 

p, Fx 
p p 

av = Ty _ (v _ V) pCb,.V _ vBRM _ 11,(f + 11,o t an cf!) 
at M M a 

p p 

where the var iables a re defined inTable 2. 
The cquati ons [o r 11, and v a re simultaneous linea r differ­

enti a l equa ti ons: 

a11, 
-;:;- = A11, + Bv + C 
ut 
av at = Av - Bu + D . 

They can be solved in closed form: 

[ 
AC - BD] 

U = Uo + A2 + B2 cxp(At) eos(Bt) 

[
A D + B C] + Vo + A2 + B2 cxp (At) sin(Bl) 

AC- BD 

A2 + B2 

[
AD + B C] 

v = Vo + A2 + B2 exp(At) eos(Bt) 

[ 
A C - BD] 

- Uo + A2 + B2 exp (At) s in (Bt) 

AD + B C 

A2 + B2 

The sea-ice-veloc ity components a rc defin ed on th e C­
g rid (i. e. they a rc ddined perpendicula r to the gridbox 
edges ). This is idea llo r sea-ice advection a nd fo r inco rporat­
ing interna l sea-ice pressurcs, but the Coriolis term is cal­

cul a ted less acc urately. The pair of equations a re so lved 
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twice, once [or u using a\'C raged \'alues of v, a nd again for 
v using ave raged values of u. 

A modifi ed linea r upstream scheme ( Russe ll a nd Ler­
ner, 1981 ) is used to advect sea ice using the time-integrated 
vclociti es. The scheme produces smooth di stributions of sea 
ice, ye t is less diffusive tha n a sta nda rd upstrea m scheme. 

The atmospheric-momentum stress for each compone l1l 
is assumed to be consta nt during a n integ ration step of sea­
ice velocit y. The model's minimum va lue of thc sea-ice 
ocean drag coefficient, "C", is 0.001 2 for new ice, which is 
ass umed to be 0.5 m thi ck. The coeffi cient is ass umcd to 
increase linea rly with ice thickness, and is equa l to 0.005 
fo r 3 m thick ice (persona l communication [rOI11 D. JVIartin­
son, 1994). The time-integrated drag a lso accelera tes the 
ocean below the ice. The island-blocking [acto r, "B", is used 
to decelera te ice in regions where sub-gridscal e-sized islands 
a re present. The C ori oli s a nd metric terms, for each hori­
zonta l \'e locity component, LL se a four-point average of the 
other hori zonta l velocit y component. The components of 
the pressure-g radient force (P, and ? , ) a rc caused by the 
ocea n and sea-ice tilt and atmospheric pressure. 

The calcul ati on of interna l sea-i ce pressure (F." a nd F,.) 
follows Fl alO a nd Hiblcr (1992) with a few modifications. 
The prognostic internal sea-ice pressure is upda ted using 
a n itera ti on scheme with at most 20 steps. In each step, thc 
internal sea-ice pressure-g radient term is used in soh-ing the 
two simultaneous linear equa ti ons fo r sea-ice \'Clocit y. The 
time integra l of' thi s sea-ice velocity es timates the sea-i ce 
a rea crossing each g rid box edge. If the sea-ice a rea is con­
verge nt in a box, and the sea-i ce pressure is below its maxi­
mum, then the ice-pressure increment is calcul ated so that 
the ice-area conve rgcnce wo uld be zero we re thi s increment 

Table 1. Prognostic variablesJor sea ice 

ThPrlJlod)'lIami( 1'{lriable.} 

H I. H2 iJ III 2) 

i1I1, i1I2 (kg 111 2, 

R 

f lrhwlit'p /'fll'iab/ps 
P ( Pa ) 

i?x 
Rv 
u, v ' 111 S I) 

Sea-ice sta ti c energy per tlnit a rea 

Sea-ice mass per uni t area for two layers 

Hori zonta l fracti on of sea ice 

Interna l sCll -ice pressure 
E<l st wcsl g radient or R 
North south g rad ient of i? 
Sea-ice \T loe it )' com ponents 

Table 2. Variables llsed b)1 d.J',zamical equationsIor sea ice 

a (111 ) 

B m 2 kg I S 

C 
J (s I) 
F'." F,.( Pa l11 I) 

/If (kglll 2) 

F', . P" Pa III ' ) 

R 
11. l' (m s I) 

tlo . Vii (m s I) 

U , V (m s I) 

I. IS) 
T." Tyl.N m ") 
61 - (m s ' 

<P 
p (kg m ' ) 

j\lea n ra di us o rthc Earth 
Isla nd-blocking rac tor fo r sea ice 

Ocean/sea-ice drag coeffi cient 

COI'iolis paramcter 
G radi cnt of illlcrna l sea-ice press ure 
Sea-ice 1l1 a SS pc r un it a rea = }\1 ] + AI!. 
Press ure -g radie nt fo rce 1'1'0111 ocean and 

sea -ice tjll 

H ori zonta l fractioll of se-a ice 

Sea-ic(' " cloe it )' components 

Sea-ice \ 'c1 oe it ), at beginning ofslcp 
Ocea n surfacc-\-cloc it y components 
Tinl(" 

Alm ospheric surface- :O; Lress com pu ne nt s 
[( l/o - U)2 + (1'0 - 1 .)2J 1 
Latitude 
Densit), 
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the only change to the pressure field. If th e sea-ice area is 

di\TrgenL in a box, and the sca-ice pressure is positin', then 
the ice-pressure increment is calculated so that the ice-area 
divergencc would be zero were this incrcment thc on ly 

change to the sea-ice pressure field. The increments are 

app li ed to each gridbox before the next iteration . 

The scheme used here causes sea-ice a rea con\"(: rgence to 
approach zero, and applies a ll the pressure increments si­
multaneously at the end of an iteration. Gridbox order of 
calcu lations is unimportant. The largest increment lor the 
20th iteration in this implementation is usually less than 

100 Pa. This scheme difTers from that of flata and Hibler 

(1992) which causes sea-ice vclocit y COl1\Trgence ta 

approach zero, and applies the pressure incremenLs as th ey 
arc calculated for ('ach grid box. Their method COl1\'erges 
more rapidly, but if cOllvergencc is not compic t(', tlwn the 
order or-calculat ions alTccts the results. 

RIVER FLOW AND SEA-SURFACE SALINITY 

The surface salinity of the Arctic Ocean is determined by 
water fluxes into the basin and mixing within the basin. 

The fresh-\\ater budget o f the Arctic Ocean depends on pre­

cipitation, c\'aporation, ri\'er flow, the ach"ection of sea ice 

and interchange with other basins. l\lilier and Russe ll 
(1995) showed that the scasonal \ 'a riation of the lllodel's pre­
cipitation for the Arctic was simi lar to the obscrn'd precipi­
tation of Legates and \\'iJlmolt (1990), with a maximulll in 

the fall and a minilllulll in the spring. In this section wc 

examine the potential efTeets of ri\'er f10\\' 011 s urf~lce sa li­

nity. 
The ocean grid box at thc m.outh or the Yenesei ri\ 'er is 

used to examine the local \ 'ariation of sea-surface salinit y 

at the mouth of a large ri,'er-system. This central Asian river 

is one orthe largest ri\'ers draining into th e Arctic, and, as 

shown in Figure la, the model's pronounced peak runofr 

[rom snOlVmelt in the spri ng is in good agreement with 
obsen·ations. Although I\Iysak and others (1990) [ound that 
Sibcrian ri\'ers may not halT the same impact on sea ice as 
the I\Iackenzie Ri" er in Canacla, the Yenesei is examined 

here because the climate model represents its seasonal run­

off significantly better than it does the M ackenz ie's. 
Figure lb shows the model's annua l cycle of sea-surface 

sa linit y in the grid box at the mouth 0[" thc \ cnesei. Figure la 
and b sholVs that th e model 's minimum salinit y occurs during 

the t\\·o su mmer months following the maximum ri\'e r f1 0w 

inJune. The decrease in salinity (10%0) is co nsisten t with what 

onc shou ld obtain by mixing the \'olullle of fresh water into 

the top ocean layer, which is 12 m deep. Although the riming 
and magnitude of the modcl's minimum sa linit y is the same 
as thc obsen-cd, the model's maximurn salinit y is too 101V, and 
occllrs too late, compared to the obsen'ecl winter-salinity 

maximum. It shou ld be noted , howe\Tr, that the LCI'itus 

and others (199-J.) rlimatology for this locat ion is based on 

sparse data during a ll seasons except sUllllller. 
At the larger spatial scale, Figure 2a and b shows how 

the runoff into the Arctic Ocean, and the su rface sa linit y or 

the entire Arctic Ocean, vary through an annual cycle. The 

model does attain its minimum salinity in the SLimmer, con­

sistent with the observed salinity \ 'ariation, but the model's 
sa linit y is too high and the annllal range ofsaJinity is about 
half the observed range of Le\,itus and o th ers (1994). 
Although further ana lysis is needed to determine why thi s 

., 
'" ~ 
0 
:::. 
;l 
0 
u:: 
:;; 
> a: 

l ,.. 
:E 
a; 
Cl) .. 
0 .. 
"t: 
:> 

Cl) 

c: .. 
CD 
0 
0 

80 

75 

70 

65 

60 

55 

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

0 
1 

35 

34 

33 

32 

31 

30 

29 

28 

27 

26 

25 

24 

23 

22 

21 

20 

19 

18 

17 
1 

,\lilier and Russell: RiverIlou ', salini{r and sea ice 

--------------------

6 7 
Months 

Months 

Model 

Levitus 

Model 

UNESCO 

10 

a 

b 

Fij;. I ~lIl1l1af ~)'de (j/t/ie /IIodefs (a) ril'eljfou' (It t/ie mOllt/i 0/ 
the Jfnesei and (b) sea-slllJace safini{)1 in t/ie ocean gridbo\ at 
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model simulation. Also shown are the obsm't(/ SlI1filCe sali­
nities based on Lel,dlls alld others (799-1) alld t/ze observed river 
jlmi' based 011 [ -lIesco (1985). 

occurs, it is probably due to excess i\ 'e large-sca le \Trtical 

mass Iluxes at a lt ernati ng grid boxes, o r pos'iibly due to ex­

cessiw conwctiw or diffusi"e ,·erticalmixing. 

The inter-annual \'ariability of ri\'er fl oll' a nd salinit y 
and their possible co rrelat ion is examined by calc ulating 
their seasonal anomalies. Figure 3a and b shows the modcl's 
seasona l surface salinit y anomaly at the mouth orthe Yenc­

sei and the entire Arctic Basin, res pec ti\ ·c!y. Also sho\\,l1 is 

th e seasona l ri\"Cr-l1ow anomaly. Locally, Figure 3a shows 

that the largest river-flow anoma li es a re followed by loll' 
salin it y with approx imate ly a I 3 month delay. It is not 
clear that the same results hold for the emire basin. Ill. fact, 
there is a dm\'l1wa rd trend in su rfa ce sa linity of th e Arctic 

Ocean during this period. 

SEA ICE 

The question examined in this section is whether sea ice a nd 

riwr f10w a re rel a ted. Figure 4a and b shows the seasona l 

cycle of sea-ice cm'er for the gr id box at th e mouth of the Ye­

nesei and for the entire Arctic Ocean, respectively. For th e 
Yenesei, th e model's ice cm'er in th e summer is too high, 
compared with th e observed \'aria ti on g i\'en by \\'alsh and 
JohnsoI1 (1979). \\' hen the previous eight years of the model 
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12 

12 

simu lation were examined, the ice cO\'er in the summer 

decreased to the same as the obsen'Cd. Further analysis is 
needed to understand why the model's summer ice cover in 
this gridbox has increased so much ['rom the previous 
period. For the Arctic Ocean, the model and observed mini­
ma of ice co\'er occLlr in Scptember. However, the model has 
too much ice in the summer. 

Figure 5 shows the seasonal anomalous ri\'Cr OOIV and 
sea-ice cover for the ocean gridbox at the mouth ofthe Yene­
sei. Onc might expect that years with anomalously high 
summer river flow would decrease the salinity sumciently 
to allow water to freeze more easily the following fall , and 

thus be correlated with higher sea-ice cO\'er in subsequent 

seasons. Howewr, the figure shows that the sea-ice cover at 
the mouth of the Yenesei is not highly corre lated with river 
flow. A similar result holds at the larger scale of the entire 
Arctic Basin. The additional effects 0[' temperature must 
also be considered when exami ning sea-ice cO\·er. 

In addition to temperature and salinity, ice cO\'er in a 

particular gr idbox depends on whether ice is advected into 
or out of it. In fact, one mechanism for the removal 0[' fresh 
water from the Arctic Basin is by the advection of sea ice 
through Fram Strait. Figure 6 sho\\'s the model's annua l 
cycle of ice now through Fram Strail. The seasonal cycle 

shows that the model's maximum southward transport 

occurs in the late winter and early spring. However, the 
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model's mean annua l southward transport is less than half 
of the 2790 km 3 found by Aagaard and earmack (1989). 

The anomaloLls river flow into the Arctic was also exam­
ined to determine whether years or high runoff into the Arc­
tic were followed by anomalous flow through Fram Strait. 
IVlysak and others (1990) hypothesized that the "great sali­

nity" anomaly might be related to high ri\'er Oow into the 
Arctic, particularly [i'om the ~vIackenzie Ri\'Cl'. Since no 
such correlation was found at thc mOllth 0[' the Yenesei, it is 
not surprising that no such correlation has been found for 
the enti re Arctic Basin. The relatively short time period 

examined here, and model deficiencies, however, cou ld ac­

count [or this finding. A longer simulation, with finer hori­
zontal grid resolution , improved \'Crlical-mixing processes, 
improvcd ri\'Cr now and reduced climate drift shou ld be 
exam i ned . 

If' the anomalous ice ad\'cction is not correlated with 
fresh-water inno\\' to the Arctic Basin, are there other physi­

cal variables with which it might be correlated? Figure 7 
shows that the anomalous monthly sea-ice flow through 
Fram Strait is highly corre lated with the anomalous meri­
dional \\'ind speed at the latitude of Fram Strait. The corre­
lation cocflicient is 0.81. When the wind is anomalously 

strong and southward (northward ), the ice flow is anoma­

lously high and southward (northward ). 
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COl'er based all r I alsh andJohnson (197.9). 

DISCUSSION 

A model simulation \\'ith a g lobal coupled atmosphe re 

ocea n model and realistic ri\"Cr [l O\\' has been used to exam­

ine th e efTec t of ri\"C r [l ow on salinit y a nd sea ice in the Arctic 
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Fig. 6 . .1l1llual c),cle V Ih e model's lIorthwardflow V sea ice 
through Fram Strait, Based all Ihe last Sfl'ell ),em-s V the 
sillllllatioll. 

Ocea n. The couplcdmode l includes a new sea-i ce ad\"Cc tion 
model di sc ussed in a pre\'ious sec tion, Althoug h the coupled 

model and the riwr [lO\\' do not represent the present 

climate system perfectly, there a rc a number of results that 
ca n be useful for further Illodel de\'Clopm elll, and [or exam­
ining potent ia l physical processcs in high latitucles. 

Loca ll y, the Illodel shows (hat ri\ 'e r !lO\\' does afTect sa li­

nity at th e mouths of large ri\ 'e rs. For the ri\'Cr Yenese i, the 

high SUllllller runofTlO\\'Crs the surface salinity a t the lllouth, 

consistent with obsen 'ati ons. \\'hen the ri\'CI' flO\\ is signifi­
cantly hi gher (Io\\'er) than normal, anomalously 10\\' (hi gh ) 
sa linit y occurs in the adjaccnt coas tal area , Ho\\'C\'Cr, o ther 
physica l processes_ such as ocean o r ice transport, also afTect 

the surface sa linit ,", 

The model's corresponding relationships bet\\'een high 

runo!]' a nd increased ice cO\'e r arc less clea r. ~l)'sak a nd 
others (1990) found that increased ri\Tr !l ow ['ralll the ~Iack­
enzie Ri\ 'l'l' is positi\ 'Cly corre la tecl with sea-ice ex tent in the 
Bea uf'ort Sea, The res ult s ofthe present stud y arc morc sup­

pOI-ti\ 'C of th e results of\ \ 'eatherly (199-1-) and \ \'eatherly and 

\\'a lsh (1996): an ocean ice lllodel shO\\'Cd that increased 

ri\'Cr runo!Tdid not ha\'e a sig nificant effect on sea-ice thick-
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ness, prima ril y because the runoff acted to strengthen a n 
already strong haloc line in mos t regio ns. They did find a 
g reater impact on sea-ice thi ckn ess when r i\'C r now was rc­
duced. or course, ice rorma ti on a lso ck pends on temper­
a ture, \\'hich has not been examined here. 

The sea-ice ad\ 'Cc ti on model de\'eloped fo r thi s stud y 
was a lso used to exa mine a noma lous ice now throug h Fra m 
Strait into the Green la nd Icel and- Norwegia n (GI1\' ) Sea. 

The "great salinity" a noma ly is a n example o r a high-l a ti ­

tude phenomenon that has been suggested depcnd s on 
a noma lies in the Arcti c water budget (Dickson a nd others 
1988; M ysa k a nd Power, 1992). The model's anoma lo us 
rres h-wa ter inllow to the Arcti c was not dcliniti\'C ly CO ITC­

la ted with sea-ice [l ow into the GI:"J Sea. The sea-ice [l ow 
through Fra m Stra it was highl y co rrel a ted with the loca l 
meridiona l wind stress. This is consistent with the res ults or 
',,"a lsh a nd C hapm an (1990), who ca lcul a ted an a tmo­
spheric-pressure index between southern Greenl a nd a nd 
the Arc ti c As ian coast, a nd ro und that its ma ximum \ 'a lue, 

which occurred in the 1960s, \\'as consistent with enha nced 

v\·ind rorcing or olcler ice rrom the Arctic th ro ug h Fram 
Strait. It is a lso consistent with the results or the model stud y 
or H a kkin en (1993), who fo und tha t la rge ice exports rrom 
the A rctic were re la ted to a n anom a lo usly strong Iow-pres­
sure region in the Icel and Sea region. Additiona l study is 
needed to determine whether years or high southwa rd ice 

fl ow a rc associa ted with lower surrace sa linity in the GIN 
Sea. Thi s is somewha t difTicu ltto do with thi s model simu l­
a tion, because the ice flow th roug h Fram Stra it is so la \\'. 

The res ults here a rc based on a co upled model tha t in­
corporates m a ny different components of the hydrologic 

cycle to exa mine their interacti ons a t high la titudes. Addi­

ti ona l m odel improve ments a nd longe r simu lations a re 
needed to examine some of these results further a nd , in pa r­
ti cul a r, to study interdeeada l va ri abi lit y. 
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