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Abstract

Decadal means of δ18O and accumulation rates from 52 ice core sites in Greenland are
presented. The accumulation rates are derived from annual layers determined in the
δ18O curve. Investigation of the δ18O-accumulation relationship across the ice divide
reveals a significant Foehn effect with anticorrelation of δ18O and accumulation on the5

lee side of the divide in Southern Greenland, while no effect is seen in Central Green-
land. Furthermore, the sensitivity of accumulation rate to changes in temperature is
found to be smaller in Northern Greenland than in the central and southern parts. Four
sites in the data set contain sufficient recent data that the period of observed temper-
ature rise from the 1990’s and onwards can be investigated. All four sites are located10

close to the ice divide in Northern Greenland and while three sites show increased
temperatures, none show evidence of increased accumulation.

1 Introduction

During the last decades, global temperatures have increased and are affecting global
sea level which is currently rising at a rate of 3.11±0.6 mmyr−1 (1993–2008) (Ablain15

et al., 2009). Continental ice is a significant contributor to this rise in sea level, but
the uncertainty on the contribution is not well constrained, as pointed out by the IPCC
panel in the AR4 report from 2007 (IPCC, 2007). The Greenland ice sheet constitutes
the second largest continental ice mass and holds enough ice to increase global sea
level by 7 m if melted completely. Observations have shown that coastal temperatures20

in Greenland have increased over the last decades (Box, 2002), the area of surface
melting is growing (Abdalati and Steffen, 2001) and the ice loss has been estimated to
205±50 Gtyr−1 (2005–2006) (AMAP, 2011). Few measurements exist from the interior
part of the ice sheet, but GC-Net automated weather stations have observed rising
temperatures (Box et al., 2009). RCM runs indicate that the rise in temperature should25

be followed by an increase in accumulation rate over the ice sheet, because the warmer
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air can contain more moisture (Box et al., 2006). Furthermore, several authors have
determined empirical relationships between temperature and accumulation rates that
also indicate that accumulation should increase with rising temperatures (Dahl-Jensen
et al., 1993; Dansgaard et al., 1993; Johnsen et al., 1995). Dahl-Jensen et al. (1993)
found the following relation between accumulation rates and δ18O in the GRIP ice core.5

A = 0.23exp(0.117(δ18O+34.83)) (1)

where A is the ice equivalent accumulation rate in m yr−1 and the δ18O values are
given in ‰. The factor 0.23 was chosen because the present day mean ice equivalent
accumulation rate at GRIP is 0.23 m yr−1.10

In the following we will first investigate the relationship between temperature and
accumulation rate by using ice core data from Greenland ice cores, and then we will
use this as a foundation to look for recent changes in temperature and accumulation
rate. Furthermore, we will investigate the geographical differences in the relationship
between δ18O and accumulation rate.15

2 Data

Accumulation rates and temperatures for 52 sites in Greenland are inferred from ice
core δ18O data. The 52 sites and the time period covered at each site are listed in
Table 1, and their locations are shown in Fig. 1. Most of the ice core data available are
from cores drilled in the 1970’s and 1980’s and thus do not contain information on the20

recent warming period. Therefore, a number of firn cores were drilled and measured
for δ18O under the Ice2Sea Programme to either extend existing records to the present
or to obtain data from new sites, thus increasing the amount of available data for this
period. Where several cores exist from the same site, a composite δ18O record has
been created.25
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3 Method

It has been established that the annual mean δ18O value at a given site on an ice
sheet is closely related to the mean annual temperature at that site (Dansgaard, 1953,
1964). Johnsen et al. (1989) found the following empirical relation for sites located on
the Greenland ice sheet5

δ18O = 0.67× T −13.7, (2)

where T is the temperature in ◦C and the δ18O is given in ‰. As this relationship is
linear, we choose to compare the accumulation rates to δ18O directly instead of to the
temperatures calculated from δ18O.

All timescales used in this study are based on annual layer counting in the δ18O10

curve. For low accumulation sites it is necessary to correct for the effect of smoothing by
diffusion (Johnsen et al., 2000) before the records can be used for dating. The thickness
of each annual layer as determined in the isotope curve is corrected for changes in
density with depth in the firn using a Herron–Langway densification model (Herron
and Langway Jr., 1980) and the deeper layers are corrected for flow-induced thinning15

using a 1-dimensional Dansgaard–Johnsen model (Dansgaard and Johnsen, 1969).
Thus the δ18O data are used to infer accumulation rates as well as temperatures. All
accumulation rates discussed in this work are given in ice equivalent.

Our data set contains six cores with data reaching more than a few tens or hundreds
of years back in time (cf. Table 1). These six long records are used to investigate the20

relation between δ18O and accumulation on somewhat longer time scales of up to a few
thousand years. These data are shown in Fig. 2.

In order to investigate the δ18O-accumulation relationship in different parts of the
Greenland ice sheet, the sites are divided into six groups based on their locations:
Northwest (NW), Northeast (NE), Central west (CW), Central east (CE), Southwest25

(SW), and Southeast (SE). The boundary between the east and west groups is defined
by the ice divide. Sites located on the ice divide have been sorted into the west group
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in the northern and central groups but into the east group in the south, because the
dominating moisture transport is from the southeast in Southern Greenland and from
the west in the central and northern parts of the ice sheet. In Table 1 it is stated which
group each site has been sorted into. The data from Renland have been omitted in this
analysis, because Renland is a separate ice dome and thus not part of the main ice5

sheet.

4 Results and discussion

From Fig. 2 it is seen that the annual data show a quite noisy relationship between δ18O
and accumulation rate. By using averages over longer time periods, the relationship
becomes clearer. As the changes we are interested in have happened over the last10

1–2 decades we choose to use 10-yr mean values in the following to keep a balance
between noise-level and time resolution. A data set consisting of average values of
temperature and ice equivalent accumulation rate for each decade from 1900 to 2009
(or the part of this period covered by the core) is provided in the Supplement.

It is noteworthy from Fig. 2 that the scatter in δ18O is comparable for the low accumu-15

lation sites (left) and the sites with higher accumulation (right), whereas the spread in
accumulation seems smaller for the low accumulation sites. In the case of Dye-3, lay-
ers older than ∼350 yr are affected by complicated upstream depositional conditions
(Vinther et al., 2006). This probably explains at least part of the large spread in the
calculated accumulation rates as we have not corrected for upstream effects.20

Figure 3 shows 10 yr averages of accumulation rate and δ18O for the 51 coring sites
located on the main ice sheet. It is seen that no common Greenland relationship be-
tween δ18O and accumulation exists. This is not surprising as the shape of the ice
sheet is complex and moisture reaches different parts of the ice sheet via different
routes. Assuming that the relationship between δ18O and accumulation rate is expo-25

nential (Johnsen et al., 1989), least squares fits to the data in the six groups give the
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following relationships that we have chosen to state with a factor of 0.23 in front of the
exponential to ease comparison with Eq. (1)

A = 0.23exp
(

0.099
(
δ18O+33.64

))
NW (3)

A = 0.23exp
(

0.023
(
δ18O+16.75

))
NE (4)

A = 0.23exp
(

0.140
(
δ18O+35.40

))
CW (5)5

A = 0.23exp
(

0.137
(
δ18O+35.21

))
CE (6)

A = 0.23exp
(
−0.060

(
δ18O+20.18

))
SW (7)

A = 0.23exp
(

0.124
(
δ18O+34.25

))
SE (8)

Dye-3 data older than 300 yr were omitted when calculating the least square fit to the10

data from the SE area, because upstream effects cause artifacts in the layer thick-
nesses for older data.

In the southern part of the ice sheet, a positive correlation between δ18O and accu-
mulation is found east of the ice divide, while a negative correlation is seen to the west
(Fig. 3: magenta and cyan, respectively). The dominating moisture transport across15

the ice divide is from the east, and the negative correlation west of the divide can be
explained by the Foehn effect (warm, dry air). In the northern part of the ice sheet,
all sites are located either on the divide or just east of it (black and green in Fig. 3).
The sites east of the divide have lower accumulation than the sites that are located on
the divide, but since there are only few data points in the NE group the relationship20

in Eq. (4) is not well defined. In Central Greenland no trend across the ice divide is
seen (red and blue in Fig. 3). However, all sites in the CE group are located very close
to the ice divide, so a Foehn effect east of the divide in Central Greenland can not
be ruled out. However, the Foehn effect in the southern part of the ice sheet is seen
for sites quite close to the divide, and the few data points from the northeast indicate25
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a quick drop in accumulation rate on the lee side of the divide. Perhaps the lack of an
effect across the divide in Central Greenland can be explained by the fact that the area
around the divide is broader and flatter and thus the orographic barrier is not as well
defined as in South Greenland.

Table 2 shows the sensitivities of accumulation rate to changes in δ18O and to5

changes in temperature assuming the relationship from Eq. (2). Two previously pub-
lished values for GRIP are also shown for comparison. The values found in this study
for the central part of the ice sheet agree with the value given by Dansgaard et al.
(1993). Furthermore, the sensitivity seems to be lower in the north compared to the
central and southern parts of the ice sheet.10

Out of the 52 sites in the data set, only five records contain information on the recent
warming over the last couple of decades. The δ18O record from ACT10A only goes
back to 1994 AD, and since we have no information on previous conditions at this site,
the record can not be used to draw conclusions about recent changes. Figure 4 shows
the mean values of accumulation and δ18O for each decade since 1900 AD for the15

remaining four sites. The data show no significant increase in accumulation rate in
recent years at any of the sites. However, the δ18O values for the most recent decade
at the NGRIP, B26 and NEEM sites are increasing indicating increasing temperatures.
For NEEM and B26 the decade after 2000 AD has the “warmest” mean δ18O value of
the whole data periods of 270 yr and 110 yr, respectively, while the NGRIP record of20

1820 yr shows only four decades with higher mean δ18O value than the 2000–2009
decade.

5 Conclusions

A data set consisting of decadal means of δ18O and accumulation rates derived from
annual layers determined in the δ18O curves from 52 ice core sites in Greenland was25

presented. Out of these records, six span longer time periods than a few hundred
years, and four can be used to study the period of recent warming from the 1990’s and
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onwards. From the long records it is clear that annual accumulation and δ18O data are
quite noisy. However, as the averaging period is increased, the relationship between
accumulation and δ18O becomes clearer.

Using 10 yr averages of δ18O and accumulation rates for the 51 sites located on
the main ice sheet, we found that no common δ18O-accumulation relation exists for5

Greenland. Considering the complicated shape of the ice sheet and local differences in
moisture transport this is not surprising. However, the data fall into six groups according
to location. In Southern Greenland a significant Foehn effect is seen across the ice
divide resulting in a negative correlation between δ18O and accumulation on the lee
(west) side of the ice divide. In Northern Greenland we only have few data on the lee10

side (east) of the ice divide, but the data that do exist show a sharp drop in accumulation
rate across the divide and also indicate a significant change in the δ18O-accumulation
relationship. In Central Greenland, however, the data do not indicate a significant effect
of the ice divide. This may be explained by the divide in Southern Greenland being
more pronounced with steeper slopes on either side thus constituting a sharper barrier.15

The sensitivity of accumulation rate to changes in temperature seems to be smaller in
Northern Greenland than in the central and southern areas.

The four records that contain recent data show no sign of increased accumulation
rate after 2000 AD, but three of the records indicate very warm temperatures for that
period. For NEEM and B26 the decade 2000–2009 has the warmest δ18O value of20

the records of 270 yr, and 110 yr, respectively. In the 1820 yr long record from NGRIP
only four decades have warmer δ18O values than 2000–2009. At Camp Century no
increase in accumulation rate or δ18O can be seen, and the record from ACT10A is
too short to draw any conclusions from. Thus, the ice core data indicate an increase in
temperature after 2000 AD, but no increase in accumulation rate is observed. However,25

data is sparse and concentrated along the ice divide in Northern Greenland. New data
series spanning at least the last 100 yr are needed from more sites in order to expand
the above mentioned conclusions to wider areas of the ice sheet.
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Supplementary material related to this article is available online at:
http://www.clim-past-discuss.net/8/4105/2012/cpd-8-4105-2012-supplement.zip.
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Table 1. Greenland ice cores dated by annual layer counting in the δ18O record.

Ice core Latitude Longitude Period covered by data Group

ACT10A 65.69 −41.48 1994–2009 SE
B26∗ 77.25 −49.22 1900–2009 NW
Camp Century∗ 77.17 −61.10 1762–2009 NW
Crete∗ 71.12 −37.32 554–1973 CW
Dye-2∗ 66.48 −46.33 1743–1973 SW
Dye-3∗ 65.18 −43.83 −3816–1979 SE
Dye-3 1975 (D-2) 65.16 −43.94 1965–1974 SE
Dye-3 1975 (D-3) 65.16 −43.92 1965–1974 SE
Dye-3 1975 (D-4) 65.17 −43.90 1966–1974 SE
Dye-3 1975 (D-5) 65.17 −43.88 1965–1974 SE
Dye-3 1975 (D-6) 65.18 −43.87 1966–1974 SE
Dye-3 1980 Swiss core 65.20 −43.81 1834–1979 SE
Dye-3 1981 13B 65.09 −44.24 1965–1980 SE
Dye-3 1981 SDV 65.02 −44.65 1964–1980 SE
Dye-3 1982 7B 65.14 −44.02 1967–1979 SE
Dye-3 1983 4B 65.17 −43.93 1692–1981 SE
Dye-3 1984 5B 65.16 −43.88 1956–1982 SE
Dye-3 1984 9B 65.12 −44.09 1955–1983 SE
Dye-3 1984 11B 65.11 −44.16 1955–1983 SE
Dye-3 1984 15B 65.08 −44.30 1954–1983 SE
Dye-3 1984 16C 65.05 −44.33 1955–1983 SE
Dye-3 1984 18C 65.03 −44.39 1777–1983 SE
GRIP∗ 72.57 −37.62 −1846–1989 CW
Milcent 1973 70.30 −45.00 1177–1966 CW
NEEM∗ 77.45 −51.08 1737–2009 NW
NGRIP∗ 75.10 −42.32 187–2007 NW
North Central∗ 74.62 −39.60 1910–1976 NE
North Site 1972 75.77 −42.45 1925–1971 NE
Renland∗ 71.31 −26.72 931–1986 –
Saddle North 1975 (SN) 66.17 −43.78 1967–1974 SE
Saddle North 1975 Satelite 1 (SNS-1) 66.47 −44.83 1961–1974 SW
Saddle South 1975 (SAS) 65.68 −44.33 1966–1974 SE
Saddle South 1975 satelite 1 (SDS-1) 65.70 −44.76 1964–1974 SW
Saddle South 1975 satelite 2 (SDS-2) 65.53 −44.12 1966–1974 SE
Saddle South 1975 satelite 3 (SDS-3) 65.83 −44.12 1966–1974 SE
Site A (Crete region) 1985 70.63 −35.82 1623–1984 CE
Site A-1 1975 (Dye-3 region) 67.50 −42.20 1965–1974 SE
Site A-1 1975 Satelite 1 (A-1-S-1) 67.03 −41.85 1967–1974 SE
Site A-1 1975 Satelite 2 (A-1-S-2) 67.85 −43.12 1961–1974 SW
Site B (Crete region) 1984 70.65 −37.48 1717–1983 CW
Site BDS 1975 (Dye-3 region) 64.50 −44.33 1965–1974 SE
Site C (Crete region) 1984 70.68 −38.78 1943–1983 CW
Site D (Crete region) 1984 70.63 −39.62 1767–1982 CW
Site E (Crete region) 1985 71.77 −35.85 1722–1984 CE
Site F (Crete region) 1985 71.50 −35.88 1925–1982 CE
Site G (Crete region) 1985 71.15 −35.83 1778–1984 CE
Site H (Crete region) 1985 70.87 −35.83 1933–1983 CE
South Dome 1975 63.53 −44.58 1869–1974 SE
South Dome 1975 Satelite 1 (DS-1) 63.60 −44.25 1968–1974 SE
South Dome 1975 Satelite 2 (DS-2) 63.55 −44.93 1962–1974 SW
South Dome 1975 Satelite 3 (DS-3) 63.70 −44.58 1964–1974 SW
SUMMIT 1974 72.28 −37.98 1904–1971 CW

∗ Record is a composite of several cores from the same site.
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Table 2. The sensitivity of accumulation rate A to changes in δ18O and temperature T .

Group 1
A
∂A
∂δ (%‰−1) 1

A
∂A
∂T (%K−1)

NW 9.9 6.6
NE 2.3 1.5
CW 14.0 9.4
CE 13.7 9.2
SW −6.6 −4.2
SE 12.4 8.3
GRIP (from Dahl-Jensen et al., 1993) 11.7 7.8
GRIP (from Dansgaard et al., 1993) 14.4 9.6
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Fig. 1. The locations of the 52 ice core sites listed in Table 1. The five sites from which we have
data for the most recent decade are indicated with labeled arrows.

4117

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/8/4105/2012/cpd-8-4105-2012-print.pdf
http://www.clim-past-discuss.net/8/4105/2012/cpd-8-4105-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
8, 4105–4120, 2012

Greenland
δ18O-accumulation

relationships

S. L. Buchardt et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 2. Mean values of accumulation rate and δ18O for the six longest records in our data set.
The averaging periods are 1 yr (green), 10 yr (yellow), 100 yr (cyan), and 1000 yr (black). The
dotted grey line shows the relation from Dahl-Jensen et al. (1993) (Eq. 1). See Table 1 for the
time periods covered by each data series.
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Fig. 3. 10 yr averages of ice equivalent accumulation rate and δ18O from 51 sites in Greenland.
The sites have been sorted into six groups according to location: Northwest (black), Northeast
(green), Central west (red), Central east (blue), Southwest (cyan), and Southeast (magenta).
The least squares exponential fits to the data for each of the groups are shown in the cor-
responding colour and the relation from Dahl-Jensen et al. (1993) is shown for comparison
(dotted grey curve). The insert shows the locations of the 51 core sites with colours indicating
the grouping of the sites. For Dye-3, data is only shown for the last 300 yr as the thickness of
layers older than this are affected by upstream conditions.
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Fig. 4. Average values of accumulation rates (blue) and δ18O values (red) for each decade
since 1900 AD. The blue and red dashed lines indicate the mean value ±2σ of accumulation
rate and δ18O, respectively, for the whole data period for each site. The periods of data for the
four sites are: Camp Century: 1762–2009 AD, NEEM: 1737–2009 AD, B26: 1900–2009 AD, and
NGRIP: 187–2007 AD.
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