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ABSTRA("I Mean values of the oxygen-isotope ratio relative to standard mean ocean
water (8'°0, in %) re ported for 46 sites on the Greenland ice sheet are compiled together

with ddld on mean annual surface temperature, latitude, 67O elevation, and mean annual
shortest distance to the open ocean de 11()10([ by the 10% sea-ice concentration boundary.

Stepwise regression analyses, with ¢'%0 as the de ‘pendent variable, define two robust
models. In the forward mode at the 99.9% confidence level, only t(‘mp(mtm( enters the
model. In the backward mode at the 95% confidence level, only temperature, latitude and
distance to the open ocean remain in the model. Inversions of the models on the basis of
160 gridpoint locations 100 km apart in th( area delimited by the surface equilibrium line
produce four contoured distributions of 8O, Two distributions are based on the bivariate
model and two on the multivariate model. The second distribution for each model is
obtained substituting mean annual surface-temperature values obtained from the Nim-
bus-7 Temperature Humidity Infrared Radiometer (THIR) database. All four distribu-
tions are considered valid, and differences between them are evaluated using contoured
anomaly maps. It is suggested that the inversion of the multivariate model using THIR
data provides the more reliable pattern fm studies of atmospheric advection or for the
derivation of ice-flow adjustments for 6O series obtained from deep-core or ablation-

zone sites.

INTRODUCTION

. s TRsiing ;

Multi-year mean values of "*0/"°O relative to standard mean
! py pelBes . : s

(SMOW) (60, in %o) determined from samples

collected on the Greenland ice sheet are used in climatologi-

ocean water

cal and glaciological investigations (e.g. Reeh and others,
1987h; Clausen and others, 1988; Johnsen and others, 1989).
This study presents stepwise statistical analyses based on
60O reported for 46 sites (Fig. la) as the clcpcnclcnl vari-
able, and four independent variables: latitude (L, in ~ N);
surface elevation (H, in m); multi-year mean surface temp-
crature (7%, in K) normally determined from 10 m borehole
temperature, mean surface temperature in 1979 (7, in K)
obtained by bilinear interpolation from the Nimbus-7
Temperature Humidity Infrared Radiometer (THIR) data-
base (Comiso, 1994); and multi-ycar mean shortest distance
to the open ocean denoted by the 10% sca-ice concentration
boundary (D, in km) obtained {rom the Nimbus-7 Scan-
ning Multichannel Microwave Radiometer (Gloersen and
others, 1992). Use of a different sea-ice concentration bound-
ary to denote open ocean (e.g. 20% open water) does not
introduce significant differences in the statistics. The pur-
posc is to define multivariate models applied to a 100 km
grid database (Figure 1b) and produce contoured distribu-
tions of ™0, These distributions may be used in advection
studies (e.g. Johnsen and others, 1989) or to derive ice-flow
adjustments (e.g. Reeh and others, 1987a).

In the following sections, the statistics are significant at
the 99.99% confidence level (F statistic under the null hy-
pothesis showing a probabhility of P < 0.0001) unless stated
otherwise. A confidence level selected for a particular model
to determine which variables contribute at that level (or bet-
ter) to the explanation of variation is a scparate statistic
from the P-value attained by the model.

https://doi.org)§}3189/50260305500014051 Published online by Cambridge University Press

SAMPLE SITE DATABASE

The initial compilation included data for a total of 62 sites
(after the analyses were completed we were informed of a
few more sites available for northern Greenland (K. Steffen,
personal communication, August 1996) ). Data for 46 of the
62 sites were retained for analyses; these are from Miiller
and others (1977), Schriber and others (1977), Clausen and
Hammer (1988), Clausen and others (1988), Johnsen and
others (1989), Dansgaard and others (1993),
others (1993) and Fischer and others (1995). Most of the data
for 18 sites from Fiséher and others (1993) were obtained by
interpolation. Actual values were obtained after the ana-
lyses were completed (H. Fischer, personal communication,
August 1996). The dilferences between the interpolated and

Grootes ar l('l

actual values are minor. The largest differences are in eleva-
tion; differences in latitude and longitude would introduce
small changes in [ and T} values. However, use of the actual
values would not introduce significant changes in the statis-
tics presented in this study.

Data for 14 sites were excluded from the analyses because
the samples were collected in the ablation zone or in areas ol
widespread summer melt and percolation. These were
Warming Land (81.50° N, 52.0° W; Reeh and others, 1987h),
nine sites in the Thule area centered at approximately
76.5° N, 68° W (Reeh and others, 1990), Paakitsoq (69.75° N,
49.0°'W; Reeh and others, 1991), Storstrommen, (77.40° N,
23.0°W; Reeh and others, 1993), and Drill Sites I and 11, at
approximately 70,007 N, 495" W, and 69.92° N, 494" W, re-
spectively (Clausen and Stauffer, 1988).

The reliability of T, values interpolated from the THIR
database with a resolution of approximately 30 x 30 km
(Comiso, 1994) was assessed by a simple regression of the
form T = [(T) (N48, where N denotes the number of sites
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Fig. 1. (a) Greenland, showing the location of the 46 data siles for which 8O values have been reported { full squares; some
overlap ). (b) Schematic map of Greenland. 'The outer, thin line is roughly coincident with the coastline, enclosing an area rep-
resented by 216 gridpoints 100 km apart. The double line ts roughly coineident with the boundary of the conterminous ice sheet, an
area represented by 187 gridpoints. The inner, thick line is an approximation to the position of the equilibrivm line that encloses an
area represented by 160 gridpoints ( the boundary of the areas is shown in Figs 2 and 3).

in the sct: the coefficient of correlation |

) 15 0.966 and the

root mean square residual (rms) 1s 0.81). Data for two sites
showed the largest departure (>3 rms): Site V on the North
ice cap, 77077 N, 704" W (Miller and others, 1977; Schriber
and others, 1977), and a site on the Renland ice cap,
(71.25" N, 275" W; Johnsen and others, 1992; Hansson, 1994,
Data for these sites were excluded from the analyses dis-
cussed below.

The descriptive statistics for the N46 set (see Table 1)

show that the mean of T} is practically the same as that of

T., although the standard deviation and range of T} values
are much smaller. Nevertheless, the correlation matrix

Table 1. Descriptive statistics

(Table 2) shows that where there is strong corrclation
between T, and other variables (8%0, H), these remain
strong when T, is substituted. The stepwise analysis of 4 )
=f{(L, H. T, D) at the 99.9% confidence level shows that T,
is the only variable to enter the model in the forward mode
or remain in the model in the backward mode (Table 3). de-
fining a robust bivariate model (R is 0.986, rms is 0.55);

6'°0 = —202.172 + 0.691 T, (1)

The same result is obtained from runs in the forward
mode at the 95% and 90% confidence levels. However, the
result from runs at these confidence levels in the backward

(N46) 850 L H T T D

%o N m K K km

Mean: 7117 2714 246.7 246.7 637
Stdd dev.: 3.13 502 4.6 31 231
Minimum . 63.55 1500 2407 243.0 232
Maximum: 25.30 8249 3238 256.6 2527 1398
(N160 Ly H; T 1 D

N n K K kim

Mean: 73.32 2188 2491 2487 677
St deve: 1.89 603 5.8 L5 297
Minimum: 62.50 600 241.0 L5 150
Maximum: 82,00 3200 263.00 261.0 1365
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Table. 2. Correlation malrices

(N46) 810 1 H i T, D
%0 N m K K km
&80 1000 0.228 0.872 0.986 0.962 0.176
L 0.228 LO0O 0.211 0.266 0.178 0.809
H 0.872 0.211 1.000 0.873 0.896 0.207
iz 0.986 0.266 0.873 1000 0.966 0.181
T 0.962 -0.178 0.896 ~0.966 1.000O 0.125
D ~0.176 0.809 —0.207 ~0.181 0.125 1000
(N160) (6'%0),. (6300, L; H; s Ty Dy
Gnu Yoo N m K I\. km
{h’“O)m 1.000 0.937 0410 0.684 0996 0,950 0.488
(620) o 0.937 1.000 -0.282 0.727 0.920 0.994 0467
L; (.410 —().282 1.000 0.353 0471 (1.568 0.729
H; 0.684 0727 0.353 1.000 —0.633 0.672 0054
4 0.996 0.920 0471 0.633 1.00O0 0.942 0492
Ty 0.950 0994 0.368 0,672 0.942 1.000 0.481
D, 0.488 0467 0.729 0.054 0.492 0.481 1.000

Table 3. Summary of stepwise regression analyses ( N46, 6O as the dependent variable)

Conf. Step Independent variation R Partial correlations ( R}, s
level F/B Ine. Exc. (model) H T D (model
=>99% Fo = = 0.228 0.872 0.986 0.176 168.28
FI* 4 L H D 0.986 0.212 0.148 0.009 (.55
95% BO all — 0.988 = 0.53
Bl L,T,D H 0.987 0.156 — 0.53

- 5 .. a 2 e 3 e 4
Same results as a run in the backward mode at a confidence level = 99%: step B3: i.e. T' remains in the model, and H, D and L are removed in

that order. Also, same results as runs in the forward mode at the 95% and 90% confidence levels.

T Best model. Same results as a run in the backward mode at the 90% confidence level,

mode is different; L, T, and D remain in the model, and H is
removed. This stepwise model is equally robust (R is 0.987,
rms is 0.53):
60 = —211.082 + 0.104 L + 0.700 T;
+ (—1.085 E — 3D) (2)

The practically equal R and rms values for Equations (1)
and (2) indicate that both madels provide the same reliabil-
ity. Nevertheless, the inclusion of L and D in Equation (2)
enhances model sensitivity to predict 6130; this is substan-
tiated by the results of inversions of Equations (1) and (2)
using gridpoint data, described below.

GRIDPOINT DATABASE

The gridpoint locations were determined from a pattern
with origin lines at 135" W-45"E, and 45" W. The 160
locations that lie in the arca of net accumulation at the sur-
face were selected on the basis of an assumed north to south
linear variation of the elevation of the equilibrium line
(Giovinetto and Zwally, 1996). The variation was not ad-
justed for differences between north and south facing slopes
(e.g. Benson, 1962), or between eastern and western flanks at
particular latitudes (e.g. Reeh, 1985) because it does not
affect the findings of our study.
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The gridpoint data (N160) on latitude (L;, in * N), sur-
face elevation (H;, in m.), and mean annual surface temper-
ature (T, in K) were obtained by visual interpolation from
the surface contour and isotherm maps of Ohmura (1987).
The T, and D; data were obtained as described for 7} and
D in the sample site database. The descriptive statistics for
the N160 set are listed in'Table 1.

The gridpoint database was compiled before the publi-
cation of a more recent topographic map. We compared H;
and surface elevation values obtained (i) by visual interpo-
lation from the latest surface contours map (Weidick, 1993),
and (ii) by bilinear interpolation from the ERS-1 radar-alti-
meter data. The comparisons are based on data for 168 grid-
point locations that include about 130 of the 160 used in this
study. We obtained R values between 0951 and 0.953. The
difference in elevation values obtained [rom each surface
contour map is due, in part, to the overlay of a fixed-grid
pattern over maps of different projections and with different
standard lines. The differences between these and the eleva-
tion values obtained from the ERS-I database is due, in part,
to round ofT (to 0.17) L; and longitude values entered in the
gridpoint database. This implies an error in location of
several km north to south and in most areas of at least I km
cast to west, whereas the ERS-1 data resolution is of about
500m (Wingham, 1995). Therefore, we did not update the
H; data.
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AREAL DISTRIBUTION OF ¢'%0

The inversions of Equation (1) using the N160 database and
either T; or T} (i.e, ujr*.l'\'()}b_\ =115 ) a1d -Ir‘“O}hl_ =1
result in mean, maximum and minimum values that are re-
markably close to those obtained by the inversions of Equa-
tion (2) (i.e. |(‘il‘“0}lllh = f(L;, T, Dy), and -1(51’('))““. —
Tu, D;) (Table 4). The correlation matrix for the N160 set
(Table 2) Lists the strong correlations that would be expected
between the derived terms
and the input terms Ty and T (R

from Equations (1) and (2)

‘I("INO)IIIN-‘ I(S]H())
values of 0996 and 0.994). The covariation between H; and

mr

the temperature terms (I? values of 0.633 and 0.672) is weak
relative to the strong covariation noted for the sample sites
data (Table 2, N46: R values of 0.873 and 0.986). T'his decay
is also noted in the relationship between 60 and elevation
(R is 0.872 for the sample site data, and R values are 0.684
and (.727 for the gridpoint data ).

The distributions of (§'%0),, and (6'*0), as well as of

Lwally and Giovinetto: Oxygen-isotope ratio in Greenland

(6'"%0),,, and (8'°0), (Figs 2a,b and 3a, b, respectively)
show that, in general, the isopleths are oriented perpendicu-
lar to low lines (e.g. Radok and others, 1982), thus facilitat-
ing any derivation of adjustments for 6O series obtained
from deep cores.

We evaluate first the difference between bivariate
models using either T or Ty data (i.e. Ay = [(68"™0),,
—(6'%0),,] (Fig. 2¢). The distribution of Ay, indicates differ-
ences of —1%oin the north-central region, changing to +1%o
in the south-central region. In these regions lie most of the
length of the main drainage divides, where flow lines origi-
nate. In general, Ay, becomes larger toward the equilibrium
line, except in four regions where it decreases to zero: these
are the sectors of the Smith Sound—Nares Strait, McKinley
Sea, southern North Greenland Sea-—northern Iceland Sea,
and southern Denmark Strait. Otherwise, Ay, remains posi-
tive in the southern outlying slopes, i.c. toward the equili-
brium line in the sectors of the Davis Strait (+3%o),

Labrador Sea (+2%o) and Irminger Sea (+4%o). It also

Table 4. Descriptive statistics of predicted 550 values ™ and 63O anomalies

NGO (#"0),  (080),  ("0),, (#°0),, N A A,
“I“U ‘.)"(lll (fbl’)lJ U’(’)D “/('J(l ‘-)f(!(l .L)'illl
Mean: 30,02 30.35 29.80 30,13 033 0.34 022
St Dev: 4.00 3.08 3.99 3.11 0.12 0.12 0.03
Minimum: 35.64 31.63 35.66 314 339 343 1.18
Maximum: 20,44 21.84 19.89 2131 135 141 0.40
*
(6" 0), =F(T); (6"20),=E(Tn); (6'80), =E(Li, T, D)3 (6"0),,=E(Li, Ty DY)
T Ay [(8'50) 5 — (650, ] A =[(8"0) ., — (8*30) .. ] A =[(67 O),, —(8'*0),;..)-
' asw ' : 45W i : ' sw '
- [
4
1
4 4
0 500km 1
| -+
I 2a
5 L .
Fig. 2. The avea of Greenland delimited by the equilibrium line. (a) Distribution of (8'50), . = £(T). (b) Distribution of
= , & i z bs s
(6'%0),,. = f(Tyi ) (¢) Distribution of Ay, = (6'°0),,, — (6'%0),,..
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Fig. 3. The area of Greenland delimited by the equilibrium line. ( a) Distribution of ($'0) .. (b) Distribution of (8'%0)

— (6"0)
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(¢) Distribution of A, = (6'"%0),,.
becomes larger toward the equilibrium line, but the
increases are signed in a complex pattern in the sectors of
the Denmark Strait—Iccland Sea (+3%o, decreasing north-
ward to —3%o), and around the northern outlying slopes in
the sectors of Baftin Bay (+2%o), the Lincoln and western
MecKinley Seas (—2%o), the Wandels Sea (+1%o), and the
North Greenland Sea (from +2%o in the central part of the
sector, to —3%oe in the southern part).

Due to the dominance of the temperature term in both
Equations (1) and (2), the difference between multivariate
models using cither Ty or T); data (i.e. Am[(é's())mh
—(8'0),,.], is practically identical (Figure 3¢). This simi-
larity is also noted in the descriptive statistics, which show
insignificant differences between Ay, and A, (lable 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 T, data, and produce a contoured distribution of

A = (6'%0),, —(8'™0),,,, (Fig 4, Table 4). The difference
in distribution introduced by the multivariate model is
small (mean —0.22%o, std dev. 0.03). The larger A, values
are 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 the sector of Baffin Bay to the Irminger Sea

sector. Values of A, increase toward the southern region of

the ice sheet (between +0.10%0 and +0.35%o).

DISCUSSION AND CONCLUSIONS

At present, given the relatively small number and sporadic
areal distribution of firn-temperature measurements at
depths > 10m, and the paucity of meteorological records
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Fig. 4. The area of Greenland delimited by the equilthrium

line. Distribution of A, = (6'"0),, — (6'%0),,,-

from the interior (manned as well as automatic weather sta-

tions), we believe that the distribution of’ MINO) (Ing. 3b)

ms
is the more reliable pattern. The reliability of this pattern, as

well as that produced using :(‘JHO) (Fig. 2b) may be im-

ms

proved if ¢"*O values for the sample sites could be adjusted
to represent only the last 1020 years of records available at
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each site (some of the 8”0 values entered in the database
are from samples spanning at least a few centuries ).

The distribution of (6'0), is produced from the inversion
of a robust multivariate model that includes Nimbus-7
THIR mean annual temperature data, latitude and mean
annual shortest distance to the open ocean (R is 0987, rms
is 0.53). It shows large differences relative to the distribution
produced using a bivariate model based on temperature
values interpolated from surface data (A, = 0.54 £ 0.12%o,
with a range of 343%o to +4.4 %o). The larger differences
show in the outer slopes, i.e. the zone characterized by steep
surface gradient close to the equilibrium line. These are the
arcas where interpolation of surface-temperature data
would be least reliable. Nevertheless, in more than half the
accumulation area of the ice sheet, in the interior where the
main drainage divides lie, the difference is — [ %o1n the north
and central part, and +1%oin the southern part.

The distribution of (6'%0),  also shows differences from a
distribution based on a bivariate model using only Nimbus-7
THIR data. The inclusion of latitude and distance to the
open ocean induces differences (A, =0.22 4+ 0.02%o, with a

range of 118 10 0.40%o) that are smaller than the error of

prediction in more than three-quarters the accumulation
arca of the ice sheet. The only differences larger than the
error are found in the northwest region of the ice sheet.
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