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ABSTRACI. M ean values of the oxygen-isotope rat io relative to standard mean ocean 
water (8IBO, in %0) reported for L~6 sites on the Green land ice sheet arc compiled together 
wi th data on mea n annua l surface temperature, latitude, 81110 elevation, and mean annual 
shortest distance to the open ocean denoted by the 10'Yo sea-ice concentration boundary. 
Stepwise regression ana lyses, with 8180 as the dependent vari able, define two robust 
models. In the forward mode at the 99.9'% conridence level, only temperature enters the 
model. In the backward mode at the 95% con fidence level, only temperature, lat itude and 
distance to the open ocean remain in the model. Im'e rsions of the models on the basis of 
160 gridpoint locations 100 km apa rt in the area delimited by the surface eCJu ilibriumlin e 
produce four contoured di stributions of b IBO. Two d istributions arc based on the biYariate 
model and two on the mu lti \'ariate mode l. The second distribution for each model is 
obtained substituting mean annua l surface-temperature \'alues obtained from the Nim
bus-7 Temperature Humidity Infrared Radiometer (THIR) database. All four distribu
tions arc considered valid, and differences between them are evaluated using contoured 
anomaly maps. It is suggested that the inversion of the multi\'ariate model using THIR 
data prm'ides the more reliable pattern for stud ies of atmospheric advect ion or for the 
derivation of ice-now acUustments for 81110 series obtained from deep-co re or ablat ion
zone sites. 

INTRODUCTION 

:'.fulti-year mean yalues of 180/GO relative to standard mean 
ocean water (S:'.10W) (81110, in %0 ) determined from samples 
coll ected on the Greenland ice sheet arc used in climatologi
cal and glacio logica l investigations (e.g. Reeh and others, 
1987b; C lausen and others, 1988; Johnsen and others, 1989). 
This study presents stepwise sta tistica l analyses based on 
8 180 reported for 46 sites (Fig. la ) as the dependent vari
able, and four independen t var iables: latitude (L, in ° N ); 
surface elevat ion (H, in m ); mu lti-year mean surface temp
era ture (T." in K ) normally determined from 10 m borehole 
temperature, mean surface temperature in 1979 (T. , in K ) 
obtained by bilinear interpolation from the Nimbus-7 
Temperature Humidity TnrraredRadiometer (THIR) data
base (Com iso, 1994); and m ulti-year mean shortest distance 
to the open ocean denoted by the 10 % sea-ice concentration 
boundary (D, in km) obtained ri'om the Nimbus-I Sca n
ning Multichannel Microwa\'C Radiometer (Gloersen and 
others, 1992). Use of a different sea-ice concent ration bound
ary to denote open ocean (e.g. 20% open water) does not 
introduce sign ifi cant differences in the stati stics. The pur
pose is to define mu ltivariate models appli ed to a 100 km 
grid database (Figure Ib ) and produce con toured distribu
tions of 8 IRo. These distributions may be used in ad\'ee tion 
stud ies (e.g. J ohnsen and others, 1989) or to derive ice-f1 ow 
adjustments (e.g. R eeh and others, 1987a). 

In the following sections, the statistics arc signiricant at 
the 99.99°;(, confidence level (F statistic under the null hy
pothesis showing a probabilit y of P ::; 0.0001) unless stated 

otherwise. A confidence level selected [or a particular model 
to determine which \'ariables contr ibute at that level (or bet
ter) to the explanation of \'ariation is a separate statistic 
from the P-\'a lue attained by the model. 
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SAMPLE SITE DATABASE 

T he initi al compilation included data for a total of 62 sites 
(after the analyses were completed we were informed of a 
few 1110re sites available for northern Greenland (K. Steffen, 
personal communication, August 1996)). Data for 46 of the 
62 sites were retained for ana lyses; these are from Mi.iller 
and others (1977), Schriber and others (1977), Clausen a nd 
H ammer (1988), C lauscn and others (1988), J ohnsen and 
others (1989), Dansgaard and others (1993), Crootes and 
others (1993) and Fischer and others (1995). Most of the data 
for 18 sites from Fis her and others (1995) were obtained by 
interpolat ion. Actua l \'a lues were obtained after the ana
lyses were completed (H . Fischer, personal commun ication , 
August 1996). The differences between the interpolated and 
actua l values a rc minor. The largest differences arc in eleva
tion; differences in latitude and longitude would introduce 
small changes in D and T.. va lues. However, use of the actua l 

values would not introduce sign ifi cant changes in the statis
tics presented in this study. 

Data for 14 si tes were exeluded from the analyses because 
the samples were co ll ected in the ablat ion zone or in areas of 
widespread summer melt a nd percolation. These were 
Warming Land (81.50° N, 52.0 ' W; Reeh and others, 1987b), 
nine sites in the Thule area cente red at approximately 
76Y N, 68° W (Reeh and others, 1990), Paak it soq (69.75 N, 
49.0" W; Reeh and others, 1991), SLOrstl'0lll.men, (77.40 N, 
23.0° W; Reeh and others, 1993), and Drill Sites I and n, at 
approx imately 70.00° N, 49.5 W, a nd 69.92 ° N, 49.4° W, re
spectively (Clausen and Stauffe r, 1988). 

The reliability ofT.. values interpolated from the THJR 
database with a resolution of approx imately 30 x :l0 km 
(Comiso, 1994) was assessed by a simple regression of the 
f()rm T = f(T) (N48, where N denotes the number of sites 
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Fig. 1. (a) Greenland, "howing the localioll qf the -1-6 data sitesJor ll'ilich {y/IJo ['alues have been re/Jorted (}idl sqllares: some 
overlap). ( b) Schematic mall Q/ Greenland. The outer, thin lille i.1 rough[r [oillcident wilh Ihe [oasILille. enclosing an area rep
resented ~)1 216gridJloinls 100 kill a/)(III. The dOl/ble line is rouglzb' coillcidenllcilh Ihe ball/le/m)' qflhe [onlmnillolls ice sheel, an 
area rejJresented ID' 187 grid/JOillls. The illlw; thick lille is all a/l/nO\ illlalioll to the /1O,litioll qfthe eqllilibrium line that £'!Idose,1 all 
area rejJresented ~Y 160 grid/Joinls (Ihe boul/dm)' qflhe areas is shaH'" in Figs 2 alld 3). 

in th e se t: the coefficient of correlation (R ) is 0.966 a nd the 

roo t mean squ a re residual (rms) is 0.8\). D a ta fo r two sites 

showed the largesl departure (> 3 I'ms' : Site V a n the :'-:orth 
ice cap, 77.07 :'-J,70 . ..J. \\' ('\li.ill e r a nd others, 1977; Schriber 
a nd o th(']'s, 1977), a nd a sill' o n the Renl a nd ice cap, 
(71.25' 1\',27.5° W; J o hnscn and Olhcl'S, 1992; H ansso n, 1994 ). 
Da la for these s ites were excluded from th e a na lyses dis

c ussed below. 

The descriptive sta tistics for th e N4-6 se t (sce Table I) 
show that the mea n of 7;, is pract ica ll y th e same as th a t o f 
'I." although the sta ndard de\'ia ti o n a nd ra nge of 7;, \ 'a lues 
a rc much sm a ller. Ne\'ertheless, the correlation m a trix 

Table 1. Desai/llille slalislics 

N+6\ bl.' O L 

'}oo :\ 

~lcan: :l1S5 71.17 
3,2:1 3,13 

36.75 (,:,.55 

11 

111 

2711 
302 

l:lO() 
Std dCI',: 
'dinill1l1l11 
:\i aximum: 25.30 82. 19 :,2:,8 

rNI60 

:-'kan: 
Stdd('\-_: 
i\li ninl um: 
i\iaximulll: 

L; 

N 

733'1 
1.89 

1i:Z30 
112.()O 

11, 

111 

2188 
!iO:) 
!iOO 

3200 

(1able 2) shows th a t where there is strong co rrel a ti on 

between T., a nd o th er \'ariablcs (6180 , H), these remain 

stro ng when 7;, is substituted . The slepwise a na lys is of 0 IBO 
= f (L , H , T." D) a t the 99.9% confidence \evel shows that 'I., 
is th c on ly variable to enter the model in the forward m ode 
o r remain in th e model in the backward mode (1:,ble 3), de
lining a robust bi\'ariate m odel (R is 0.986, rms is 0.55): 

bl~O = -202.1 72 + 0.691 T., (1) 

The sa me result is obta ined fi'om runs in the forwa rd 
m ode at th e 95% a nd 90'% co nfidence le\'(' ls, Ho\\,e\'er, the 
res ult from runs a t these conlide nce \e\'Cls in the bac k\I'ard 

T, 7~ D 

I" "- km 

2+6.7 2+6.7 637 
Hi 3.1 231 

2+0.7 2+3.0 232 
23fi,(i '152.7 1:,98 

T,; ~·i D, 

K "- km 

2+9,1 2+8.7 677 
,'i.H 1,,1 297 

24 1.0 212.5 no 
263,()() 261.0 1365 
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Table. 2. Correlation matrices 

(N46 ) bl ~O L H T, ~. 0 

%0 :\J m K K km 

61"0 1.000 0.228 0.872 0.986 0.96~ - 0. 176 
L 0.228 1.000 0.2 11 0.266 0.1 78 0.809 
H 0.872 0.211 1.000 0.8n 0.896 0.207 
T, 0.986 0.266 0.873 1.000 0.966 - 0.181 

~ 0.962 0.178 0.896 0.966 1.000 0.1 25 
D 0.176 0.809 0.207 - 0.181 - 0.125 1.000 

(N I60) (,1 1' 0 )"" (b1'0 ),,", L i H i T'i T r i D i 

%0 %0 C\T m K K km 

(6
1
' 0 )"" 1.000 0.937 OAIO 0.68~ 0.996 0.950 0.+88 

(61' 0 )"" 0.937 1.000 0.282 0.727 0.920 0.99+ 0.+67 
L i 0.+10 0.282 1.000 0353 0.+71 0.368 0.729 
H i 0.68·1 0.727 0.353 1.000 0.633 0.672 0.051· 
T,i 0.996 0.920 0.·171 0.633 1.000 0.9+2 - 0. 1·92 
Tri 0.950 0.99+ 0.368 0.672 0.9+2 1.000 0.+81 
D i 0.+88 0.'1·67 0.729 0.05+ 0.+92 0.+81 1.000 

Table 3. SlInznulIY qjstejJwise regression anaLyses ( N..J6. 0'180 as the dependfl7tllariable ) 

COli! Step IlIdepelldeut l'ariatioll R Partiat correlatioll ., ( Rp) nllJ 

level FIB I ne. Exc. (model) L H T D (model ) 

> 99% Fa 0.228 0.872 0.986 0.17G 1·6R2H 
FI * T L , H. 0 0.986 0.212 0.1+8 0.009 053 

95 % BO a l) 0.988 053 
Bi t L ,T,D H 0.987 0.156 053 

Samc resulls a s Cl rUIl in the backward mode a1 Cl con fide nce !c"cl > 09(%; Slep B3: i.C'. T rema ins in the 1l10dcl. and H , D a nd L arc fc-mon.'cI in 
that order. Al so. sanlC resul ts as runs in th e f() rward Illocie at the 95 0/0 flud 90 'Yc) confidellce 1('\ ·cls. 

t Best model. Same results as a run jn the back\\'arclmoclc at the 90 % conliclcnce Ic\TI. 

mode is diffe rent: L, T.~ a nd D rema in in the model, and His 

remO\-ed . Thi stepwise model is equally robust (R is 0.987, 
rms is 0.53): 

O' J80 = - 211.082 + 0.104 L + 0.700 T, 
+ (-1.085 E - 3D) (2) 

The practicall y equal R a nd rms values for Equations (1) 
a nd (2) indicate that both model s provide the same re li abil
ity. Nevertheless, the inclusion of L a nd D in Equa ti o n (2) 
enha nces model sensiti\'ity La predi ct O"HO; thi s is substa n
tiated by th e res ults of inversions o[ Equations (1) and (2) 

using g ridpoint data, desc ribed below. 

GRIDPOINT DATABASE 

The gridpoint locations were determined from a pa ttern 
with origin lines at 135 0 \\1- 45 0 E, and 4.50 \\I. The 160 

locations th at li e in the area of ne t acc umulation a t th e sur
face were se lected on the basis of a n assumed north to south 
linea r variat ion o[ the elevation of the eq uilibrium line 
(GiO\ 'inetLa a nd Zwa ll y, 1996). The variation was not ad
justed [or differences between north a nd south [aeing slopes 
(e.g. Benson, 1962), or between eastern a nd western fl a nks at 

particular la titudes (e.g. Reeh, 1985) because it does not 
a fTcetthe findings of our study. 
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The g ridpoint data (NI60) on latitude (L j , in 0 N), sur

[ace eleva ti on (H j , in m.), and mean a nnua l surface temper
a ture (T' i in K ) wcrc obta ined by \'isua l interpola tion from 
the surface CO nLour a nd isothenn m aps of Ohmura (1987), 
The T,.j a nd Dj d ata were obtained as desc ribed for T, a nd 
D in th e sample site database. The desc riptive stati stics for 

the NI60 se t arc listed in Table 1. 
The g ridpoint database was compil ed before the publi

cation of a more recent topographic m ap. 'Vc compa red H i 
a nd surface ele\ 'a tion values obtained (i) by visual interpo
lation from the lates t surface contours m ap (Wcidick, 1995), 
a nd (ii ) by bilinear interpolat ion from the ERS-I radar-a lti

meter data. The compa ri so ns a re based on data for 168 grid
point locations tha t inelude about 130 of th e 160 used in thi s 
study. Wc obtained R values be tween 0.951 and 0.953. The 
difference in eleva tion va lues obtained from each surface 
contour m ap is due, in part, La the Q\'erlay of a fixed-grid 
pa ttern over m aps of different projections and with different 

sta ndard lines. The differences be tween these a nd the e1 e\ 'a
tion va lues obtained from the ERS-l da tabase is due, in pa rt, 
to round ofT (100.1 ") L i and longitude values ente red in th c 
g ridpoint da tabase. This impli es an error in location of 
se\'eral km north to south a nd in most a reas of at leas t I km 
cast to west, whereas the ERS-I data resolution is of about 

500 m (Wingham, 1995). Therefore, we did not update th e 

H j data. 
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AREAL DISTRIBUTION OF 15180 

T he invers ions of Equation (I) using the N I60 database a nd 
eitherT,j or T,j (i. e. (5180 )1» = f (T,j ), and W80 )ln = f(T,.j)) 
res ult in mean, m ax imum a nd minimum values tha t a re re
m arkably elose to those obtained by the ilwersions of Equa

tion (2) (i.e. (bI8 0 )llls = f(L j, T,j, D j), and (b180 )mr = f( L j, 
Trj , D j) (l a ble +). T h e correlation m atrix for the N l60 se t 
(Ta ble 2) lists 1 he stl'Ong correla ti ons that woul d be exp ec ted 
from Equations (I) and (2) between the derived terms 
(018 0 )lIIs' (818 0 )II,r a nd the in put term s T,j and T,.j (R 
values of 0.996 and 0.994). The cova riati o l1 between Hi and 
the temperature terms (R values of 0.633 and 0.672) is weak 
relative to the strong cova riati on noted for the sample sites 
data (Table 2, N4·6: R va lues of 0.873 and 0.986). T his decay 
is also noted in the rela tionship between 51f1 0 and ele\ 'ation 
(R is 0.872 fo r the sample sitc da ta, and R \ 'a lues a rc 0.684 

a nd 0.727 for the gr idpoint data ). 

The distributions of (6180 )l;s a nd (bI8 0 )br as well as of 

ZwafLy and Giovillelto: O ,-vgen-isotope ra tio ill Greenland 

(bI8 0 )lllS a nd (6180 )rnr (Figs 2a, b a nd 3a, b, respec ti vely ) 
show that, in genera l, the iso pl eths a rc o ri ented perpendicu
la r to now lines (e.g. R adok and others, 1982), thus fac ilit a l
ing a ny deri\ 'at ion of adjustments for 818 0 series obta ined 
from deep cores. 

\\'e e\'a luate first the difference between biva riate 

models using either T,i or T,i da ta (i. e. Clb = [(b1t\ 0 )bs 
_(8180 )"r] (Fig. 2c ). The di stribution of t." indicates differ
ences of - I %0 in the north-central region, changing to + 1%0 
in the south-centra l regio n. In these regions lie most of the 
leng th of the main d rainage divides, where Oow lines orig i
nate. In ge neral, Clb becomes la rge r toward the equilibrium 
line, except in four regions where it decreases to ze ro: these 
a rc the sec tors of the Smi th Sound- Na res St ra it, .\ IeKinley 
Sea, southern North G reen la nd Sea no rthern Icela nd Sea, 
and sO Ulhern Denma rk Stra it. Otherwise, t.h remains ])osi
tilT in the southern outlying slop es, i. e. towa rd the equili
brium line in the sec tors of the Da\'is Strait (+3%0), 

L abrador Sea (+2%0) a nd lrminger Sea (+ cJ.%0). It also 

Table 4. D escriptive slalistics qjjJl'edicled 018 0 vallles * and 018 0 anomalies t 

' NltiO\ (blSO)hs (b'"O)h,- (6' '' 0 )"" (6"'0)"". ~b 

%0 %0 %0 %0 %0 

l\l('a ll : - 30.D2 - 303.5 29.80 30.13 0.33 
Std D c\'.: +.00 :,,08 :1.99 :1.11 0.12 
J\[ in inlu m : - 35.5+ - 3-1.63 35.66 3-1.-11 3.39 
~[ ::txill1um : 20.++ 21.8+ 19.89 21.31 +.35 

(li " O),,, =f(T,;) ; (6"0),,,=£(7;,); (li " O)",,=f(L,. T". D,) ; ( ~"O ) ,,, ,.= [ ( L , . 7; ,. D,) 

~,. =[(b"'O ) , ,, -( rl1'0)",.\: ~,,, =[( rI"O ) ,,,, - (1i"0 )"".1 : ..'. ,= [(0"01'>1 - (,1"0)"".1. 

4S'W 

DIll 6,-

%0 %0 

0.34- 0.22 
0.1:l om 
3.+3 1.18 
HI 0.+0 

4S'W 

2 

SOOkm , SOOkm SOOkm , , 
-+- -+- -+-

2a 2b 2c 
4S-W 4S'W 

Fig. 2. T lte area qjGreenland delimited by the equilibrium fine. (a) D istribution of (8 18 0 )"s = f (TsJ (b) D istributioll qj 

(8180 )br = f(TrJ (e) D istributiol1oft.b = (8180 )1" - (8180 )"r ' 
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Fig. 3. The area qfGreenland delimited ~Y the equihbrium line. (a) Distribution of (818 0 )UlS' ( b) Distribution qf (8180 )m) ' 
(c) Distribution qf t:,.111 = (0180)lllS - (0180)m)' 

becomes larger toward the equilibrium line, but the 
increases are signed in a complex pattern in the sec tors of 

the Denmark Strait- Iceland Sea (+ 3%0, decreasing north

ward to - 3%0), and around the northern outlying slopes in 
the sectors of Baffin Bay (+2%0), the Lincoln and western 
McKinley Seas (-2%0), the \ Vandels Sea (+ 1%0), and the 
North Greenland Sea (from +2%0 in the centra l part of the 
sector, to - 3%0 in the southern part). 

Due to the dominance of the temperature term in both 

Equations (1) and (2), the difference between multivariate 
models using either T,sj or ~j data (i.e. t:,.1II[(0180)'IlO 
_(618 0)1111]' is practically identical (Figure 3c). This simi
larity is also noted in the descriptive statistics, which show 
insignificant differences between t:,.b and t:,.m (Table 4). 

We evaluate next the difference introduced by the multi 
variate models that include the effects of latitude and dis
tance to the open ocean. For this, we select the models that 
include ~. data, and produce a contoured distribution of 
t:,.) = (018 0)l>r _(018 0)mr (Fig. 4, Table 4-). The difference 
in distribution introduced by the multivariate model is 
small (mean -0.22%0, std dev. 0.03). The larger t:,.r values 
arc noted in the northwest region of the ice sheet (between 
- 0.50%0 and -1.15%0), decreasing to zero in a broad zone ex
tending from thc sector of Baffin Bay to the l rminger Sea 
sector. Values of t:,.r increase toward the southern region of 
the ice sheet (between +0.10%0 and + 0.35%0). 

DISCUSSION AND CONCLUSIONS 

At present, given the relatively small number and sporadic 
areal distribution of firn-temperature measurements at 

depths> 10 m, and the paucity of meteorologica l records 
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4S"W 

o 
t; 0 SOOkm 

''-----'~~~.:.J' 
-+-

4S"W 

Fig. 4. The area qf Greenland delimited by the equilibrium 
line. Distribution of t:,. ) = (8180)l>r - (8180)rnr ' 

from the interior (manned as well as automatic weather sta
tions ), we believe that the distr ibution of (OlSO)ms (Fig. 3b) 
is the more reliable pattern. The reliability of this pattern, as 
well as lhat produced using (c518 0)lllS (Fig. 2b) may be im
proved if 81KO values for the sample sites could be adjusted 
to represent only the last 10- 20 years of records available at 
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each site (some of thc 15 180 values entered in the database 
arc from samples spanning at least a few centuries ). 
The distribution of (DI8 0)mr is produced from the ill\'ersion 
of a robust mu lti\ 'ariate model that includes Nimbus-7 
THIR mean annual temperaturc data , latitude and Illea n 
annual shortest distance to the opcn ocean (R is 0.987, rms 
is 0.53). It shows largc differences relati\'(" to the di stribution 
produccd using a bi\'ariate model based on temperature 
\'alucs interpolated from surfacc data (6 111 = 0.34-± 0.12%o, 
with a rangc of -3.43%0 to + 4-.41%0). The larger dilTerenccs 
show in the outcr slopes, i.c. the zone chal-acterized by stcep 
surface gradient close to thc equilibrium lin(". These are the 
areas where interpolation of surfae("-temp("ratur(" data 
wou ld be least reliable. Nevertheless, in mar(" than half the 
acculllulation area of the ice sheet, in the interior where the 
main drainage divides I ie, the di lTercncc is 1 %0 in the north 
and central part, a nd + 1 %0 in the southern part. 

The distribution of (15 18 0 )llIr also shows differences from a 

di str ibution based on a bivariate modd using only l\imbus-7 
THIR data. The inclusion of latitudc and di stance to thc 
open ocean induces dilTerences (61' = 0.22±0.02%o, with a 
rangc of - l.lS to 0.40%0) that are smaller than the crror of 
prediction in more than three-quartcrs the acc umulation 
area of the ice sh("et. The only differcnces larger than the 
crror a re found in thc northwest region of the ie(" shect. 
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