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ABSTRACT. A hi g h-resoluti on GC~1 ECHA;\13 TlO6 was used to simul a te the 
clima tes of th e prese n l and of th e future under dou bled CO2, The ECHA~ 1 3 T I 06 \I'a s 
integ rated fo r a n eq ui\ 'alen t time of 5 years ( I ) II·i th th e obse n Td SST of the 1980s and 
(2) " 'ith th e SST [or th e 2 x C:O ~ c li m a te ge ne ra ted from th e ECHAi'd I T 2 1 co upled 
tra nsielll experiment. The m a in motil ',lli on [or using the GC .\[ to simula te th c mass 
balan ce is the Ie\ 'e l o f' skill in simulating prcc ipita tion and accumu lati on rece ntl y 
a chi e\'ed in the high-resolulion GCl\[ expe riment. The ablation is computed , based o n 
lh e GCl\1 internal surf~l c e flu ws a nd th e tempera ture /abl a tion relati onship formul a ted 
on th e Greenland flcld d a ta . Th e t\I'O ice shee ts sho ll' \"ET\" difTc rent reac lions lOll'a rd s 
d oublin g th e CO." As th e d ec rease in acc umulati on a nd th e inc rease in ablati on in 
G reenl a'nd ca use :1I1 a nnua l mean spec ifi c mass ba la nce o f' 225mm (eq, 390 km :' ), 
th e increase in acc umulatio n a nd \'irtu a ll \, non-melt conditi o ns in . \ nt a rcti ea res ult in 
a mcan a nnua l specifi c m ass bal a nce o f' + 23 mm eq , + 325 km:l ). The sum orth e mass 
ba la nce on bo th ice shee ts is equi\'a lent to th e annu a l sea -l e\T l ri se o r O,2 mm. This 
ex periment sho\I's th a t oth er m echani sms fo r sea-ICI'c1 change , such as th e th e rm a l 
ex pa nsion o f th e sea \I'a te r a nd the m elt of small m o unta in g lac iers, \rill remain 
i m porta n tin the com i ng ce n tu ry , 

INTRODUCTION 

G lacie r m ass ba la nce has bee n one or th e m os t import a nt 
components contro lling g lo ba l sea ICI 'C I. Am ong a ll ice 
masses in th e ,,'o rld , lh e Gree nl a nd a nd th e AntarCti c ice 
shee ts occ up y an important positi on iJo th in terms of their 

surface a rea a nd ice \ 'olum e. A ne\I' CI 'a lua ti on of lh e 

g lo ba l surface a rea and yo lulll e o r g laciers IT a bl e I ) 

shO\l's that Antarct ica prese ntl y has a n i ce -s urf~l ce a rea o r 
13 ,586 x I of) km 2 a nd 30, 11 0 x I Of) km :l ice \ 'o lum e. The 
co rres pond ing CJu a ntili es [c) r Gree nl a nd a re 1, 756 x 10(, 
km~ and 2,648 x I Of; klll :l, l"('s pec- tin' I)" , [n th e co nt ext 0 [' 

thi s pa pe r , sm a ll ice ca ps, \'a ll ey a nd 11l 0 uIllain g lac iers o n 

G ree nl a nd a nd .\nta rcti ca a rc inc luded under th e ice 

shee ts, This CI'a lu a ti on sho \I's th a t 97 % of th e g lac ier 
sur!ilce a nd mure th a n 99 ,8°;;, 0 [" th e g lac ier-i ce 1"()lumc 
are in G reenland a nd Ant a rc ti ca, Th e sea-l el"('1 cCJui\ 'a 
lent o[ th ese ice m asses is 7 ~L 6 Ill, The to ta l \ 'o lume o r a ll 

sm a ll g lac iers o utsid e Gree nl a nd a nd Anta rcti ca is at m os t 

20 cm in sea-Ic\'el cqui\ 'a lcnl. BOlh ice shee ts a rc th e refo re 

o f prim e impo rt a nc(' in es tima tin g future sea -l e\'C1 
cha nge , 

Th e simula tion 0 [" ["UtUIT m ass bala nce has bee n made 
e ither h>' a"s uming co nsta nt prec ipit a ti on o r Iw ass uming 

ce rta in sce na ri os O e riem a ns a nd o thers. 1993 ), R eac

t ion s o r th e Gree nl a nd ice sh ee t ha\ 'e a lso been 

ill\Ts ti ga tec\ in th c [()rm o r se nsiti\ 'it y tes ts Kuhn. 198 1; 

,\mbac h , 1985 ). [n recent >'Ca rs, it has beco m e possible to 

simul a te the fUlur e SST with a coupled tra nsient 

ex perim ent, which is a pre requisite [o r computing a 
d e tail cd conditi on ro r a tim e sna psho l. The problem o r 
th e coarse ness in g rid s, the nccess it y [c) r a genera l 
circul a ti on m odel (GCl\[ ) ex p erim ent h as bee n co nsider

a bl y imprOlTCI by introduc ing hi g h-reso lutio n g rid s, This 

imprOl'e ll1 cnt \I 'ill cert a inl y increase \I'ith th e appea ra nce 

of m <lss i\ 'e pa ra ll e l computers, Th ese conditi ons alt o
gether ha lT m a d e th c present sna psho t ex perim cnt s 
poss ible, This m e th od is consid e red to 1)(' superi o r to a 
m ere nes tin g o r a meso-scale mod el Il'ithin a coarse-g ri d 

GC:"!, beca use hi g h-reso lutio n C C ;\1 ca ptures sm a ll er 

stru c tures \I'hi r h m ay be import a nt fo r prec ipita ti on a nd 

'i urface-h ea t ba la nce , 

GCM EXPERIMENTS 

Th e pr ese nt c lim a t e \I' as s imul a t c d \I' ith th e 

ECH ,\\13 Tl 0G m od el \I'hi eh has a n ('Cjui\ 'a lent grid size 
0 1' "bo ut 120 kill , Th e mod el Il'as integra ted [Cl r 51 yea rs 
using th e o iJsc lYed bound a n ' conditi ons o r th e ll1id-1 9HOs, 
This contro l run Il'a s Ll sed to tes t th e ca pa bilit y o r th e 

high-reso lutio n GC:"f a nd al so to eyaluate th e d eparture 

of th e 2 x C:O ~ scena rio expe rim ent (Arpe and o thers, 

1995 ), In th e second run , th e TI 06 atmosph eric m odel 

18 7 https://doi.org/10.3189/S0260305500013434 Published online by Cambridge University Press

https://doi.org/10.3189/S0260305500013434


Olzmura and others: GeM simulated mass balance oj the ice sheets 

188 

Table I. Present area and volume of glacier ice 017 the globe 

Region 

G reenla nd 
Icela nd 
Canadian A rctic Isla nds 
J a n Mayen 
Sva lbard 

Zem lya Franza Yosifa 
Novaya Zem lya 
Severnaya Zem lya a nd 

O strav Ushakova 
O strova de Langa, Ost rov 

Vrangelya a nd others 

I\orth America (con tinenta l) 
Scand in av ia 
Alps 
Pyrenees and Cord illera 

Cantab ri ca 

Ca ucas us 

Ura l 
Asia 
Africa 
New Zealand 
South America 
Sub-Antarct ic islands 
An tarctica 

T ota l 

Surface area 
103 km 2 

1756 
11 

152 
10 J 

37 
14 

23 

19 

10 J 

124 
3 
3 

10- 2 

1 
10 2 

92 
10 2 

I 

25 
7 

13586 

15855 

l ee volume 
103 km 3 

2648 

15 
10 2 

4 

I 
2 

2 

10 2 

12 
10 J 

0. 14 

10 3 

10 J 

10 3 

9 
10 3 

10 J 

3 

30 11 0 

32809 

Source 

W eidick (1995 ), Ohmura (198 7a) 
Bjornsson ( 1986) 
Ommanney (1972 ) 
Field ( 1975 ) 
H aeberli a nd o thers ( 1989 ) 

H ae berli and others ( 1989) 
H aebe rli and others ( 1989) 

H ae berli and o thers (1989) 

H aebe rli and o thers (1989) 

H aebe rli and o thers ( 1989) 
Ostrem and o th ers ( 1988) 
C hen a nd O hmu ra ( 1990) 

Hae berli and o thers ( 1989) 
H aebc rli and o thers (1989) 

H aebe rli and o thers ( 1989) 
H aebe rli and others ( 1989) 
H as lenra th ( 1984) 
H aebe rl i and others ( 1989 ) 
H aebe rl i and others ( 1989) 
:\Iercer ( 1967 ) 

D rewry (1983 ) 

Fig. I . ;lnnl/altotal jJrecijJitation ( 11111/ a I) sillluLated b), the ECH ."LI /3 CCJI ! with different hori;:,ontal resolutions. From 
left to right , T21, T42 and T 106, resjJectivelx 
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FI/!, . 2. Call1/Jarisol/ of the com/JIlted (right ) al/d obser1;ec/ (Llyt) al/Ill/al tota/ /Jreci/Jitatiol/ ( ///111 a I) Jor Greell/al/d. Th e 
observation is ajier Ohll7ura and Reeh ( 1991 ) . 

was integrated for 5~ yea rs with th e presc ribed boundary 
condi tions of SST a nd sea-ice distributions a t the time or 
2 x CO2 ex trac ted from a low-resolution , fully coupled , 
a tmosphere-ocean transient GClVI expe rim ent. Th e C O 2 

scena rio used is IPCC Scenario A (Cubasch a nd oth ers, 

1992) and the expected tim e for 2 x CO 2 is AD 2045 . 
The tim e domain considered in the present expe ri

ment is less than one century. This rather short tim e span 
a llows one to consid er th e m ass-ba la nce process purely as 
a surface-exchange phenomenon , without il1\'olving 

d ynamic aspects of ice shee ts (Abe-Ou chi , 1993). 

SIMULA TION OF THE PRESENT 
PRECIPITATION 

The capability of the prec IpIta tion simulation increases 

with the refin ement of th e horizontal resolution of the 
mode l. Th e seq uence of thi s d eve lopm en t is shown in 
Fig ure 1 (o r experiments with 1'2 1, 1'42 a nd 1'106 
reso lution. which g ive mean prec ipit a tion 0[785, 585 a nd 
495 mm yea r I, respec ti\ ·ely. N o t onl y th e regional mean 

bu t th e regional pattern of th e precipi tation di stribution is 
impro\'ed with improvem ent of th e horizonta l resoluti on. 
As th e reso luti o n is increased, th e surface topography 

becomes more reali stic. The Atlantic air mass in winter 
a nd the Canadian air mass in summer, heading towards 
Greenland , produce a reasona ble a mou nt of prec ipitat ion 
on th e steep a nd realistic ice-shee t marg in , pren>nting a n 

i l1\'asion of the excess i "cl y mois t a ir mass in to the in terior, 

thus a lso preventing th e a ppea ra nce of the continenta l
sca le overestimation of precipitation. In Figure 2, the 
1'106 com parison wi th the observed preci pi ta ti on dis
tribution is presented [o r Greenland. The occ urrence of 
the hig hes t precipitation on the south east coas t, the sha rp 

la titudina l d eclin e on th e so uthwest coas t, th e zo ne of 

hig her precipitation on th e west slope, culmin a tin g in a 
maximum north of l\f elvill e Bay, a nd th e driest a rea 
north of Summit are we ll represented. After stud ying 
o th er clim a tic elements, it ca n be conclud ed th a t 
precipitation is proba bl y th e mos t impro\'ed of all 

elements when th e hori zo nta l resolution is increased . 

The compa ri son in Fig ure 3 also demonstrates th a t the 
main features of the precipitation distribution in Antarc
tica a rc a lso \\-e ll ca ptured by th e present mod el. 

jVfore qua ntitat i\ 'e ly meaning ful an a lyses can he mad e 
by co mpa ring the acc umulation , beca use w ha t is 

obsen 'ed on th e ice shee ts is accumulation ra ther than 
meteorological prec ip ita ti on (T ab les 2 a nd 3). Th e CO I11 -

puted acc umul at ion is defined as th e difference between 
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Table 2. Components related to the annual mass balance Jar Greenland (unit mm w.e . a I) 

o bservat ions 

1. Annual preci pi tation 340 
2. Annual acc umulation 

or solid prec ipita ti on 
minus evaporation 3 17 

3. Annual a bl a tion based 

on energy ba lance 
4 . Annual a bl a tion based 

on summer tempera ture 200 
5. Storage cha nge and ca lving 

2- 3 
2- 4 117 

Sources Ohmura a nd 
R ee h ( 1991 ) 

Fig. 3. Comparison oJ the observed (upper) alld comjJuted 
(lower)amlllaL totaL jJrecipitation (mllZa ') Jor Antarc
tica. The observed is after GiovilletLo and others ( 1990) . 

A10del experiments 
Control 2x CO2 2 X CO2 - Control 

494 492 - 2 

426 405 - 21 

228 425 197 

146 353 208 

198 - 20 - 218 

329 52 - 229 

This stud y 

th e solid precipitation a nd evapora tion , both of which are 

mod el computed. This quantity is more directl y compar
able with th e fi e ld-obsen 'ed acc umulation , as the 
eyapora tiye loss is taken into acco unt. For Greenland , 
th ere is a n <werage difference of 110 mm between the 
observed a nd the simula ted values. The difference is 

probably no t large enough to disqualify th e computation , 
as th e obse rved acc umula tion evidentl y rep resents a 
somewh a t lower val ue at thi s stage. Underestimation of 
the co 1l\"C n liona l preci pi ta lion mcasu remcn ts (Sevru k, 
1993 ) a nd the drift loss of snow must be added to the 
observed va lues. In Antarctica, the simu lated va lue of 

J 97 mm comes \'ery close to the recent re-evaluation of 
184±37 mm by Giovinetto a nd o thers ( 1992 ), in which 
the drift loss is compensa ted. 

SIMULA TION OF FUTURE ACCUMULATION 

U nder th e doubled CO2 clima te, acc umul a tion dec reases 
over slightl y more tha n ha lf of th e Greenla nd surface (Fig. 
4·) . A strong dec rease of more than 100 mm is projec ted in 
so utheas t Greenland. A modera te decrease is seen on th e 
wcst coas t. Synoptically seen the cause of the decrease 

differs from region to region . The d ec rease in south eas t 
Greenland is prim a ril y due to th e wea kening of the 
Iccla ndic Low in winter, while the dec rease on the west 
slope is th e result or th e tempera ture increase. Th ere is an 
increase in preci pi ta ti on and acc u mula t ion in the middle 
and north eas t. The increase in north eas t Green land 

ra nges li'om 50 to 100 mm , a substantia l cha nge from 
the present dry climate in th e region . Averaging entire 
Green land , a nnual total prec ip itation and accumulation 
d ec rease by 2 and 21 mm , respec tively. This decrease, 
d es pite the increase in th e moisture content in the air 
d emonstrates the importance of the cha nge in atmo

spheri c circulation in determ ining the precipita tion in 
Greenland, a feature reported by Kapsner and o thers 
(1995), based on the G ISP2 ice-core a na lysis. 

Over Anta rct ica und er the doubled CO 2 cl ima te, all 
precipitation is a lso so lid. The largest increase is observed 
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in th e coas ta l regio ns wh ere th e p rec ip ita tion is a t present 

la rge. T here is a lso a la rge difference between W es t a nd 

E as t A nta rc ti ca, w he re th e increase is 45 a nd 20 mm , 

res pec ti ye ly. F or entire Antarc ti ca, th e increases in 
prec ip it a ti on a nd accumul a ti o n a rc 25 a nd 23 mm , 
respec ti ve ly. Th e An ta rc ti c ice shee t is located c lea rl y 
po leward o f th e sub-pola r d epression zo ne. This hig h

la titud e pos iti on is th e m ain ca use for a n increase in 

prec ipita ti o n , being m ore direc tl y inOuenced by th e 

tem pe ra ture increase th a n by th e circul a ti on . 

SIMULA TION OF AB LA TION 

Th e comp ut a ti on of th e a bl a ti on was d one onl y fo r 
G ree nl a nd, as the Anta rcti c ice shee t does not melt under 
th e 2 x CO 2 clim a te . Thc m elt was co m p uted by two 
me th ods: th e GeM energy ba la nce a nd th e empiri ca l 

a bl a ti on / tempera ture rela ti onshi p. \vith res pec t to th e 

former method , th e a nnua l sum of net ra di a tion, se nsible

a nd la tent-hea t Ouxes were equated to th e to ta l la tent hea t 
o f fusion fo r th e year. This ass um pti on is justifi ed , as th e 
a nnua l to ta l heat conduc ti on is p rac ti ca ll y ze ro. The 
res ults of th e computa ti on we re compared aga inst th e 

obse rva ti ons made a t ETH Cam p in th e 199 1 su mmer. 

The me lt a mounts computed by th e GC i\I a nd obse rved by 

th e m ic rome teo rological Il ea t-ba la nce meth od (Ohm u ra 
a nd o th ers, 1994) a rc 66 .5 a nd 58 .1 cm w.e ., res pectively. 
Wh en th e e\'a po ra ti \'e loss is add ed , th e GC?'.I a nd th e 
microme teo ro logical obse rva ti ons yield to ta l a bla lions o f 

68 a nd 60 cm w.e. , respecti\·e ly. Du ri ng th e same peri od .. 

th e g lac io logica ll y d etermined a blat ion \\"as 35 cm \I'.e., 

Olll7wra and others: CCJI! simulated mass balance of t/ze ice sheets 

Table 3. COl7ljJarisoll of the CCJII-comjJllled and observed 
al/Ilual accumulation for Antarctica 

i\Iod el 
E C H M vI 3 TI 06 

Obseryed 
Buclel a nd S mith (1985 ) 

G iol' ine tto a nd Bull (1987 ) 

BrOlTI\'i ch ( 1990) 

Pe ixoLO a nd 0 0 r[ ( 1983 ) 
G iov ine tLO a nd o th ers ( 1992 ) 
Ya m aza ki (1994) 

Anl/ual aCClIl71ulat io ll 

for Alltarctica 

mm 

126 

143 

15 1- 156 

147 
184±37 

135 

A nnu a l so lid precipita tion , 224 mm , minus sublima ti on, 

27 mm 

ma inl y du e to th e growth of su pra-imposed ice, to \\'hi ch 

th e wa ter from higher a ltitudes e\'iden tly contri b uted. 

Although this compari so n was made onl ), fo r one site, th e 

present res ult indica tes th e G C M's ca pa bilit y of simula ting 
g lac ier a bl a ti on. Th e di stributions o f th e a bla ti on a nd th e 
mass ba la nce a re prese nt ed in Fig ure 5 . 

Th e second m eth od is based on th e obsen'ed re la ti on
ship be tween th e a nnua l ab la ti o n obsen 'ed with th e 

g lac io logica l mass-ba la nce m ethod a nd th e m ean a ir 

b~ 
.. ,.--.-.r.Y. ........... Sfl .. • .. ···· .. · .. ,·· ······ .. ·· ·· .. • O. 

Fig. 4. Change in aCClImlltation for Creenland aJ/d Alltarctiea ill mill a I ( 2 X CO2 millus 1 x CO2) , 
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T106 ME LT T106 MASS BALANCE 

Fig. 5. Distribution oJ the GC\J-sil1ll1lated annual ablation and mass balance under the /Jresent climate Jor Greenland. 

Units are in mm a '. 

tempera ture of the three summ er months, june, july a nd 

August, at th e sam e loca ti ons as presented in Figure 6 . 
Based on this relationship , the present a nd fu ture 
ab la ti ons are computed with the temperature distribution 
of Ohmura ( l 987 b) and the GeM-generated a ir tem
perature, res pectively. The future in crease ill a bla ti on d ue 
to th e doubling of CO2 was also est imated using the 

GCM-computed tempera ture. 

FUTURE CHANGE IN MASS BALANCE 

The ab lat ion towa rds th e middle or the nex t century 111 

Greenland increases substanti a ll y. The increase in a nnu a l 

ab lation is es tima ted a t 197 mm based on the encrgy
balance method, a nd 208 mm based on the ablationf 
temperature relat ionship. Remarkab ly, the two very 
dilTerent methods gi\·e an a lmost identical res ult. The 
cha nge in mass balance in Greenland is cha rac terized by 
a sma ll decrease in mean an nu al spec ifi c acc umu la ti on 

(2Imm ) a nd by a substantia l increase in mean spec ifi c 
abla tion ( 197- 208mm ). Based on this res u lt, Greenland 
will lose an nuall y abo ut 390 km 3 water in to the occan. 
Antarctica , on the o th er ha nd , will ga in 325 km 3 from the 
ocean due to th e increase in acc umu lat ion. The net 
annual discharge of both ice sheets, 65 km 3

, is equivalent 
to a n a nnua l sea- Ie,·e l rise of 0.18 mm . This situa ti o n 
makes o th er factors , such as therma l expa nsion of sea 
water a nd th e melt o r sma ll g lacie rs ( ~Ie i cr , 1984), 
importa nt in the com ing century. 

192 

4500 

• ETHCanv 

4000 
+ Nordboglelscl1er Stake 53 

• Oamanarssup sermia • • Slake 751 • 
3500 <> Pakltsog St.906 (Nr.20) 

l:. Pakllsoo 51.903 (Nr.5) • 
+ 

300 0 
l:. 

• 
6+ 6 + 

25 00 

l:. ~ 

2000 l:. 

0 
1500 

0 

0 

1000 

. 0 

50 0 

• 

·2 · 1 

JJA Mean Air Temperature 

Fig. 6. Relatiollshi/) between the anllual total ablatioll alld 
the mean air temperature Jar ]une, ]uL)1 and August Jor 
Greet/lalld. The ab/atioll alld tem/)erature data Jor stations 
nee/)t Jar ETH Call1j) h(ll'e been jJ1"Ovided b)1 H. Tltoll7sfll 
and R. Braitliwaite, respective!]' . 
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CONCLUSION 

A hig h-resol u tion GCM , ECHA~13 T I 06 was found to 

simul a te th e surface mass and energy ba lance or the ice 
shee ts with unpa rall eled accuracy . The numeri ca l experi
ments und er th e present and th e 2 x CO2 clim a tes show 
how diffe rentl y both ice shee ts will rea c t towards th e 

futur e c lim a te c hange . As Greenl a nd is predi c ted 

annua ll y to lose a bout 225mm w. e., Anta rc tica will 
reee i\"C 23 mm more th a n a t present. Th e combined effec t 
of th e mass-ba la nce changes on the sea-l evel cha nge is to 

ca nce l eac h o th er. This situation in creases th e effcc t o f" 
o th er fac tors, such as therm al expansio n or sea wa ter and 

th e m ass ba la nce or small er g lac ie rs o n th e sea !e,·el. Th e 
cha nge in sea le\'el into the middle orth e nex t cenLUry will 
be considerabl y sma ller than previo usly specula ted. 
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