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Large-scale ice-sheet Illodelling as a tneans of dating deep ice 
cores in Greenland 
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ABSTRACT. The three-dimensio na l ice-sheet modcl STC OPOLTS is used to simula te 
th e dynam ic/th ermodynamic bcha\'iour of thc ent ire Greenla nd ice sheet fro m 250000 a BP 
until tod ay. Extern a l forc ing consists of a surface-tem pera ture hi story co nstruc ted from 
ti lHO d a ta o f the GRIP core. a snowfa ll hi story co up led linearl y to th a t o f the surface 
tempe ra ture, a piece \l'ise linear sea-leve l scena ri o a nd a consta nt geotherm a l heat flu x. 
The simul a ted G reenl and ice shee t is im'Csti gated in th e \ 'icinit y of Sul11mit , the pos ition 
\l' he re the max il11ulll e ln 'a ti on is ta ken , a nd \l'here th e t\l'O drill sites GRIP a nd GISP2 a re 
situ a ted 28 km apart from each other. In thi s region, th e agreement be tween Ill odell ed 
a nd o bse n 'ed topogra ph y and ice tempe ra ture turns o ut to be very good. C om puted 
age- de pth profile s fo r G RIP and G IS P2 a re prese nted, w hi ch can be used to complete 
the d a ti ng of these co res in the deeper regions where a nn ua I-l ayer co ul1li ng is no t poss ibl e. 
H owe\ 'C r, a rtifi cial diff usio ll influences the computed ages in a nea r-basa l bo undary layer 
o f' a pproximately 15°;() o f th e ice thickness, so th a t th e age a t the bottom o f'th c co res cannot 
be p red ic ted ye t. 

1. INTRODUCTION 

The d ce p ice co res G RIP a nd G ISP2, w hich \I '(' re drilled 
close to th e highes t po int o f' th e G reen la nd ice shee t (" Sum­
mit" ) a t 72 3+' :\, 37 38' W, conta in d irec t and ind irec t 
inform alion on pa laeoclim atic conditi o ns such as a tm o­
spheric compos ition, surface lempera tu re, sno\l'fa ll r a tc, 
reaching bac k a l leas t 250000 yea rs inlo th e pas t (D ans­
gaa rd a nd olhers, 1993; SO\l'ers a nd o thers, 1993; :'leese a nd 
othe rs, 199+). In order to o bta in time se ri es of'th ese clim a ti c 
pa ra me ters. il is necessa r y to prQ\'ide age depth profile s o r 
the bo reholcs. This ca n be achi e\'Cd pa nly by co ullt ing 
a nnua l layers downward ; h o\~T \'C r, in th e IowCl' pan s o f ice 
cores, a nnua l laye rs canno t be resoh-ed (Johnsen and olhe rs, 
1992; ~leese a nd olhers, 199+). T heref'ore, fl o\l' modcl s must 
Iw used to compute age d eplh profiles rro m th e po int \I·he re 
a nnua l layers cease to be reso h-able dow n to th e botto m 0 [' 

t he ice sheet. 
H ere, th e lhree-dimcnsiona l tra nsie nl la rge-sca le ice­

shect m odel STCOPOLIS (G ['CI'e, 1995, 1997) is appl ied to 

th e G reenl a nd ice shee t a nd a simul a ti o n is presellt ed \I'hich 
cO\'Crs 250000 years o f' clim ate histor y. It is shOlI'l1 th a t th e 
prese nt sla te of th e ice sheet in the \'ic inil Y or Summit is IT ­

produ ced ve ry we ll a nd tha t th e simul a ti o n IJrO\'ides reason­
able age depth pro fi les exce pt for the \T ry near-bo tto m 
regH') ns. 

2. THE MODEL SICOPOLIS 

SICOPOLIS ("Sl mu la ti o n COde fo r POLy therma l Tee 
Shee ts" ) is a th ree-d i m ensiona l dyna m ic It hcrmodyna lll ic 
ice-shee t model \I·h ich si mula les th e li mc-dependent ex tem , 
thickn ess, veloc it )" tempe ra tu re, wa te r content and age fo r 
a ny spec ifi ed g rounded ice shee t as a response to ex te rn a l 
fo rcing. Extern a l fl) rc ing is g i\T n by (i) sur face tcmpera lure, 

(ii ) snowfa ll ra te, iii ) sea !e\'c1 surrounding the ice sheet, 
a nd (i\' ) geo lherm al hea t flu x from below. 

I n thi s stu dy, SICOPOLlS is applied to the Grecnland 
ice sheet, a nd a pa lacocli ma tic simula tion w hich cove rs th e 
period fro m 250 ka BP (he rc, BP refers to th o usa nd calenda r 
yea rs befo re prese nt ) unti l to d ay, is di sc ussed. The simul­
ati oll is dri\T n by the mea n a nnua l a ir-temperature (1;1)<1 ) 
reconsl r uct io n de ri \'Cd i'rom the OI~O profi le of the GR IP 
co re (D a nsgaard and oth ers, 1993) a nd the co nversion for­
mula (Johnse l1 a nd oth ers, 1995) 

1;1)" = Cl + ;J OI ~O +, ((i I ~ Or (1) 

\"ith n = -211...1°C, P = - 11.88°C x (per mil)- 1 a nd , = 
-O. 1925°C x (per milr 2 ( Fig. I). This re la ti o n is es tab­
li shed back to ma rin e-i sotope stage 5d, 11 3 ka BP; howe\ 'C r, 
in thi s stud v, it is used to compute a surface-tcmperature hi s­
w ry fo r the entire 250 ka co\ 'Cr ed by the 611> 0 d a la . Before 
11 3 ka BI~ the so-obta ined surface-tempera ture histo ry is 
smooth ed by 2000 yea r a\T raging and used as a reaso nable 
initi a li zat io n 0 [' th e simu la ti o n. The impact o f' the unce r­
ta int y le\ 'ci o f' Equati on (I ) o n th e ice shec t ca n be j udged 
by comp,Hing computed a nd m easured bore hole temper­
ature profiles. The di sc uss io n below (sec ti o n 3) shows th a t 
lhe di sc rep a ncy is less th a n 2 C throughout the borcholes 
G R I P a nd G lS P2. The effec t of these slight cicl'iati ons on 
the ice fluidit y clue tu th e lhe rl1l ol1l ec ha nical coupling is 
negli g ible w hen compa red to unce rta inti es in the ice rheol­

ogy itsei f' (e1u st content, a ni so tropy). 
The snowfa ll rate S, th e le mpora l c\'olutio n of'whi ch has 

a prono unced effect on computed age- depth profiles, is 
co upled linea rl y to the a ir-te mpcrature de\ 'ia ti o n 13.1;";1 = 
Till" - ~t) ~: I }l\' 

S St udil\' ( AT.) = . x 1 + 'sD. ma , (2) 

\I'ith " = 0.03°C - I. corres po nding LOa 75% reduclion of' S 
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Fig. 1. l1ir-temJlemtllreJorcillg 6.Tnw , sea -Ie lleljorcing Zsl, ice thicknesses H at CRIP (solid) and CISP2 ( dash -dotted), basal 
temjJeratuTeS 'Il, at GRIP (solid) and CISP2 (dash-dol/ed). 

fo r glac ia l conditions, specified by 6.7;na = -25°C (er. Cuf~ 

fey a nd others, 1995; Cut ler and others, 1995). Certain ly, th is 
is a simplified approac h. In reality, the ex istence of a unique 
rela ti on between S and 6.7;na, or, equi\·a lent ly, be tween S 
a nd 8 t80 is not g ranted , a nd spati a l \·a r ia bi lities in changes 
of S a re excluded completely in Equa ti on (2). In futme 
work, it should therefo re be a imed at rep lac ing simple para­
me teri zations like Equation (2) by more detailed inform­
ation obta ined by cl imate modelli ng (e.g. O hmura a nd 
others, 1996), 

For the sea-level, Zs\' which only affec ts the ice-shee t 
ma rg i n to some extent a nd is not crucia l for the temporal 
evo lution of the ice sheet in central Gree n land, a piecewise 
linear scena rio is applied (Fig. I), which represents a simple 
approx im ati on of current reconstructions (e.g. SPECMAP 
record, 1mbrie and others (1984); New Guinea record, 
C happell and Shackleton (1986)). For the geotherma l 
effec ts, a temperature-gradient bounda r y condition is 
imposed 5 km below the ice base to acco unt for therm al in­
erti a o f the li thosphere and the geotherrna l hea t flu x is kt'pt 
consta nt a t Q;eol h = 65 ill VlT ill - 2. 

H orizontal grid spac i ng is 20 km. The \-c rti cal resolut ion 
is 51 g rid points in the co ld-ice region, I I g r id points in the 
temperate-ice region (if existing) and 11 g rid points in th e 
lit hosphere. Emphas is is put on a 160 x 160 km windov\· 
a round Summ it where high- reso lut ion rad io-echo-sound ing 
data of the ice-surface a nd bedrock topogra phy a rc avail­
able (H odge and others, 1990) and where the GRI P and 
GTSP 2 dri ll sites arc located. 

3. RESULTS 

In add iti on to the ex tern a l fo rcing of 6.T ll1a a nd Zsl, Figure I 
shows the simu lated tempora l e\·o lution of the ice thick­
nesses H at GR IP and a t GISP2, H Gmp a nd H GISP2, res pec­
tive ly, a nd the tempora l evolution of the basa l temperatures 
1}, a t G RIP a nd GISP2, TGmp and T GlSP2, respectivel y. The 
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thicknesses fo llo\\· the a ir-temperature forcing in phase, 
because cen tr al Greenland is virtually not a fTected by ab­
lation but reac ts most sensiti vely to changes of the snowfall 
rate which is la rger during wa rm climates (sce Equation 
(2)). The agreement between modelled a nd absen Td pre­
sent ice thi cknesses is \·ery good. T he predicted G RIP col­
umn is 61 m thicker than obsen ·ed (3090 m instead of 
3029 m ) a nd the predicted GISP2 column is 32 m thicker 
than obse rved (3076 m instead of 3044 m). 

The basal temperatures do not change by n1.ore than 3°C 
during the simu lation, even though the a ir temperatures 
va ry by 27.7 °C. Th is is due to the impac t of the large ice 
thicknesses in the Summit region, which strongly dampen 
surface oscill a tions. Surprising ly, T GRIP a nd T GlSP2 are low 
during the wa rm Eemia n a nd their \'a lues a t the Last 
Glacial }.ifaximum 21 ka BP exceed today's va lues. Cooler 
basal tempera ture during interg lacial clim a tes is expected 
because ice veloc ity is larger, a nd this enhances advecti on 
of cold surface ice towa rds th e base. The counte rac ting eITect 
of enha nced strain heating is no t rele\·a nt close to ice domes, 
consequent ly the ad\'ecti on efTect is domina nt a nd wa rm 
climates enta il low basa l temperatu res a round Summit 
(and vice versa ). Agai n, the agreement for the present 
va lues is \·ery good: the predicted value fo r T GR IP is 
- 8.35°C as compared to a m easured va lue of - S.56°C for 
GRIP. The meas ured va lue for GISP2 is not yet published, 
so compa r ison with the - 7.90°C predi cted value is not ye t 
possible. 

In Fig u re 2 the measured (H odge and others, 1990) and 
simu lated present surface to pographies a nd ice th icknesses 
in the vicinity of Summit arc presented. The shape of the 
su rface top ography is reproduced very well, the most con­
spicuous di screpancy being the region above 3200 m elev­
ation, which is d istinctl y too la rge, Nevertheless, the 
di fference between simula ted and measured elevations 
nowhere exceeds 80 m and is approx imately 30 m at GRIP 
and GISP2. The di stance be tween the simulated a nd actua l 
summit pos iti on is 12.3 km. Be tter agreement is not poss ible 
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Fig. 2. The jmsent vicilli(J' qf Summit. ( a) .I Ieasu ,ed sUlJace tOjJograp'!y ( H odge and others, 1990), ( b) l17eaSlmd ice thickness 
( !-lodge and other.>. 1990), ( c) .,imllla/I,d sll'lJace topograIJ'~JI, ( d) simula/ed ice thickness. Solid squares show lhe CRi P jJosi/ioll, 
solid rh'des the CiSP2 position and open squares the jJosition qfthe simulated sZIInll1it ( on~)' ill pallels c and d). Surface eLevations 
in km a.s.l. (sjJacing 10 m), ice thickll esses in km (sjJacillg 200 11/ ). 

because orthe 20 km g rid resolutio n, The agreemen t fo r th e 
ice-thickn ess distribution is equa lly convincing. E\'C n 

tho ug h th e fin e st ruc ture of th e data (2 km reso lutio n ) ca n­

not be reproduced by the 20 km g rid, the m a in f'ca tures ( th e 
a lm ost closed 3200 m conto ur in th e sou thwest, th e 2800 m 

conto ur in th e cast, th e gene ra l decrease to\\'a rd s th e north­
eas t ) are ve ry wel l predicted. 

Fig ure 3 depicts th e computed present temperature a nd 

age profiles a t GRIP a nd GTSP2, a nd compa res th em with 

th e m easured temperature profi les (Cufrey a nd oth e rs, 1995; 
Jo hnse n a nd o th ers, 1995) and previo us datings ( Da nsgaa rd 

a nd o thers, 1993; Sowers a nd ot hers, 1993: l\ feese a nd o the rs, 

1994), resprCli\Tly. The agreement fo r the two tempera ture 
pro fi les is ve ry good , the d istinct improvement compa red to 

Creve and others ( in press) (th e sli g ht temperature imTr­

sion \\'as not reproduced in th at study ) being du e to the dif:' 
fe re nt O I 8 0-to-~ "H cOI1\ 'Crs ion with lower g lac ial a ir 

tempera tures a pplied here (sce Equ a t ion (I)). Thc com­

puted age- depth profiles a rc in a llll os t p erfect agreem e nt 

with th e obsenTcI datings in the uppe r parts of' th e two icc 
co res wherc th e la tte r were dete rmined from a nnu a l-laye r 

co unting. l n con trast, belo\\' 2000 III depth , the simulati o n 

pred ic ts ice up to 35 % younger compa red to the c1atings by 
D a nsgaa rd a nd o th e rs (1993), Sowers a nd others (1993) a nd 

M eese a nd o th ers (199-1} which is appa re ntly a conseq uence 
of th e full y three-dilllensionaltra nsie nt m odelling a pplied 
he re. 

Below 2500 m depth, hO\ol'c\'(' r, th e so lutio n schem e for 

th e age equ a ti on m a kes the predicted age- depth res u lts illl-
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prec ise for the foll owing reason. The age fi e ld A is ca lcul­
ated by 

dA 
-= 1 
dt 

(3) 

where d / dt implies the m a te ri a l time derivative which in­
corpora tes ice movement. The bracketed term in Equation 
(3) is a purely a rt ificia l ver ti cal difTusion wh ich is required 
for numerica l stabilit y. Th e value of the d i ITusi\'ity D .I\, 
DA = 5 X 10-8 m2 s - 1, is chosen to be as sm a ll as poss ible 
but la rge enough to ensure sta blc integration. Thus, an ar ti­
ficia l boundary condition at the ice base, Z = b(x. y. t), IS 

required: 

1 
-rnage 0_-

Smean 
(4) 

where m agc is the thinning factor, chosen as 17~age = 200 and 
Srneall is the mean snowfa ll ra te on the ice shee t (for furth er 
di scussion sce Greve and others (in press )). By choosing a 
typica l iee thi ckness [H] = 3000 m and a typica l vertical 
velocity [VH ] = 0.1 m a- l, th e time-scale fo r advection is 

tach' = [HJ/[Vi d = 3 x 10~ a 

a nd the time-scale for (a rtifi cia l) dilfus ion is 

tdiff = [H]2 / D A = 5.7 X 106 a . 

(5) 

(6) 

Obviously, t,liff » tach" so th a t the inlluence of the artificia l 
diffusion term on the computed age depth profiles is neglig­
ible except for a basal bounda ry layer where the res ults de­
pend on the art ificia l boundary cond ition (4). By conducting 
additional simulations with mage = 0, Grc\ 'e a nd others (in 
prcss ) demonstrated that the thickness o f thi s boundary 
layer is approx imately 15% of the tota l ice thicknes. in th e 
Summit region of the Greenland ice sheet, which corre­
spond. to the lowest 500 m o f the GRIP and GISP2 cores. 

4. CONCLUSION 

This study demonstrates that the large-scale ice-sheet model 
SICOPOLIS, when driven by a rea li stic pa laeoc limatic 
scenario of a ir tempera ture, snowfall rate a nd sea level, re­
produces the present sta te of the Summit region of the 
Greenland ice sheet ver y wel l. This good reproduction jus­
tifies using the model as a m eans of computing age-depth 
prou les for the deep pa rts of the GRIP and G ISP2 ice cores 
where a nnua l-l ayer counting is not possible. H ereby, the 
main shortcoming is the necessit y of including numerica l 
diITusion in the age calculation, which m akes the resu lts in 
a nea r-bottom bounda ry layer unreli able. Future work mu t 
consequentl y aim at avoiding this by either a dopting a more 

stable disc retiza ti on sc heme for the purely ad \'ecti\ 'C age 
Equation (3) o r by applying a dircct particle-tracing 
a lgo rithm. 

ACKNOWLEDGEMENTS 

The author w ishes to thank Dipl.-Phys. J\L Weis for aid in 
imprO\'ing the computer program and laying ou t the plots, 
Professo r K . Hutter for hclpful commcnts on the manu­
sc ript, Prolesso r D. R. MacAyea l for a ca reful a nd construc­
ti ve review, Dr S. J ohnsen for the temperature profile at 
G RIP, Dr J\. L etrcguilly and Dr S. Hodge for the topo­
graphic da ta of Greenland. The support of thi s vl"Ork by the 
Deutsche Forschungsgemeinschafi. is gratefull y ac knowl edged. 

REFERENCES 

C happdl.j. and "l. j. Shack le lOn. 1986. Oxygen isotopes and sea le\'e l. . "d­
Ulf . 324 (6093), 137- 1.\0. 

Cunt)'. K. I\I. , C. D. C ia\\', R. B .. \lI c)" 1\ 1. Stui\w. E D. \\'add inglOn and 
R. W. Saltus. 1995. Large .\ rn ic temperature change· at the \\ 'isconsin 
Holo,enc g lacia l t ra nsition. Scit'll cf. 270 (523~ \, 1-5.') .\:)8. 

Cu tler,:"!. N. , C. F. R aymond, E. D. Wadd ing ton. D. .\ . I\lccsc a nd R . B . . \1· 
ley. 1995. The effe<:l of ice-sheet thi ck ness change all th e accumulatioll 
hi story inferred from GISP2 layer thicknesses . . Iuu. Glaciol., 21, 26 32. 

Dansgaa rcl.\\'. alld 10 olhers. 1993. E\' idc n cc for gelle ral ins ta hilit \· ()J'past 
c1 ima tc lI'om a 250-hr ice-co re record. ,\ i,lure. 364 6.\3.\1.218 220. 

Gr("\'e, R. 1995. Thermolllcrhan ischcs \'e rha ltcn polythcrmcr Eissrhi lcle ­
Theorie. Ana lyt ik , :"!ulllcrik. (Ph .D. thesi s, ' Ji'chn ischc H ochschu le. 
Darmstaclt.) 

G re\'<'. R. 1997. t\ continuum·mechanical f()rll1u lationlor shallo\\' polyther­
mal ice shects. Philos. 7i(III.1. R. SOl'. Loudoll . A355.921 - 9N. 

Grc\T, R .. 1\1. \\'cis ancl K. HUller. In press. Palacoclimat ic t"\'olu ti on and 
presclll conditions of the Green land ice sheet in the \'icinity ofSunllllit: 
an approach by large·scale mode lli ng. Palrorlilllillrs. 

Hoclgc. S. I\1. , D. L. \\'right. j. A. Bradley. R. \\'. J acobd, 1'\. Skou ancl B. 
\ ·3ughn. 1990. D etermination of the sur!:lCc ancl brd LOpog raph) in cen­
tra l Grrenland. J (;Iaciol.. 36 122). 17 :m 

Imbric, j. (/lid 8 ollil'l'.,. 198.\. The o r bital theory 01' Pleistoccnc climate: 
support from a ,T\'ised chrollolog-> of the mari ne 0'110 record . i ll 
Berger, A. ,J Imbric, j. I-lays, C. K ukla and B. Sa ltzman. ecls . . I/ilall ko -
1'il(h alld clill/ale: 1/IIc/frslallC/illg Ihr resjJol7.,e 10 aslrollolllicalfo rrillg. Pal'l I. Dor­
c1rccht. etc., D. Rc-idcl Publishing Cn., 269 305. :\.\TO ,\ S I Series C: 
I\ lathemat ica l ancl Physical Sc iences 126. 

J o hnscn. S. j. alld.9 olhen. 1992. Irreg ul ar glac ia l il1tlTstad ia ls rccorckd in 
a ,le'" Greenland in' core . . \C,lm·e. 35916393. 311 - 313. 

J ohnsen. S . .J. , D. Dah l ~J cn scn, \\ '. Dansgaarcl and :\. S. Guncle, trup. 1995. 
Greenland pa/cotcmperaturcs c1cri\'CcI from C R I P bore hok tempera· 
ture and ice ('ore isotopc proli les. TeIlIlS, 47B (51, 62.\ 629. 

I\l ecse. D. A. allc/ 8 nlh fn . 199.\. Prel iminary c1epth-age scale ofth,. G I5 1'2 

ice COlT. U?RELSjJer. Rr/I.,9.J-1. 
Ohmura, A. , M. \\ 'ilcl ancl L. Bengtsson. 1996. Prescnt and IL,turc mass ba l­

ance of the ice shcet s simulatcd w it h CC.\!' . 11111 . Glaciol.. 23. 187 193. 
Sowers,T. allcl 7 ollrm . 1993 .. \ I 35.000-yca r \ ·o;tok-S PEC ;\I .\P common 

temporal ri·a m ework. Pnlro(f(lIlograplo', 8(6), 737 7G6. 

IUS received 15 November 1996 and accejJled ill revisedfoTll1 I FebruG1)1 /997 

310 

Downloaded from https://www.cambridge.org/core. 07 Dec 2025 at 22:30:40, subject to the Cambridge Core terms of use.

https://www.cambridge.org/core

	Vol 43 Issue 144 page 307-310 - Large-scale ice-sheet modelling as a means of dating deep ice cores in Greenland - Ralf Greve

