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Abstract. Decadal means ofδ18O and accumulation rates
from 52 ice core locations in Greenland are presented.
The accumulation rates are derived from annual layers de-
termined in theδ18O curve. Investigation of theδ18O-
accumulation relationship across the ice divide reveals a sig-
nificant Foehn effect with anticorrelation ofδ18O and accu-
mulation rate on the lee side of the divide in Southern Green-
land, while no effect is seen in Central Greenland. Further-
more, the sensitivity of accumulation rate to changes in tem-
perature is found to be smaller in Northern Greenland than
in the central and southern parts. Four records in the data set
contain sufficient recent data that the period of observed tem-
perature rise from the 1990s and onwards can be investigated.
All four records are from locations close to the ice divide in
Northern Greenland and while three of them show increased
temperatures, no conclusive statement can be made about the
accumulation rate from these data.

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 mm yr−1 (1993–2008) (Ablain et al.,
2009). Continental ice is a significant contributor to this rise
in sea level, but the uncertainty on its contribution is not well
constrained, as pointed out by the IPCC panel in the AR4 re-
port from 2007 (IPCC, 2007). The Greenland ice sheet con-
stitutes 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 temper-
atures 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 Gt yr−1 (2005–2006) (AMAP, 2011). Few measure-
ments exist from the interior part of the ice sheet, but GC-Net
automated weather stations have observed rising tempera-
tures (Box et al., 2009). Regional climate model runs indicate
that the rise in temperature should be followed by an increase
in accumulation rate over the ice sheet, because the warmer
air can contain more moisture (Box et al., 2006). Further-
more, several authors have determined empirical relation-
ships between temperature and accumulation rates that also
indicate that accumulation should increase with rising tem-
peratures (Dahl-Jensen et al., 1993; Dansgaard et al., 1993;
Johnsen et al., 1995). Dahl-Jensen et al.(1993) used the fol-
lowing relation between accumulation rates andδ18O

A = 0.23exp(C1(δ
18O+ C2)), (1)

whereA is the ice equivalent accumulation rate in m yr−1

and theδ18O values are given in ‰. From studies on the
GRIP ice core they determined the values ofC1 andC2 to
be 0.117 and 34.83, respectively. The factor 0.23 was chosen
because the present-day mean ice equivalent accumulation
rate at GRIP is 0.23 m yr−1.

In the following we will first investigate the relationship
between temperature and accumulation rate by usingδ18O
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 ge-
ographical differences in the relationship betweenδ18O and
accumulation rate.
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2 Data

Accumulation rates and temperatures for 52 locations in
Greenland are inferred from ice coreδ18O data. The 52 lo-
cations and the time period covered by each record are listed
in Table1, and their positions are shown in Fig.1. Most of
the available ice core data are from cores drilled in the 1970s
and 1980s and thus do not contain information on the recent
period of warming. Therefore, a number of firn cores were
drilled and measured forδ18O under the ice2sea project 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 area
(location), a compositeδ18O record has been created.

3 Method

It has been established that the annual meanδ18O 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 sheet

δ18O = 0.67× T − 13.7, (2)

whereT is the temperature in◦C and theδ18O is given in ‰.
As this relationship is linear, we choose to compare the accu-
mulation rates toδ18O directly instead of to the temperatures
calculated from theδ18O.

All timescales used in this study are based on annual
layer counting in theδ18O curve (Hammer et al., 1978).
This is done by identifying the winter minimum inδ18O
for each year and then counting backwards from the surface
and down, thus obtaining a chronology for the ice core. If
known reference horizons exist for the ice core, e.g. histori-
cally dated volcanic eruptions recorded in the electrical con-
ductivity measurement (ECM) records, these can be used to
lock the age at these depths. Many other types of ice core
data show annual cycles and can be used to identify annual
layers. These include chemical components (Legrand and
Mayewski, 1997), visual stratigraphy (Alley et al., 1997) and
electrical properties (Hammer, 1980). In the present study,
δ18O was preferred for dating due to its close relation to tem-
perature and the fact that these data are available for all ice
cores in the data set. Theδ18O signal is smoothed by dif-
fusion in the firn, and for the low accumulation locations in
the presented data set it is necessary to correct for the effect
of smoothing by diffusion (Johnsen et al., 2000) before the
records can be used for dating. Uncertainties associated with
stratigraphic ice core timescales include loss of core or data,
insufficient measuring resolution, imperfect core stratigraphy
and misinterpretation of annual layers when counting (Alley
et al., 1997). For the time periods relevant to this study, core
and data loss is insignificant, the data resolution is sufficient
(∼ 6 samples per year for the coarsest resolved cores) and the

Fig. 1.The 52 ice core locations listed in Table1. The five locations
from which we have data for the most recent decade are indicated
with labeled arrows.

relatively high accumulation rates make it unlikely to have
full years of missing accumulation. The risk of misinterpret-
ing layers is always present and it is higher for low accumu-
lation areas, where correction for diffusion is necessary. The
uncertainty in the recognition of annual layers is believed to
be∼ 1 %.

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 thinning using a 1-dimensional
Dansgaard-Johnsen model (Dansgaard and Johnsen, 1969).
Thus theδ18O 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. Ta-
ble 1). These six long records are used to investigate the re-
lation betweenδ18O 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 theδ18O-accumulation relationship
in different parts of the Greenland ice sheet, the records are
divided into six groups based on their locations: northwest
(NW), northeast (NE), central west (CW), central east (CE),
southwest (SW), and southeast (SE). The boundary between
the east and west groups is defined by the ice divide. Records
from the ice divide have been sorted into the west group 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 Table1 it
is stated which group each record has been sorted into. The
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Table 1.Greenland ice cores dated by annual layer counting in theδ18O record. Annually resolvedδ18O data from all 52 locations are from
the Centre for Ice and Climate database.

Ice core Latitude Longitude Period covered by data Group

ACT10A 65.69 −41.48 1994–2009 SE
B26a 77.25 −49.22 1900–2009 NW
Camp Centurya,b 77.17 −61.10 1762–2009 NW
Cretea,b 71.12 −37.32 554–1973 CW
Dye-2a,b 66.48 −46.33 1743–1973 SW
Dye-3a,b 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 SW
Dye-3 1982 7B 65.14 −44.02 1967–1979 SE
Dye-3 1983 4Bb 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 18Cb 65.03 −44.39 1777–1983 SE
GRIPa,b 72.57 −37.62 −1846–1989 CW
Milcent 1973b 70.30 −45.00 1177–1966 CW
NEEMa,b 77.45 −51.08 1737–2009 NW
NGRIPa,b 75.10 −42.32 187–2007 NW
North Centrala 74.62 −39.60 1910–1976 NE
North Site 1972 75.77 −42.45 1925–1971 NE
Renlanda 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) 1985b 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) 1984b 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) 1984b 70.63 −39.62 1767–1982 CW
Site E (Crete region) 1985b 71.77 −35.85 1722–1984 CE
Site F (Crete region) 1985 71.50 −35.88 1925–1982 CE
Site G (Crete region) 1985b 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

a Record is a composite of several cores from the same area (location).b Record is used to study the period 1778–1966 AD.
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Fig. 2. Mean values of accumulation rate andδ18O 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 dot-
ted grey line shows the relation fromDahl-Jensen et al.(1993)
(Eq.1). See Table1 for the time periods covered by each data series.

data from Renland have been omitted in this analysis, be-
cause Renland is a separate ice dome and thus not part of the
main ice sheet.

4 Results and discussion

From Fig.2 it is seen that the annual data show a quite noisy
relationship betweenδ18O 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 last 1–2 decades, we choose to use 10-yr mean val-
ues in the following to keep a balance between noise-level
and time resolution. The spread in accumulation rate differs
between the records. For NGRIP, GRIP, Crete and Milcent
the standard deviation on the accumulation rate is 15–20 %
while it is higher for Dye-3 and Renland (25–30 %). In the
case of Dye-3, layers 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. As for Renland, the higher spread may
be explained by its location on the east coast of Greenland
where the weather patterns may show larger variability than
on the main ice sheet. A data set consisting of average values
of temperature and ice equivalent accumulation rates for each
decade from 1900 to 2009 (or the part of this period covered
by each of the 52 records) is provided in the Supplement.

Figure3 shows 10-yr averages of accumulation rates and
δ18O for the 51 locations on the main ice sheet. It is seen that
no common Greenland relationship betweenδ18O and accu-
mulation rate exists. This is not surprising as the shape of the

Fig. 3.10-yr averages of ice equivalent accumulation rate andδ18O
from 51 locations on the Greenland ice sheet. The records 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 corresponding
colour and the relation fromDahl-Jensen et al.(1993) is shown for
comparison (dotted grey curve). The insert shows the 51 ice core
locations with colours indicating the grouping of the records. 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.

ice sheet is complex and moisture reaches different parts of
the ice sheet via different routes. Assuming that the relation-
ship betweenδ18O and the accumulation rate is exponential
(Johnsen et al., 1989), least squares fits to the data in the six
groups give the 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).

ANW = 0.23exp
(
0.100

(
δ18O+ 33.64

))
R2

= 0.85 (3)

ANE = 0.23exp
(
0.023

(
δ18O+ 16.75

))
R2

= 0.05 (4)

ACW = 0.23exp
(
0.140

(
δ18O+ 35.40

))
R2

= 0.90 (5)

ACE = 0.23exp
(
0.137

(
δ18O+ 35.21

))
R2

= 0.49 (6)

ASW = 0.23exp
(
−0.060

(
δ18O+ 20.18

))
R2

= 0.16 (7)

ASE = 0.23exp
(
0.122

(
δ18O+ 34.40

))
R2

= 0.43 (8)

Dye-3 data older than 300 yr were omitted when calculating
the least squares fit to the data from the SE area, because
upstream effects cause artifacts in the layer thicknesses for
older data.
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Fig. 4. Average values of accumulation rates (blue) andδ18O val-
ues (red) for each decade since 1900 AD. The blue and red dashed
lines indicate the mean value±2σ of accumulation rate andδ18O,
respectively, for the whole data period for each record. The peri-
ods of data for the four records are Camp Century: 1762–2009 AD,
NEEM: 1737–2009 AD, B26: 1900–2009 AD, and NGRIP: 187–
2007 AD.

The R2 values differ considerably from group to group.
This is to some extent explained by the varying number of
data points in the groups (from 10 points in the NE group
to more than 600 in the CW group). The groups with many
data points (containing long individual data series) are also
the groups with the highestR2 values. The two groups from
Southern Greenland differ from the other groups in having
a large fraction of very short cores which for the main part
span the period from the middle of the 1960s to the middle
of the 1970s. These cause a larger scatter in the data and thus
a lowerR2 value.

In the southern part of the ice sheet, a positive correlation
betweenδ18O and accumulation rate 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 across the ice divide is from the east, and the neg-
ative correlation west of the divide can be explained by the
Foehn effect (warm, dry air). In the northern part of the ice
sheet, all records are from locations either on the divide or
just east of it (black and green in Fig.3). The locations east
of the divide have lower accumulation than those that are lo-
cated on the divide, but since there are only few data points
in the NE group, the relationship in Eq. (4) is not well de-
fined. In Central Greenland no trend across the ice divide

Table 2.The sensitivity of accumulation rateA to changes inδ18O
and temperatureT . Accumulation rate-isotope sensitivities are re-
flected in the value ofC1 in the equation form ofA = 0.23×

exp(C1(δ18O+ C2)), cf. Eqs. (3)–(8). Conversion to a tempera-
ture dependence uses the linearδ18O-T relationship described in
Eq. (2). The given uncertainties are derived from the uncertainty in
the least squares estimation of the parameters in Eqs. (3)–(8) and do
not represent the total uncertainty which is larger.

Group 1
A

dA
dδ18O

(%‰−1) 1
A

dA
dT

(% K−1)

NW 10.0± 0.3 6.7± 0.2
NE 2.3± 4.2 1.5± 2.8
CW 14.0± 0.2 9.4± 0.1
CE 13.7± 1.5 9.2± 1.0
SW −6.0± 2.7 −4.0± 1.8
SE 12.2± 1.2 8.2± 0.8
GRIP (from Dahl-Jensen 11.7 7.8
et al., 1993)
GRIP (from Dansgaard 14.4 9.6
et al., 1993)

is seen (red and blue in Fig.3). However, all records in the
CE group are from locations very close to the ice divide, so
a Foehn effect east of the divide in Central Greenland can not
be ruled out. However, the few data points from the northeast
indicate a quick drop in accumulation rate on the lee side of
the divide, and the same holds true for the southwestern loca-
tions close to the divide. Furthermore, the CW data set con-
tains several long individual data series, while the data series
from the CE region is generally of intermediate length. This
inhomogeneity could also mask a drop in accumulation rate
across the divide. If there is a lack of an effect across the
divide in Central Greenland this might 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.

By differentiation of Eq. (1) it can be shown thatC1 is
the relative change in accumulation rate caused by a change
in δ18O: C1 =

1
A

dA

dδ18O
, i.e. C1 is the sensitivity of accumu-

lation rate to changes inδ18O. Table2 shows the sensitivi-
ties of accumulation rate to changes inδ18O and to changes
in temperature assuming theδ18O-temperature relationship
from Eq. (2). Two previously published 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.

A complicating factor when using our data set is that no
period exists for which there is data from all 52 locations.
Thus our results are based on data that represent different
time periods at different locations. In order to examine if the
results are robust when investigating the same time frame for
a number of cores, we look at the period 1778–1966 AD. This
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Table 3.Comparison of accumulation rate-isotope sensitivities (re-
flected in the value ofC1 in the equation form ofA = 0.23×

exp(C1(δ18O+ C2))) obtained by using all data (51 records cover-
ing different time periods) and by using a subset of the records that
all have data for the period 1778–1966 AD (15 records). The values
are stated as % ‰−1. The given uncertainties are derived from the
uncertainty in the least squares estimation of theC1 values and do
not represent the total uncertainty which is larger.

Group All data (51 records) 1778–1966 AD (15 records)

NW 10.0± 0.3 11.0± 0.4
NE 2.3± 4.2 –
CW 14.0± 0.2 13.4± 0.4
CE 13.7± 1.5 14.3± 2.0
SW −6.0± 2.7 −9.3± 6.5
SE 12.2± 1.2 13.1± 2.1

period was chosen as a compromise between the length of the
period and the number of records that span it. A total of 15
records from the main ice sheet contain this time period and
these records are marked in Table1. There are no records
from the NE group, and only 1 record from the SW group.
The remaining four groups have between 3 and 5 records.
Accumulation rate-isotope sensitivities estimated from these
15 records over the period 1778–1966 are given in Table3.
The values are not significantly different from those obtained
from the 51 records.

Out of the 52 records in the data set, only five contain
information on the recent warming over the last couple of
decades. Theδ18O record from ACT10A only goes back to
1994 AD, and since we have no information on previous con-
ditions at this location, the record can not be used to draw
conclusions about recent changes. Figure4 shows mean val-
ues of accumulation rate andδ18O for each decade since
1900 AD for the remaining four locations. No conclusive
statement can be made about recent changes in accumulation
rate from these data. However, theδ18O values for the most
recent decade at the NGRIP, B26 and NEEM locations are in-
creasing indicating increasing temperatures. For NEEM and
B26 the decade after 2000 AD has the “warmest” meanδ18O
value of the whole data periods of 270 yr and 110 yr, respec-
tively, while the NGRIP record of 1820 yr shows only four
decades with higher meanδ18O value than the 2000–2009
decade.

5 Summary and conclusions

A data set consisting of decadal means ofδ18O and accu-
mulation rates derived from annual layers determined in the
δ18O curves from 52 ice core locations in Greenland was
presented. Out of these records, six span longer time peri-
ods than a few hundred years, and four can be used to study
the period of recent warming from the 1990s and onwards.

From the long records it is clear that annual accumulation
andδ18O data are quite noisy. However, as the averaging pe-
riod is increased, the relationship between accumulation and
δ18O becomes clearer.

Using 10-yr averages ofδ18O and accumulation rates for
the 51 records from the main ice sheet, we found that no com-
mon δ18O-accumulation relation exists for Greenland. Con-
sidering the complicated shape of the ice sheet and local dif-
ferences in moisture transport this is not surprising. However,
the data fall into six groups according to location. In South-
ern Greenland a significant Foehn effect is seen across the
ice divide resulting in a negative correlation betweenδ18O
and accumulation on the lee (west) side of the ice divide.
In Northern Greenland we only have few data on the lee
side (east) of the ice divide, but the data that do exist show
a drop in accumulation rate across the divide and also indi-
cate a significant change in theδ18O-accumulation relation-
ship. 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. The sensitivity of accumulation rate to changes in
temperature seems to be smaller in Northern Greenland than
in the central and southern areas.

Three of the four records that contain recent data indi-
cate an increase in temperature for the decade after 2000 AD.
For NEEM and B26, the decade 2000–2009 has the warmest
δ18O value of the records of 270 yr and 110 yr, respectively.
In the 1820 yr long record from NGRIP only four decades
have warmerδ18O values than 2000–2009. At Camp Cen-
tury no increase in accumulation rate orδ18O can be seen,
and the record from ACT10A is too short to draw any conclu-
sions from. Thus, no conclusive statement can be made about
the accumulation rate from these ice core data, but they indi-
cate an increase in temperature after 2000 AD. However, 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 locations in order to determine how
recent temperature changes may have affected the accumula-
tion rates on the Greenland ice sheet.

From this study of ice core data, we conclude that the re-
lationship betweenδ18O and accumulation rate in Greenland
show geographical differences. The effect of the ice divide is
strong in Southern Greenland, and the sensitivity of the accu-
mulation rate to changes in temperature seems to be smaller
in the northern part of the ice sheet than in the central and
southern parts. There is too little data to draw any major con-
clusions about recent changes in accumulation rates.

Supplementary material related to this article is
available online at:http://www.clim-past.net/8/2053/
2012/cp-8-2053-2012-supplement.zip.
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