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ABSTRACT. A g loba l coupled a tmos ph ere- ocean mod el is used to exa mine th e 
hydrologic cycle of th e Arc ti c O cea n , Th e m odcl has a hori zo nta l reso lutio n of + x 5 , 
nine \'e rti cal layers in th e a tm os phere a nd 13 in th e ocean, Ri\ 'e r di sc ha rge into th e 
Arctic O cea n is in clud ed by a ll owin g run o ff rrom each continent a l g rid box to fl o \\' 
d o \\'nstream acco rding to a spec ifi ed directio n fil e a nd a speed th a t d epends o n 
to pogra ph )' , A 74 year control simul a ti o n o r th e present clim a te is used to exa min e 
\'a ri a bili ty o r th e hydrologic cyc le, including precipita ti on , sea ice, g lacia l ice a nd ri\ 'er 
di scha rge. A 74 vear tra nsient simul a ti on in whi ch a tm os ph eri c C O 2 increases each 
yea r a t a compound ra te of I % is th en used to exa mine po tenti a l cha nges in th e 
hydrologic cyc le, Among th ese cha nges a re a 4 C in crease in mean a nnu a l surface a ir 
tempera ture in th e Arc ti c O cean , a d ecrease in ice cOl'e r \\'hi ch begins a ft er 35 yea rs. 
a nd inc reases in ri\'er di sc harge and cloud CO \ T I". Th ere is littl e cha nge in th e ne t 
difference be twee n precipita tio n a nd evapora ti on . Also in th e tra nsient simula tion , 
g lac ia l ice on G ree nl a nd d ecr eases rcl a ti\ 'C to th e contro l. 

1. INTRODUCTION 

C omplex inte rac tions bctween th e ocea n a nd a tmos ph ere 
thro ugh th e hydrologic cycle m ay be pa rti cul a rl y sensiti\ 'C 

to c lim a te cha nge in hig h northern la titudes because of 

th e prese nce or sea ice , R ecent conce rns a bo ut climate 

cha nge have led to th e d e\'e lopment or g lo ba l clima te 
mod els \\'hi ch ca n simul a te pas t. present a nd ruture 
clim a tes . . \l a n\' studies have used a tmospheri c mod els 
\\'ith crud e ass um p ti ons a bo ut th e ocea n which is a 

criti cal component o f th e clim a te sys tem a nd must be 

in co rpora ted full y in to c limate mod els. 
Th ere a re a number o r impo rta nt iss ues in th e 

d e\'e lo pm ent o r co upl ed a tm os ph e re- ocea n m od e ls. 
Among th ese a re q ues ti ons rela ted to synchronous o r 
asv nchronous co upling because of th e different tim e-sca les 

or a tm os ph eri c a nd ocea n mod els; th e use o f flux 

co rrec ti ons to pre\'ent th e ocean mod el fro m drifting to a 

new clim atic sta te; g rid resolution; a nd th e use of regiona l 
ve rsus g loba l models. ?ll a na be a nd o th ers (199 1) used 
asynchro nous coupling with flu x co rrec ti ons o r hea t a nd 
fres h wa ter to pre\ 'ent th e coupled model from drifting to 
a n unrea listi c clim a te. \\ 'ashing ton a nd ill eehl (1989) did 

simula ti ons without flu x correc ti ons but foc used on shorter 
time-scales of d ecad es to a century a nd ass umed th a t a ny 
importa nt clim a te signa ls wo uld domin a te th e slo\\' c lim a te 
drift of th e mod el. Both a pproaches a re \'a lid d epending on 
th e typc of ex perim ents to be exa mined. In thi s stud y, th e 

second a pproach is ta ken beca use we a re interes ted in tim e

sca les or less th a n a century. 

Arcti c a nd sub-Arcti c regions a re o f" g rea t importa nce 
to clim a te studi es. Tce prO\'id es a maj or feed-bac k in th e 
clim ate s\'stem, COIl\'ec tion in th e North Atlanti c is o ne o f" 
th e m a jo r dri\ 'ing fo rces in ocean circul a ti on. Th e " g rea t 

salinity a noma ,,"" has ca ug ht th e a ttenti o n of m a ny 

peo ple due to its e frec t a nd possible impli ca ti ons on 

clima te (Di ckso n a nd oth e rs, 1988; f\l ysa k a nd o th ers. 
1990 ). Po tenti a l cha nges in prec ipita ti o n, e\'a pora ti on 
a nd ri\ 'e r fl o \\' ca n a fIi.'C t con\'ecri on , ice fo rm a ti on a nd 
sa linity, In thi s pa per. a g loba l co upl ed a tmos phere 

ocea n m od el is used to exa mine th ese po tenti a l changes , 

2. THE COUPLED ATMOSPHERE-OCEAN 
MODEL 

A co upl ed g loba l a tm osph ere- ocea n m odel is used in thi s 

stud y, Th e resolutio n is..j. la titud e x 5 lo ngitud e fo r th e 
hori zo ntal a nd 9 \'erti ca ll aye rs in th e a tm os ph ere a nd 13 
in th e ocean, Th e a tm osphere a nd ocean mod els a re 
co upl ed synchro no usl\' eve ry hour , A bri ef descripti o n of" 
th e mod el is g i\ 'C n he re. :\ more comple te d escription is 
a \'a il a ble ri-om th e a utho rs upon req ues t. 

The physics so urce te rms o f th e a tlll ospheri c m od el a re 
simila r to th ose or H a nse n a nd o th e rs 11983 ). Th e 
a tm os pheri e m od e l includ es th e C-Grid sc he me o f" 
Arab!\\'a a nd La mb ( 1977 ) to sok e th e momentum 

eq ua ti on a nd Russe ll a nd Lern er 's ( 198 1) linea r u pSlream 

scheme to ach-ec t po tenti a l enth a lpy a nd water \'a por, All 

sig nifi cant a tmosph eri c gases a nd ae rosols a re used to 
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calcula te the radi a tive source term. Th e model calcul a tes 
runoff which is added to ri ve r sys tems th a t a ll ow I·vater to 
mO\'e between grid boxes a nd to the ocean according to 
the me thod of :\1ill er a nd others (1994). 

Th e ocean model has a free surface, uses the linea r 
upstream scheme of Russell and Lern er ( 1981 ) fo r the 

ad\'ectio n of hea t a nd salt , a nd so lves the mass and 
momentum equati ons with a new C-Grid scheme. The 
model a lso ca lcul a tes th e fl ow of m ass, potenti a l enth a lp y 
a nd salt through 12 stra its which a re too na rrow to be 
resoh 'ed by the g rid resol u tion. Fresh wa ter is added 

direc tly to th e ocea n by prec ipita tion or ri ve r flow. 
For this pa per the ocean mod el includes the thermo

d yna mics of ice form a ti on but d oes not allow fo r th e 
ho rizonta l ad vec ti on o f sea ice . In the mod el, 0.5 m thi ck 
sea ice forms horizonta ll y when th e open ocean a ttempts 
to cool below the freez ing point. Sea ice thi ckens when 

excess snow is compac ted into ice or when the water 

below the ice a ttempts to cool below the freezing point. 
Sea ice melts both hori zonta ll y a nd ve rti ca lly with equ a l 
frac ti ona l redu cti ons when th e first ocean laye r a ttempts 
to warm a bol'C O°C . 

The purpose of thi s stud y is to exa min e componen ts of 

the hydrolog ic cycle in the Arcti c O cean and potenti a l 
cha nges associa ted with increasing le\'els of atmospheri c 
greenhouse gases . In the mod el th e Arcti c O cean is 
defin ed as a ll ocean a rea north of 68° N , including the 
Greenla nd , I ccla nd , No rwegia n (G IN ) Sea , and its to ta l 
a rea is 12.4 x 106km 2. The a nalys is is based on two 74 

yea r simula ti o ns with the coupled a tmosph ere- ocea n 
model. a control simula tion fo r the present clim a te a nd a 
tra nsient simula ti on in which a tmospheri c CO2 increases 
a t a compound ra te of I % each year. No flu x co rrectio ns 
a re used. The initi a l conditi ons for each simul a tion were 

the fin a l sta te of a 23 year integra ti on tha t started from 
Levi tu s's (1982 ) tempera ture and salini ty conditions. 

3. CHANGES IN FRESH-WATER INPUT 

Th e fresh-wa ter budge t of th e Arcti c O cean depends on 

prec ipita tion , riYer fl ow a nd th e advection of sea ice. 
Fres h wa ter is removed from the Arcti c by th e ad vec tion 
of sea ice , a mecha ni sm whi ch is not included in the mod el 
simula ti o ns here. According to Aagaard a nd Ca rm ack 
(1989), a pproxim a tel y 2790 km 3 of fres h wa ter mO\'es 
through the Fra m Stra it into th e GIN Sea each yea r. 

Figure I shows th e a nnu al cycle of th e mod el precipitation 
as compa red to the observed. The model reproduces the 
summer ma ximum a nd winter minimum but ge nera tes 
too mu ch preci pi ta ti on in a ll mon ths. [t is in better 
agreement with Legates a nd \Villm ott (1990) than it IS 

with Shea (1986) . 
Fig ure 2 shows cha nges in th e a nnual precipita tion 

durin g th e 74 yea r simul a ti o ns. Th e va ri a bility is 
approxim a tel y 10% of the mean a nd shows no long-term 
trend . Although there is e\'idence o f a 30 35 yea r cycl e 
between peri ods of higher a nd lower precipitation for the 
present clima te, it might nOl recur in a longer simul a tion. 

Th e net wa ter flu x a t the air/sea interface depends on 
th e diffe rence betwee n precipita ti on a nd e\·a pora tion . 
Fig ure 3 shows th a t th e a nnual net wa ter flu x increases 
for both the control a nd transient simula tions during the 74 
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Fig. 1. M olltlily precipitation ill the Arctic Ocean Jor the 
lasl 10 )lears of the control and iTansiellt simulations 
com/Jared with Ih e observations oJ Legates and WiILmotl 
( 1990) and Sliea (1986) . 
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Fig . 2. T em/Joml varialiol1 q/ annual /JTecipilalion in the 
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Fig. 4. Temporal variatioll oJ annual river flo w into the 
Arctic Ocean Jor the control and transient simulatiolls. 

year peri od. Si nce there was little long-term trend in 
precipita ti on , th ere must be a long-te rm d ec reasc in 

evaporation [or th e control a nd tra nsient simula ti ons. 

Th e reasons for thi s a re di sc ussed in sec ti on 5. Altho ugh 
one must be somewha t careful in dra wing conclusions 
based on a model th a t includes such a trend , the res ults 
indicate tha t there is no signifi cant cha nge in the net 
precipita ti on minus evapora ti on between th e control a nd 

tra nsien t im ul a tions. 
Ri ve r flow is a noth er compo nent o f tb e wa ter budge t 

in th e Arc ti c. In a previous stud y of a d o ubl ed CO 2 

clima te, Miller a nd Russe ll (1992 ) fo und th a t th ere was 
a n increase in ri\'er fl ow into th e Arc ti c O cean. Fig ure 4 

shows th a t ri ve r Oow a lso in creases in th e transient run . 

Wh en th e ri ver 0011' is combined with th e precipita ti on 

and evapora ti on , th ere is a ne t in crease in fresh-wa ter 
input in to the Arc ti c O cean in the tra nsient ex perim ent 
compa red to th e control. 

The wa ter flu x into th e Arc ti c O cean a ffec ts th e 
surface salinity. Although th e a nnual va ri a ti on of th e 

mod el sea-surface sa linit y is in phase with th e o bsen 'ed , 
there is a long-term d ec rease of 1%

0 in th e model surface 
sa linity during bo th the control a nd tra nsient simul a ti o ns. 
This is du e to seve ra l fac to rs including th e lack of ice 
ad\'ec ti o n to remove fres h wa ter from th e Arc ti c, th e 

increas ing trend in p recipitation minus eva pora ti o n, a nd 

th e excess ri\'er flow in to th e Arc ti c O cean. 
Clouds a re close ly linked with the g loba l hydrol ogic 

cycle. Fig ure 5 shows tha t th e mean a nnu a l cloud cove r 
increases during the tra nsient simul a ti on. In both simul
a ti ons cloud cove r va ri es seasona ll y with a max imum of 
85% in summer . T he principa l cha nge occurs in th e 

winter as th e cloud cove r increases from 50 % to 60 % in 

the tra nsien t si m ul a ti on . 

4. CHANGES IN SEA ICE AND GLACIAL ICE 

I ce prov id es i m portan t cli m a te feed- bac ks a thig h 
la titudes . vVh en th e clim a te wa rms locall y, bo th th e 
thi ckn ess a nd hori zonta l ex tent of sea ice d ec rease. This 
a ll ows more a bsorpti on of sol a r radi a ti on which in turn 
furth er wa rms th e climate. 
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Fig . 5. T empora! lIarialion oJ annual tota! cloud cover ill 
the Arctic Ocean Jor the control and transient simlllations. 

A major facto r th a t a ffec ts ice form a ti on a nd melting is 
surface a ir tempera ture. Fig ure 6 shows th e vari a ti on of 

a nnua l surface a ir tempera ture in th e Arc ti c O cean for th e 

con trol a nd tra nsient simula ti ons. Although the a \'e rage 
tempera tures in the Arc ti c increase by nearl y 4°C by th e 
end of th e simula ti on , th ere a re a lso signifi ca l1l tempora l 
a nd spa ti a l va ri a ti ons. The surface air tempera rure is 6a C 
wa rm er in the winter a nd onl y a bo ut 1°C warmer in the 

summer. The a\'e rage surface a ir tempera ture d ec reases by 
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Fig. 6. T emporal llariation q! (!IlI/ua! sUI.face al1 

telll/Jeratllre ill the : I relic Oceall .for t/ie cOlll ro/ ({nd 
trallsient simulatiollJ . 

more th a n 4 C in th e Ba rents a nd GIN Sea regIons a nd 
increases by more th a n 6°C in mos t of th e res t orth e Arc ti c 
O cea n. Th e higher winter a ir tempera tures a re consistent 
with th e higher winter clo ud cove r discussed in th e 
pre\'io us sec ti on. It sho uld a lso be no ted th a t in th e 

tra nsient simula ti ons of H a nsen a nd o th ers ( 1988) in 

which ocean hea t tra nsports were spec ifi ed a t consta nt 
\'a lues, such reg ions orcooling did no t ex ist. Th e coo ling is 
rela ted to cha nges in ocean dy na mics, including red uced 
tra nsports of hea t by the ocea n into th e region. 

Fig ure 7 shows th e compa ri son of the mod el's monthl y 
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cli ma to logy of' ice cove r fa r the las t 10 years o f' each 
simula ti on with th e obse rva ti ons of \Yals h a nd J ohnso n 
( 1979) . Th e model reproduces the a nnua l cycle except 
that it is 10- 15% too low compa red to the obse rva ti ons. 

On e problem in th e simul a ti on is th a t mos t of the sea ice in 
Lh e G I N Sea has melted in th e control run . The ice cover 
is sign ifi can tly red uced for the tra nsien t si m ul a Li on. Th e 
ef'reCl is pa rti cul a rl y pro nounced in the sum mer where th e 
ice cO\'er is reduced b y a bouL ha ll'. 

Fig ure 8 shows the a nnua l ocea n ice cO\'er during th e 

74 year simul a ti o ns. For the present clima te th ere is a 
sma ll increasing t re nd with cycl ic varia ti ons. Th e two 
periods of' max imum ice eO\'e r a t ~!ea rs 25 a nd 60 
corres pond to the peri ods of minimum precipita ti o n 
show n in Figu re 2. The tra nsient sim ula ti o n cha nges 
simil a rl y to th e con trol run for th e first 35 years, a fter 

which the ice cove r continues to d ecrease . At th e end of 

th e tra nsient simula ti on. the mean a nnua l a rea of the 
Arc ti c cO\'e red by ice has d ecreased from a pprox imate ly 
60% lO 50%. 

In acldi tion to sea ice, g lacia l ice is likely to respond to 
clima ti c change. A cri tica l q uestion is wheth er in creased 
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Fig. 8. Tfm/JOra/l'Oriatioll oJ anllllal oceall ice cover ill Ihe 
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tempera tures will lcad to a net decrease in glac ia l volume 

or to increased snow a nd subsequ ent growth of glaciers. 

:"Ielting g lac iers wo uld lead to increas ing sea levels a nd 
would ha ve sig n i [j can t i m pac t on huma n ac ti vi ti es . 
Figure 9 shows the difTi:Tence betwee n the a nnu a l g lacia l 
ice growth of the tr a nsient a nd control sim ula ti ons. In 
bo th hemispheres there is a net red ucti on o f' la nd ice in 

th e tr ansient simula tio n rela ti ve to th e control. Th e inter

a nnu a l \'a ria bility of la nd ice i higher in the N orth ern 
H emisph ere. R ela ti ve to th e control th ere is sli ghtl y more 
ice acc umul a ti o n in th e Anta rct ic interi or in th e tra nsient 
ex perim ent bu t sig nifi cantl y more mel ting nea r th e edges. 
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aeclImlllalion jor Ihe transienl eXjJel'iment minus the 
eonlrol . T he contra / is based on a 9 year average so thal 
the ill ter-annual lI{[riabilily oj the transient experiment is 
re/JI'esen ted in the graph. 

5. DISCUSSION 

70 

One of the m ajor goa ls of clima te modeling is the 
develop men t of mod els th at a re suffi cientl y rca listi c lo be 
ab le to prcdi c t future clim a ti c cha nge in res ponse to 

increases of a tmosph eric greenhouse gases . Alth oug h 

cou pled a tmosph ere- ocean models a re still being im

proved , it is possible to exa mine clim ate-cha nge scena ri os 
no\\' a nd lea rn how th e present ge nera ti on of clim a te 
models respond to such cha nges. Th e insig hts from such 
studies im pro\'e our und ersta nding of the clima te system 

a nd its va ri a bility. 

In thi s stud y, potenti a l cha nges in th e hydrologic cycle 

o f th e Arcti c O cea n a re exa min ed usin g 74 year 
simula ti ons, a control fo r th e prese nt clim a te a nd a 
tra nsient experiment in which a tmospheri c CO 2 leve ls 
increase a t a compound ra te of 1 % per yea r. Th e la tter 
co rresponds to a do ubling of CO 2 at year 70. Altho ugh 

the mod el surface sa linity is not in stead y sta te for th e 
present cl ima te, a number o f interes ting res ults emerge. 
Th e d ec rease in ocean ice co \ 'C r in th e tra nsient 
si m u la ti on does not become a ppa ren t u 11 til after year 
35 . This begins a t th e same tim e that the clo ud cove r 

sta rts to increase. 

Altho ug h the results of this stud y show th at there a re 
clima ti c cha nges in the Arcti c O cean in response to 
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m creasll1g CO2 le\'e ls, th e changes in prec ipita tion a nd 
th e ne t water flux (precipitation minus evaporation ) arc 
increasing a t a similar ra te in both th e control and 
transi ent simul a ti ons. This is primaril y because the 
eva poration is d ecreas ing in both the contro l and 

tran . ient imulation s. I n th e co ntrol thi s decrease 
a ppea rs to be associated with an increase in Ice cO\'er 
that reduces e\'aporation by reducing the area of open 
ocean. In th e transient case the reason for the decrease, 
wh ich is of th e sa me order in summer and winter, is more 

complex. D ec reased C\'aporation in the tra nsient case is 

du e primaril y to the d ecreased sea-sUl{ace temperatures 
(SSTs) in the G I N a nd Barents Seas. Since SSTs in th ese 
regions are much hig her than in thl' rest o f'the Arctic and 
sin ce evaporation is a non -l in ear f'un c tion of tem pera lUre, 
the increased e\'aporation in th e rest of the Arc ti c due to 
less, ea ice and warmer SSTs is not sufTi ce nt to out\\'e ig h 

th e d ec reased evaporation in th e G IN and Barents Seas. 
SSTs decrease in these regions for at leas t two reasons 
assoc ia ted with ocean dynamics. First, co n\ 'ec tion is 
reduced , which reduces th e amo unt of sub-surf'ace 
\,\'armer water th at is mixed inlO th e surface la ye r. 

Second ly, the northward tra nsport of hea t into the G I N 

Sea d ecreases in th e transient simul a tion. 
Oth er changes that occur in th e tra nsient simu lation 

are that th e thickn ess a nd hori zo ntal ex ten t of sea ice 
d ecrease in the transient ex perim ent , whil e air tempera
ture, cloud cove r a nd river di scharge increase. Th e 
absence of sea-ice ad \'Cct ion in th e model and the 

decreasing trends in e\'apora tion and sea-surface sa linit y 
make it ha rder lo draw firm conclusions from the 
simu lations. Th e complex nature of' inte ractions amo ng 
different compon en ts 0(' the c limate sys tem at hig h 
latitudes do indicate th a t on ly by using coupled a tmo

sph ere- ocean ice models ca n one expect to include the 

important feed -backs which occur. 
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