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Chapter 1

Motivation and outline

It has become increasingly evident, that the short time period spanned by
instrumental observations of atmospheric conditions doesnot provide the
information needed to understand the anthropogenic in
uence on climate.
Hence there is an urgent need to use natural proxies of climate variability to
expand our knowledge of past climatic conditions beyond theinstrumental
era.
Ideally the �eld of climate dynamics should be provided with millennial
scale seasonally resolved information on climate variability for all regions of
the world, in order to facilitate the separation of the background of natural
climate variability from a possible human anthropogenic e�ect on climate
[Jones et al., 2001a].
Gathering thousands of years of seasonally resolved proxy data is a very
demanding task indeed. For most regions of the world, natural proxies
spanning multiple millennia do exist, but not in seasonal or even annual
resolution. A notable exception from the general picture isthe Greenland
area, as ice core records from the Greenland ice sheet can provide both high
resolution and millennias worth of climate data. The isotopic record can
be related to Greenland temperature conditions, as �rst proposed by Dans-
gaard [1954]. During the past 50 years enormous e�orts have been put into
the retrieval and analysis of Greenland ice core records, resulting in huge
advances in our understanding of the climatic system.
The aim of this Ph.D. project has been to collect existing Greenland Holocene
high resolution � 18O and � D records from the many years of ice core drilling,
supplement the very high resolution Dye-3 ice core measurements and use
these data to deliver high resolution proxies of climatic conditions in the
Greenland area as well as the North Atlantic region.
The dissertation is structured as a steady movement toward this ambitious
goal:
In chapter 2 stable isotope records from 20 Greenland ice cores are used to
investigate the relations between seasonally resolved Greenland stable iso-
topes and local as well as regional temperature conditions and atmospheric
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circulation patterns. In this chapter highly resolved � 18O from the Dye-3
area is found to be especially well suited for the creation ofseasonal� 18O
time series.
This �nding leads directly to the decision that the highly re solved Dye-3
� 18O record should be expanded. The sampling and measuring of 12000
additional Dye-3 stable isotope samples is documented inchapter 3 .
In chapter 4 the new Dye-3 data is �rst of all used for dating purposes, as
a prerequisite for the creation of seasonally and annually resolved proxies
of Greenland climatic conditions is an accurate dating of the Greenland ice
cores. Hence all available data from the Dye-3, GRIP and NGRIPice cores
is used to date the Holocene sections of these cores, forminga synchronized
dating for the three cores. A dating that is transferred to the Renland core
at the end of the chapter.
Having the ice cores on a common time scale, the climatic analysis can be-
gin. In chapter 5 , modeling of observed borehole temperature pro�les is
used both to determine the best possible� 18O to temperature calibration
and investigate likely scenarios of past elevation change of the Greenland
ice sheet. Past elevation has to be estimated for the ice coredrill sites, as
changes in elevation a�ect the � 18O and thereby mask the underlying cli-
matic signals.
Chapter 6 is devoted to the creation and interpretation of 8 millennia of
seasonally and annually resolved stable isotope data from the Dye-3 ice core.
The knowledge gained on past Greenland ice sheet elevation changes in the
previous chapter is used indirectly to correct the Dye-3 databoth for past
elevation change and complications stemming from the fact that the Dye-3
site is located down stream from the ice divide.
Discussions of the many results presented in the dissertation are generally
placed within the above chapters, whilechapter 7 discusses some �ndings
and assumptions put forward, that did not relate to one speci�c chapter in
the dissertation. The main conclusions for the dissertation as a whole are
drawn in chapter 8 .
Finally it should be noted that an overview paper about Greenland ice core
isotope records in general, which was made in cooperation with Sigf�us J.
Johnsen is reprinted inAppendix A and a few notes on gaussian smooth-
ing of time series are given inAppendix B at the end of the dissertation.
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Chapter 2

Climatic signals in multiple
highly resolved Greenland
stable isotope records

Twenty ice cores drilled in medium to high accumulation areas of the Green-
land ice sheet have been used to extract seasonally resolvedstable isotope
records.
Relations between the seasonal stable isotope data and atmospheric 
ow as
well as Greenland and Icelandic temperatures are investigated both for the
winter and summer seasons.
The winter season stable isotope data are in
uenced by the North Atlantic
Oscillation (NAO) and very closely related to Greenland west coast winter
temperatures during the past 200 years.
The summer season data are related to Stykkisholmur summer temperatures
and the North Atlantic SST conditions in Icelandic waters.
The results strongly suggest that the temperature and circulation signals in
the seasonal data can be used in high-resolution reconstructions of climatic
conditions in the North Atlantic region. This is encouraging as several highly
resolved Greenland ice core records cover most of the last two millennia.

2.1 Introduction

During the past 10 years studies of seasonal ice core� 18O records from the
Greenland ice sheet have indicated, that in order to gain a �rm understand-
ing of the relations between Greenland� 18O and climatic conditions in the
North Atlantic region, it is important to have not only annua lly, but sea-
sonally resolved ice core� 18O data [Barlow et al., 1997; Rogers et al., 1998;
Vinther et al., 2003a]. In Vinther et al. [2003a] it was in fact documented
that taking the step to seasonally resolved Greenland� 18O data paved the
way for resolving crucial information about the North Atlan tic Oscillation
(NAO), which has been determined to be the dominant mode of atmospheric
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Figure 2.1: Locations of Greenland ice cores used for this study.

variability in the northern Hemisphere [Hurrell, 1995; 1996; Hurrell and van
Loon 1997; Hurrell et al., 2003].
The aim of this chapter is to use an array of seasonally resolved Greenland
ice core� 18O data in combination with long series of temperature and pres-
sure data, both station based and gridded in order to map out and document
the relations between seasonal Greenland� 18O data and both atmospheric

ow and temperature. Furthermore it will be investigated ho w the de�nition
of summer and winter seasons in the ice core� 18O data a�ects the relations
with temperature including how temperature relations with seasonal� 18O
data di�ers from relations with annually resolved � 18O data.
Exploiting that the 20 ice core records available to this study are located
in di�erent areas of the Greenland ice sheet (see �gure 2.1 and table 2.1),
the investigation will be carried out as to document both local as well as re-
gional scale relations between the seasonal� 18O data and atmospheric 
ow
and temperature. Furthermore, following the approach of both Fisher et al.
[1996] and Vinther et al. [2003a] noise reduction and simpli�cation of the
Greenland � 18O data will be pursued both through stacking and principal
component analysis of the ice core data set.

2.2 Meteorological data

In order to obtain as solid relations as possible between theice core � 18O
data and the meteorological evidence, it has been decided torestrict the
investigation to meteorological data sets with the longestpossible time span.
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Table 2.1: Ice core drill site locations and core details.a

Drill site Lat. Long. Elevation Acc. rate Drill Core length
� N � W m a.s.l. m ice eq./yr year m

Crete 71.12 37.32 3172 0.289 1974 404.0
Dye-3 71 65.18 43.83 2480 0.56 1971 372
Dye-3 79 65.18 43.83 2480 0.56 1979b 2037
Dye-3 4B 65.17 43.93 2491 0.535c 1983 173.8
Dye-3 18C 65.03 44.39 2620 0.44c 1984 113.0
Dye-3 20D 65.06 44.87 2620 0.44 1984 115.8
GRIP 89-1 72.58 37.64 3238 0.23 1989 260.1
GRIP 89-2 72.58 37.64 3238 0.23 1989 70.2
GRIP 89-3 72.58 37.64 3238 0.23 1989b 3028.8
GRIP 91 72.58 37.64 3238 0.23 1991 82.3
GRIP 92 72.58 37.64 3238 0.23 1992 107.3
GRIP 93 72.58 37.64 3238 0.23 1993 229.5
GISP2-D 72.60 38.50 3200 0.245 1989 199.0
Milcent 70.30 44.50 2410 0.54 1973 398
Renland 71.57 26.73 2350 0.50 1988 324.4
Site A 70.63 35.82 3092 0.292c 1985 128.6
Site B 70.65 37.48 3138 0.306c 1984 105.6
Site D 70.64 39.62 3018 0.354c 1984 100.1
Site E 71.76 35.85 3087 0.215c 1985 77.8
Site G 71.15 35.84 3098 0.249c 1985 70.8

aData sources are: [Langway et al., 1985; Clausen et al., 1988;
Clausen and Hammer, 1988; Dansgaard et al., 1993; Barlow et al., 1993].
bCores were drilled to bedrock during a few years of �eldwork.
cAccumulation rates calculated using measured density pro�les and
depths of the Laki volcanic erruption (1783 A.D.) from [Clausen and
Hammer, 1988].
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Based on experience from prior investigations [Barlow et al., 1997; Rogers
et al., 1998; Vinther et al., 2003a] special emphasis has been given to local
temperature data and the North Atlantic Oscillation data.

2.2.1 SW Greenland temperatures

The Vinther et al. [2006a] monthly resolved temperature data series for
south-west Greenland spans the period 1784 to 2005. The temperature data
are based on observations from 13 di�erent locations along the southern and
westerns coasts of Greenland. Even though the Vinther et al.[2006a] data
are incomplete (data are missing from 15 winters and 37 summers between
1784 and 1852) they represent a signi�cant improvement overprior Green-
land temperature data sets, that contained no information on temperatures
before 1873 [e.g. Box, 2002].

2.2.2 Stykkisholmur temperatures

As the Vinther et al. [2006a] temperature data set does not include data
from the east coast (observations from the Greenland east coast commenced
as late as 1894 and only at one location, Ammasalik), it was decided to use
the long temperature data set from Stykkisholmur (Iceland) [Jonsson, 1989]
for comparisons with the ice core data, in order to have some data indicative
of climate east of the Greenland ice sheet. The Stykkisholmur temperature
data spans the period back to 1830.

2.2.3 Index for the North Atlantic Oscillation

The North Atlantic Oscillation (NAO) is best described thro ugh a principal
component analysis of sea level pressure in the North Atlantic Region. A
most useful approximation to this approach is, however, to base an index of
the NAO on pressure observations near or at the centers of action of the NAO
(the Azores/Iberian Peninsula and Iceland). Using pressure observations
from Stykkisholmur and Gibraltar, Jones et al., [1997] presented a NAO
index reaching back to 1821. The Jones et al. [1997] NAO index(now
with a few modi�cations by Vinther et al. [2003b]) is still th e only NAO
index based on instrumental pressure observation, that reaches this far back
in time. Hence it was decided to use this measure of the NAO forthe
investigation of the Greenland ice core data.

2.2.4 Northern hemisphere sea level pressure and tempera-
ture data

In order to obtain relations between the ice core data and northern hemi-
sphere patterns of atmospheric 
ow and temperature, two gridded data sets
(HadSLP2 and HadCRUT2v) were included in the investigation. The Had-
SLP2 sea level pressure (SLP) data set is the latest and most comprehensive
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edition of the Hadley Centres global 5 by 5 degree gridded SLPdata set
[Allen and Ansell, 2006]. The gridded SLP-data reaches back to 1850. Had-
CRUT2v is a 5 by 5 degree temperature anomaly dataset that combines land
air temperature anomalies and sea surface temperature anomalies [Jones et
al., 1999; 2001b]. HadCRUT2v spans the period from 1870 to present.

2.3 The ice core data

20 individual ice core records from 14 di�erent locations onthe Greenland
ice sheet (see �gure 2.1 and table 2.1) have been selected forthis survey.
The selected records all comply with the following two criteria: (1) The
ice cores should at least span the period covered by Greenland temperature
data (i.e. back to 1784) and (2) the annual accumulation at the drill sites
should be su�cient (larger than 20 cm of ice equivalent per year) that the
seasonal oscillations in the� 18O data are not obliterated by �rn di�usion
(see appendix A.3).
All ice core records are series of� 18O except for the GISP2 � D record. As
� D has a variability which is 8 times larger than � 18O, the GISP2 � D record
has been divided by 8, as to conform with the 19� 18O records.

2.3.1 The di�usion problem

As described in details in appendix A.3, Greenland ice core� 18O (and � D
- both will be referred to only by � 18O in the following) data is smoothed
by di�usional processes in the top 60 meter of the ice sheet [Johnsen 1977a,
Johnsen et al., 2000]. As the di�usion dampens the annual oscillations in
the � 18O data, creating arti�cial trends in summer and winter season time
series of� 18O, it is crucial that the � 18O data are corrected for di�usion
before any interpretation is pursued. Two di�erent approaches have been
used in order to avoid di�usion related trends in the ice core � 18O data.
For ice cores drilled in areas that never or very rarely experience signi�cant
summer melting (Crete, GRIP, GISP2, Milcent, Sites A, B, D, E and G)
traditional di�usion correction has been carried out [Johnsen et al., 2000].
For drill sites that experience modest summer melting somewhat more of-
ten, the traditional method fails, as even a few melt layers can create large
gradients in the � 18O data, which in turn results in spurious high-frequency
oscillations (ringing) in the di�usion corrected data. Hen ce an approach
quite opposite to di�usion correction is pursued: Instead of correcting the
data for di�usion, data are arti�cially di�used as to have ex perienced the
same level of di�usion, thus assuring that the annual oscillations in the
� 18O data are damped equally throughout each record. The drawback of
this approach is that the resulting � 18O record somewhat mixes the summer
and winter season, a problem which luckily is of minor concern for the ice
cores in question (the Renland core and the Dye-3 cores), due to the high
accumulation rates at these drill sites (see table 2.1).
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2.3.2 The dating of the ice cores

After di�usion correcting the � 18O data, the existing time scales for the 20
ice cores has been slightly modi�ed as the winter minima and summer max-
ima (used to de�ne mid-winter and mid-summer) in the di�usion c orrected
data can be shifted slightly in depth as compared to the raw� 18O data.
Furthermore through intercomparison with nearby records and scrutiny of
volcanic markers in conductivity records, a few inconsistencies have been
corrected in the Dye-3 20D, GISP2, Site E and Site G time scales. Gen-
erally speaking, the fact that the 1783 eruption of Laki is one of the most
prominent conductivity signals in ice cores all around Greenland [Clausen
and Hammer, 1988] is a great help for the dating e�ort concerned with the
past � 220 years in all the Greenland ice cores.

2.3.3 The de�nition of seasons

The question of how to best de�ne seasons in the Greenland� 18O data has
long been neglected. The only markers in the� 18O data, which can be used
for this purpose are the summer maxima and winter minima in the records.
Both 19th and 20th century temperature data from Stykkisholmur and SW
Greenland unanimously suggest that the summer temperaturemaximum in
the region occurs in July/August and the winter minimum occurs in Janu-
ary/February, hence it seems prudent to assume that this also is the case for
the minima and maxima in the � 18O data. As there are no such indicators
of spring and autumn in the � 18O records it is very hard to pinpoint these
seasons in the records. The following will therefore focus on the summers
and winters only.
Using the assumption that � 18O and temperature extrema in the Greenland
region occur simultaneously it is investigated how to best de�ne the summer
and winter seasons in the� 18O data. In order to obtain ice core � 18O infor-
mation with a minimum amount of noise, records from the same locations
are stacked and a principal component analysis is carried out on the result-
ing 14 ice core� 18O series (hence Dye-3 71 and Dye-3 79 are stacked, as are
all GRIP cores). Thereafter correlations between the time series for the �rst
principal component (PC1) and the SW Greenland and Stykkisholmur tem-
perature data has been calculated for di�erent choices of season length, both
for the summer and winter data. The resulting correlations for the winter
and summer seasons can be seen in �gure 2.2 and �gure 2.3 respectively.

From �gure 2.2 (left) it can be seen that the most signi�cant c orrela-
tion (r=0.7) between SW Greenland winter temperatures and the PC1 of
winter season Greenland� 18O is obtained if the winter season is de�ned as
50% of the annual accumulation in the ice cores and Nov-Apr is used to
de�ne winter in the temperature data. When comparing to Styk kisholmur
temperatures (�gure 2.2 - right) the same peak around 50% of the annual
accummulation can be discerned. It can, however, be seen that the most
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Figure 2.2: Correlations between the �rst principal component of winter
season� 18O and various selections of SW Greenland/Stykkisholmur tem-
peratures for di�erent choices of winter centered fraction of year in the ice
core data. Correlations are calculated for the period 1784 to 1970.

signi�cant correlation is obtained if annual Stykkisholmu r temperatures are
compared to annually resolved (100% of the annual accumulation) � 18O
data. Hence it is only if the winter season temperatures are to be resolved
that it is advantagous to use seasonal� 18O data. This is in contrast to
the comparsion with the SW Greenland temperaures, there it was found
that even when looking at annual temperatures (Aug-Jul) correlations are
highest when winter season and not annual� 18O is used. In �gure 2.3 the
same analysis is performed for the summer season. Quite surprisingly it
can be seen that Greenland summer� 18O relates poorly to SW Greenland
temperatures. In fact annual � 18O data and annual SW Greenland temper-
atures relate much better than the summer data and a distinctminimum in
correlation between SW Greenland temperatures and the PC1 of Greenland
summer � 18O is obtained for a choice of season about 50% of the annual
accummulation in the ice cores. The relations between Stykkisholmur tem-
peratures and Greenland� 18O are, however, much stronger for the summer
season with the correlation exceding r=0.6 for a choice of summer season
totaling about 80% of the annual accumulation.
It is interesting to observe that the annual Greenland � 18O data (corre-
sponding to 100% of the annual accumulation) seems to be a combination of
a winter (Nov-Apr) temperature signal related to the SW coast of Greenland
(r=0.64) and a summer (May-Oct) temperature signal related to Iceland and
thereby the Greenland east coast (r=0.59). As the SW Greenland winter
temperatures and Stykkisholmur summer temperatures only have 11% vari-
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Figure 2.3: Correlations between the �rst principal component of summer
season� 18O and various selections of SW Greenland/Stykkisholmur tem-
peratures for di�erent choices of summer centered fractionof year in the ice
core data. Correlations are calculated for the period 1831 to 1970.

Figure 2.4: Example of the dating and the de�nition of summer and winter
seasons in the Dye-3 79 ice core.
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ance in common, they do explain approximately 2/3 of the variance observed
in the PC1 of the Greenland annual � 18O data.
The advantage of having seasonally resolved� 18O data is therefore the abil-
ity to disentangle these two dominant signals in the � 18O records. With
this in mind, it was decided to de�ne both the summer and winter season
as 50% of the annual accumulation in the ice cores. This de�nition has
several advantagous: First of all the summer and winter timeseries stay
independent, as there is no overlap in data use. Secondly thecorrelation be-
tween winter � 18O and SW Greenland temperatures are most signi�cant for
this choice of season. Thirdly the summer� 18O is almost unrelated to SW
Greenland summer (May-Oct) temperatures (r< 0.25) for this choice of sum-
mer season, while Stykkisholmur summer temperatures stillcorrelates quite
strongly (r > 0.55). Hence de�ning the � 18O seasons as 50% of the annual
accumulation yields both a high degree of independance between summer
and winter � 18O data and a high degree of disentanglement of the east and
west coast temperature signals which are mixed into the annual � 18O data.
An example of the chosen de�nition of seasons can be seen in �gure 2.4,
while time series of winter and summer� 18O for 14 di�erent locations on
the Greenland ice sheet can be seen in �gure 2.5 and 2.6 respectively.

2.4 The seasonal � 18O data

Looking at the 14 winter season� 18O series presented in �gures 2.5 and
2.6 it can be seen that the time series from Renland and Dye-3 show least
variability in the high frequency domain. It should immedia tely be noted
that this lack of variability is a consequence of special di�usion correction
applied to these series, not a climatic feature. The arti�cial extra di�usion
imposed on the Renland and Dye-3 series simply dampens the amplitude of
the annual cycle, thereby in
uencing the seasonal variability.
A more interesting feature in the data is the substantial agreement on the
larger climatic features between the di�erent Dye-3 cores, indicative of a
quite good signal to noise ratio (SNR) in the high accumulation data from
southern Greenland. The same general agreement is not seen in between
the Crete and Site A to G cores, probably due to the lower accumulation
rate in central Greenland resulting in a lower SNR. Calculating SNR for the
period shown in �gures 2.5 and 2.6 (1778-1970) both for the GRIP (6 cores)
and Dye-3 (2 cores) sites con�rms this assertion: GRIP SNR is 0.57 (winter)
and 0.89 (summer) while Dye-3 SNR is 1.43 (winter) and 2.12 (summer).
This large di�erence in SNR between the two sites is in agreement with
previous studies of SNR in annual� 18O data: Johnsen et al. [1997] reported
an SNR of � 0.9 for GRIP cores, while Fisher et al. [1985] found an SNR
of � 2.4 for the Dye-3 cores. Hence the SNR is generally higher in the both
the summer and annual� 18O data than in the winter season data, but the
ratio between the SNRs at the two sites is almost conserved. It is speculated
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Figure 2.5: Winter season� 18O (and � D) data from 14 di�erent locations
on the Greenland ice sheet. Notice that the top 5 series have been di�usion
corrected di�erently from the bottom 9 series, see text for details. Thick
lines are decadally �ltered data (lines are grey if the �lter ed values are based
on incomplete data) For note on �ltering see appendix B.
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Figure 2.6: As Fig. 2.5 but for summer season� 18O and � D.
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Figure 2.7: Spatial maps of relationships between SW Greenland Nov-Apr
temperatures and winter season� 18O (and � D/8) data for the period 1785-
1970. Panel (a) shows the slopes of linear regressions between � 18O and
the Nov-Apr temperature. Panel (b) shows the correlation between winter
� 18O and the Nov-Apr temperature. Panels (c) and (d) shows the average
anomalies in winter � 18O corresponding to the 5% of the Nov-Apr periods
which registered the highest and lowest temperatures respectively.

that the relatively low winter SNR is a consequence of the winters having
more severe (windy) conditions than the summers, resultingin a winter
stratigraphy which is more disturbed by sastrugi formation.

2.5 Winter season � 18O and regional meteorologi-
cal conditions

2.5.1 Relation to SW Greenland temperatures

In �gures 2.7a and 2.7b the spatial distributions of the linear regression
slopes and linear correlations between the 14 winter season� 18O series and
Nov-Apr SW Greenland temperatures are presented. It can be seen (�gure
2.7b) that correlations are almost equal for all sites except for the sites in
the eastern part of Greenland were correlations are slightly weaker. A result
which isn't surprising given the fact that the eastern sites are farthest away
from the SW Greenland temperature observation sites. The tendency to a
lower than average regression slope in southern Greenland (see �gure 2.7a)
is probably a consequence of the lower variability forced upon the southern
Greenland series. The variability issue is also seen in the two extreme-plots
(�gures 2.7c and 2.7d), which are in broad agreement with theslopes shown
in �gure 2.7a.
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Figure 2.8: As Fig. 2.7, but relationships with Stykkisholmur Nov-Apr
temperatures for the period 1831-1970.

2.5.2 Relation to Stykkisholmur temperatures

Figures 2.8a and 2.8b present spatial distributions of the linear regression
slopes and linear correlations between the 14 winter season� 18O series and
Nov-Apr Stykkisholmur temperatures. The �gures suggest that the central
Greenland winter season� 18O series have the strongest relation to Stykk-
isholmur winter temperatures, while the southern Greenland winter season
� 18O series are very weakly related to Stykkisholmur winter temperatures.
This assertion is in agreement with observations from extreme years shown
in �gures 2.8c and 2.8d. Again � 18O from the cores which are nearest (Site
A to G and Crete) the temperature observation site (Stykkisholmur) have
the strongest relations to the temperature record.

2.5.3 Relation to the NAO

In �gures 2.9a and 2.9b the spatial distributions of the linear regression
slopes and linear correlations between the 14 winter season� 18O series and
the Nov-Apr average NAO index are presented. The correlationplot (�gure
2.9b) gives a strong indication that winter � 18O from the southern Dye-
3 cores and the central Greenland cores drilled on or west of the central
Greenland ice divide (Crete, GRIP, GISP2, Site B, Site D and Milcent)
are most signi�cantly in
uenced by the NAO. A fact that is in c onformity
with coastal temperature observations, that shows the strongest in
uence
of the NAO on SW Greenland temperatures, while east coast temperatures
are much more weakly associated with the NAO [Box, 2002]. Again the
extreme-plots are in broad agreement with the correlation plot, given the
arti�cial low variability in the Dye-3 and Renland winter � 18O records.
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Figure 2.9: As Fig. 2.7, but relationships with the Iberian/ Icelandic Nov-
Apr NAO-index for the period 1823-1970.

2.5.4 Derivation of regional scale patterns in the winter se a-
son data

To gain information on regional scale patterns of variability in the Green-
land ice core winter � 18O data, the 14 data series shown in �gure 2.5 have
been subjected to principal component analysis. The variance explained by
the �rst 7 principal components is listed in table 2.2. For th e winter data
it is clear that the �rst principal component (PC1) explains the bulk of the
variance, while the second and third components (PC2 and PC3) only ex-
plain slightly more variance than the following components, which variances
are almost equal. The following investigation will therefore be restricted to
the �rst three principal components as the explained variance indicate that
the following components are most likely to be dominated by data noise. In
fact a study of temperature related proxy data by Fisher [2002] did show
that when the variance explained by the PC2 and PC3 (based on analysis
of 14 series) fell below 10% and 9% respectively, those components could
consist of pure noise. Hence even the winter season PC2 and PC3 could be
noise generated.
The loading patterns of the �rst three principal components on the 14 win-
ter � 18O records can be seen in �gure 2.10. As found in the Vinther et al.

Table 2.2: Explained variance (in % of total) by each of the 7 �rst winter
and summer � 18O principal components

Season PC1 PC2 PC3 PC4 PC5 PC6 PC7
Winter 39.8 9.4 7.9 5.6 5.3 4.9 4.8
Summer 35.0 13.7 9.9 6.3 5.4 4.8 4.7
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Figure 2.10: Spatial maps of the three �rst principal components of the
winter season� 18O data. Panel (a), (b) and (c) shows maps of the �rst,
second and third component respectively.

[2003a] investigation the PC1 yields a regional scale pattern with positive
loadings on all time series. The loadings on the easternmostcores are, how-
ever, somewhat smaller than for the majority of the 14 time series. The
PC2 and PC3 loading patterns (�gures 2.10b and 2.10c) are more complex
with SW to NE and a NW-SE gradients respectively. It is especially inter-
esting to see how both the PC2 and PC3 loadings change markedly going
from west to east across the central Greenland ice divide (which passes in
between Site A and Site B and through the Crete and GRIP drill sites).
This enforces the perception that the ice divide exceeds signi�cant in
uence
on the air masses and precipitation patterns a�ecting Greenland � 18O. The
time series of the �rst three winter season principal components as well as
SW Greenland Nov-Apr temperatures are depicted in �gure 2.11. The cor-
respondence between the SW Greenland temperatures and the PC1 time
series is very convincing both on interannual and decadal time scales. The
correlation between the two time series is r=0.71 (r=0.83 for the decadally
�ltered data) for the 1829 to 1970 period (the period where the SW Green-
land winter temperature series has no gaps). The PC2 and PC3 time series
are almost unrelated to the SW Greenland temperatures (jr j < 0.1).

2.5.5 The winter season principal components and Northern
Hemisphere atmospheric 
ow and temperatures

Correlations between the �rst three Greenland winter season � 18O principal
component time series and gridded temperature and SLP data have been
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Figure 2.11: SW Greenland Nov-Apr temperatures and the time series for
the �rst, second and third winter season � 18O principal components. Thick
lines are decadally �ltered data (lines are grey if the �lter ed values are based
on incomplete data).

calculated to better understand the relation between the principal compo-
nents and hemispheric scale circulation as well as temperature patters. The
maximum period covered both by the HadCRUT2v, HadSLP2 and the ice
core data (1871-1970) has been divided into two subintervals(1871-1920 and
1921-1970) and correlations have been calculated for both periods between
the gridded data and the PC1, PC2 and PC3 time series (see �gure 2.12).
In this manner both the correlation patterns themselves andthe stability of
the correlation patterns can be examined.
The spatial temperature and SLP correlation patterns associated with the
PC1 time series are displayed in �gures 2.12a and 2.12d. Both�gures show
clear NAO patterns with an Iceland/Azores pressure see-saw and SW Green-
land/Scandinavia temperature see-saw. The NAO pattern is very stable in-
deed and the correlation between the long instrumental NAO-index and the
winter � 18O PC1 is r=-0.49 for the 1823-1970 period, much in agreement
with the �ndings presented in Vinther et al. [2003a].

The PC2 and PC3 correlation patterns (see 2.12b, 2.12c, 2.12e and 2.12f)
are less straight forward. In fact, no patterns seems to be stable during both
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Figure 2.12: Spatial correlation maps of Nov-Apr sea level pressure (contours
with 0.1 interval, solid lines indicate positive correlations, dashed lines neg-
ative) and temperature (colour coded) with respect to time series of the �rst
(a,d), second (b,e) and third (c,f) winter season� 18O principal components.
Panel (a), (b) and (c) are calculated using the period 1871-1920 while panel
(d), (e) and (f) are calculated using the period 1921-1970. Temperature
grid-points with more than 20% missing values are left blank.
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Figure 2.13: Spatial maps of relationships between SW Greenland May-Oct
temperatures and summer season� 18O (and D/8) data for the period 1785-
1970. Panel (a) shows the slopes of linear regressions between � 18O and the
May-Oct temperature. Panel (b) shows the correlation between summer
� 18O and the May-Oct temperature. Panels (c) and (d) shows the average
anomalies in summer� 18O corresponding to the 5% of the May-Oct periods
which registered the highest and lowest temperatures respectively.

50-year periods. This is an indication that most of the climatically relevant
information in the Greenland winter � 18O data is contained in the PC1 time
series, whereas the PC2 and PC3 time series could very well bedominated
by the high degree of noise in the winter season data, as indicated by the
Fisher [2002] study.

2.6 Summer season � 18O and regional meteorolog-
ical conditions

2.6.1 Relation to SW Greenland temperatures

Figures 2.13a and 2.13b present the spatial distributions of the linear regres-
sion slopes and linear correlations between the 14 summer season� 18O series
and May-Oct SW Greenland temperatures. A clear SW to NE drop o� in
signi�cance of correlations can be seen in �gure 2.13b. Thissuggest that
only summer season� 18O records from cores very near the SW Greenland
temperature observation sites enjoy strong relations with SW Greenland
summer temperatures. The two extreme-plots (�gures 2.13c and 2.13d) do
give some support to this assertion, but it is interesting that both the south-
ern and the eastern cores experience high� 18O values when temperatures
in SW Greenland are high (see �gure 2.13c).

20



Figure 2.14: As Fig. 2.13, but relationships with Stykkisholmur May-Oct
temperatures for the period 1831-1970.

2.6.2 Relation to Stykkisholmur temperatures

Figures 2.14a and 2.14b present the spatial distributions of the linear regres-
sion slopes and linear correlations between the 14 summer season� 18O series
and May-Oct Stykkisholmur temperatures. The combined information from
the regression, correlation and extreme-value plots (�gures 2.14c and 2.14d)
suggest that only the Milcent core from west Greenland is weakly related to
the Stykkisholmur summer temperatures. Furthermore the southern Green-
land Dye-3 cores enjoys a particular strong relation with theStykkisholmur
temperature series.

2.6.3 Relation to the NAO

In �gures 2.15a and 2.15b the spatial distributions of the linear regression
slopes and linear correlations between the 14 summer season� 18O series
and the May-Oct average NAO index are presented. Generally speaking the
relationship between Greenland summer� 18O and the summer NAO seems
to be very weak and insigni�cant. A slight E-W gradient in the r elations can
maybe be discerned in the regression plot (�gure 2.15a), butthis pattern
is somewhat more vague in the two extreme-value plots (�gures2.15c and
2.15d). The lack of NAO in
uence on the Greenland summer season � 18O
data is in accordance with the �ndings of Box [2002] that Greenland summer
temperatures correlates weakly and very erratically with the summer NAO
index.

2.6.4 Derivation of regional scale patterns in the summer
season data

As for the winter season data, principal component analysisis employed to
gain information on regional scale patterns of variability in the Greenland
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Figure 2.15: As Fig. 2.13, but relationships with the Iberian/Icelandic May-
Oct NAO-index for the period 1823-1970.

ice core summer� 18O data. The variance explained by the �rst 7 summer
season principal components are listed in table 2.2. For thesummer data it
can be seen that the explained variance of the �rst principal component is
less than for the winter data, while the second and third components (PC2
and PC3) explain somewhat more of the total variance as compared to the
winter data. This indicates that the Greenland summer � 18O data are a
bit less coherent than the winter data and gives hope (also according to the
Fisher [2002] study) that the summer PC2 and PC3 time series do contain
more valuable climatic information, than was the case for the winter PC2
and PC3 series. Again the following components (PC4, PC5 andso on)
have almost equal variance, which indicates that they are most likely to be
dominated by data noise. The loading patterns of the �rst thr ee principal
components on the 14 summer� 18O records can be seen in �gure 2.16. The
PC1 yields a regional scale pattern with positive loadings on all time se-
ries. The loadings on the easternmost and westernmost coresare, however,
somewhat smaller than for the majority of the 14 time series. The PC2
and PC3 loading patterns (�gures 2.16b and 2.16c) are more complex with
S to N and E to W gradients respectively. Again it seems that the Green-
land ice divide plays a role in the shape of the PC3 loading pattern. The
time series of the �rst three summer season principal components as well
as Stykkisholmur May-Oct temperatures are depicted in �gure 2.17. The
correspondence between the Stykkisholmur temperatures and the PC1 time
series is quite convincing both on interannual and decadal time scales. The
correlation between the two time series is r=0.58 (r=0.66 for the decadally
�ltered data) for the 1831 to 1970 period. It should be noted that the corre-
lations between the PC1 of summer season� 18O and Stykkisholmur May-Oct
temperature are impressively high given the low summer temperature vari-
ability at Stykkisholmur. In fact the Stykkisholmur summer temperature
variability is almost 3 times lower than the SW Greenland winter temper-
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Figure 2.16: Spatial map of the three �rst principal components of the
summer season� 18O data. Panel (a), (b) and (c) shows maps of the �rst,
second and third component respectively.

ature variability that was shown to be strongly associated with the PC1 of
winter season� 18O (see �gure 2.11). The good correlation between the PC1
of summer season� 18O and the modestly varying Stykkisholmur May-Oct
temperatures are therefore indicative of the low level of noise in the summer
� 18O data.

2.6.5 The summer season principal components and North-
ern Hemisphere atmospheric 
ow and temperatures

Correlations between the �rst three Greenland summer season � 18O prin-
cipal component time series and gridded northern hemisphere temperature
and SLP data s presented in �gure 2.18. The maximum period covered
both by the HadCRUT2v, HadSLP2 and the ice core data (1871-1970) has
been divided into two subintervals (1871-1920 ans 1921-1970) and correla-
tions has been calculated for both periods between the gridded data and the
PC1, PC2 and PC3 time series. In this manner both the correlation patterns
themselves and the stability of the correlation patterns can be examined.

The spatial temperature and SLP patterns associated with the summer
PC1 time series are displayed in �gures 2.18a and 2.18d. Both�gures show
that the PC1 is related to sea surface temperatures (SSTs) around Iceland
and south of Greenland, whereas no persistent relation to atmospheric 
ow
can be ascertained. The PC2 correlation patterns (see 2.18b and 2.18e)
are di�cult to interpret, as no patterns seems to be stable during both
50-year periods. This is in stark contrast to the very persistent combined
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Figure 2.17: Stykkisholmur May-Oct temperatures and the time series for
the �rst, second and third summer season� 18O principal components. Thick
lines are decadally �ltered data (lines are grey if the �lter ed values are based
on incomplete data).

pressure and temperature pattern associated with the summer PC3 time
series (see 2.18c and 2.18f). Both 50-year periods show a combined Green-
land/Scandinavia pressure and temperature see-saw. The E-W loading pat-
tern associated with the summer time PC3 is therefore related to a high
pressure over Greenland guiding cold air masses from the north along the
Greenland east coast and warm southern air along the Greenland west coast,
creating an E to W temperature gradient across the ice sheet.

2.7 Summary

Taking the step from annually to seasonally resolved Greenland records of
ice core � 18O is very important, as the seasonal resolution reveals the at-
mospheric and oceanic temperature and circulation patterns associated with
the variability in the � 18O records. Greenland winter season� 18O is strongly
related to SW Greenland winter temperatures and the wintertime NAO cir-
culation pattern, while summer season� 18O is associated with Stykkishol-
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Figure 2.18: Spatial correlation maps of May-Oct sea level pressure (con-
tours with 0.1 interval, solid lines indicate positive correlations, dashed lines
negative) and temperature (colour coded) with respect to time series of the
�rst (a,d), second (b,e) and third (c,f) summer season� 18O principal com-
ponents. Panel (a), (b) and (c) are calculated using the period 1871-1920
while panel (d), (e) and (f) are calculated using the period 1921-1970. Tem-
perature grid-points with more than 20% missing values are left blank.
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mur summer temperatures and summer SST conditions in Greenland and
Icelandic waters. In annually resolved� 18O these relations are not as easy
to detect, as their �ngerprints in the annual � 18O are mutually obscured.
Having signal to noise ratios (SNRs) markedly below the level observed of
annual � 18O, the Greenland winter season� 18O data seems to be strongly in-

uenced by noise processes such as sastrugi formation. An assertion which
is underpinned by the fact that only the �rst principal compo nent of the
winter data could be shown to have stable relations with atmospheric 
ow
and temperature patterns. SNRs also indicate that the summer � 18O data
are much less in
uenced by noise and stable atmospheric relations can be
established even to the third summer� 18O principal component. To obtain
seasonal� 18O data with reasonable SNRs it is probably necessary to stack
multiple seasonal records for low accumulation areas, while records from ar-
eas with very high accumulation can much easier be used without stacking.
Another interesting feature suggested by the multiple records of seasonal
� 18O data is that the central Greenland ice divide seems to have asignif-
icant in
uence on the air masses a�ecting the Greenland � 18O. Therefore
having ice core records from both east and west of the ice divide allows
identi�cation of regional scale atmospheric variability.
Despite the many di�culties associated with the creation of seasonally re-
solved time series of Greenland� 18O (such as di�usion correction, high res-
olution sampling and accurate dating) it must be concluded that it is both
possible and highly desirable to obtain seasonally resolved � 18O data from
Greenland ice cores, as such data can be used to identify pastvariability
both of the NAO and North Atlantic SST conditions. Furthermo re the
information gained through analysis of seasonal� 18O data improves the in-
terpretation of annually or even less resolved Greenland� 18O records.
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Chapter 3

Expanding the detailed
Dye-3 stable isotope series

In the previous chapter the importance of having seasonallyresolved stable
isotope data was documented. Furthermore it was found that seasonally
resolved data from the high accumulation Dye-3 site had a veryfavorable
signal to noise ratio. Hence it was decided to complete and extend the
existing highly resolved stable isotope record from the Dye-3 deep core (see
�gure 3.1).
The existing Dye-3 record is composed of� 18O data only, and it would
therefore be natural to close the gaps in the record by carrying out more
� 18O measurements. However, as the remaining volume of ice fromthe Dye-
3 core is very limited it was decided to make� D measurements instead. This
choice is made because� D samples measured using a continues 
ow isotope
ratio mass spectrometer (CF-IRMS) only requires 20% of the sample size
normaly used for � 18O measurements in Copenhagen. The CF-IRMS used
for the � D measurements is situated at the AMS C14 Dating Centre at the
University of Aarhus.
Two sections were chosen for� D sampling: The section from 1539.45m to
1625.25m and the section from 1676.95m to 1694.00m. The choice was based
on a desire to extend the high resolution measurements through the 8.2kyr
cold event (which have its minimum in � 18O at � 1691m) and a decision not
to do more than 12.000 samples, in order to have a realistic chance of getting
the job done in a timely manner.

3.1 Deriving the cutting scale

All existing highly resolved � 18O data from the Dye-3 core have been sampled
in accordance with a cutting-scale designed to yield 8 samples per year on
average. This cutting-scale was based on an ice 
ow model thatdid not
take into account the complicated 
ow in the Dye-3 area [Reeh,1989]. As
a result, a signi�cant oversampling did occur, often yielding 10-11 samples
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Figure 3.1: Schematic of the existing highly resolved� 18O data (blue) from
the 1500-1720m section of the Dye-3 deep ice core. The new highly resolved
� D data sampled during this project (red) are also plotted.

per year.
In order to avoid doing labor-intensive oversampling, it was decided not
to use the old cutting-scale for the new measuring e�ort. Instead a new
cutting-scale was created based on annual layer counts in nearby sections of
highly resolved � 18O data. The new cutting-scale as well as the estimated
annual layer thicknesses, which the scale is based on can be seen in �gure
3.2.

Figure 3.2: Cutting scale (heavy line) for the two sections selected for high
resolution � D sampling (note that a bag has a length of 55cm). The cut-
ting scale is formed from annual layer thickness estimates (thin line) that
are based on annual layer counts in small sections of high resolution � 18O
(crosses).
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3.2 Sampling procedure

For each bag of ice (a bag has a length of 55cm) a number of equally sized � D
samples were cut on a band saw in accordance with the cutting-scale (�gure
3.2). The samples were then put in sealed containers and melted slowly.
The meltwater was immediately poured into airtight bottles and refrozen (a
bottle can be seen in �gure 3.3). The sample bottles were keptfrozen during
transport from Copenhagen to Aarhus (the location of the CF-IRMS) and
then stored in a freezer at the University of Aarhus. Immediately before the
samples were measured on the CF-IRMS, they were melted and transferred
to small septum sealed glass vials (see �gure 3.3). 110 vialsat a time could
then be �tted into the autosampler, that was connected to the CF-IRMS
(see �gure 3.4). The ice core sampling took almost 4 month to complete,
including 2-3 weeks with extra assistance.

3.3 Mass spectrometry

A GV-Instruments Isoprime IRMS was used for the� D measurements. Sam-
ples were placed in a Euro Vector liquid autosampler that injected samples
into a Euro Vector pyrolysis unit, were the samples were evaporated at
1070� C and reduced by chromium to gaseous hydrogen molecules. In a
ow
of helium the hydrogen was then carried to the mass spectrometer, which
generate simultanous peaks ofH2 and HD at the collectors (Olsen et al.
[2006] can be consulted for a more detailed description of the entire setup).
For each sample a preliminary� D value is calculated with respect to a ma-
chine reference gas. These preliminary values have to be corrected for drift
and calibrated to the VSMOW/SLAP scale using known standards. An ex-
ample of a fully corrected batch of measurements can be seen in �gure 3.5.
Making an optimization of all facets in the system [Olsen et al.,2006], it was
possible to do almost 400 measurements a day, not counting measurements
of standards. Despite the short time spend measuring each sample, the noise
in the data stayed below 0.50=00, while the inter sample memory-e�ect (due
to cross contamination of the samples) was held steady at 1-2%[Olsen et
al.,2006].
The Kbh22 standard (� D=-168.4) and the Crete standard (� D=-262.2) were
used for calibration of the � D data.
All 12.000 samples were measured using 14 weeks of machine time in 2004.
It should be noted that the number of samples that could be measured per
day was reduced to only 100 during the �rst �ve weeks, due to a software
error.

Finally it should be mentioned that the CF-IRMS was situated i n a room
without air-conditioning. This is important because high temperatures do
a�ect the stability of the machine reference gas (see �gure 3.6). Great care
was therefor taken to keep the room temperature below 25� C, but a few

29



Figure 3.3: Samples were transfered from the airtight bottles to small
septum-sealed vials, which could be penetrated by the syringe used by the
autosampler.

Figure 3.4: The Euro Vector liquid autosampler which is connected to the
CF-IRMS. There are room for 110 samples in the rotating tray.
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Figure 3.5: Example of a standard batch of measurements on the CF-IRMS,
including 300 ice core samples plus standards. Note the standards used for
calibration at the beginning and end of the batch, and the standards used
for calibration control measured twice during the batch.

Figure 3.6: Temperature related disturbances in the reference gas during
two batches of measurements.
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batches had to be remeasured (including most of batch D50 shown in the
�gure).

3.4 Summary

From November 2003 to November 2004 12.000 samples were cut form the
Dye-3 deep core and measured for� D as a part of this project. During
the measuring process it was possible to optimize the CF-IRMSsystem to
yield a throughput of 400 samples per day, without signi�cantly increasing
the data noise or the inter sample memory e�ect. The new measurements
complete the Dye-3 high resolution stable isotope data down through the
8.2kyr event.
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Chapter 4

Dating the Dye-3, GRIP,
NGRIP and Renland ice
cores throughout the
Holocene

The following section presents the dating of the Holocene parts of the Dye-3,
GRIP, NGRIP and Renland ice cores. Sections 4.1 to 4.8 are a copy of the
paper:

Vinther, B. M., H. B. Clausen, S. J. Johnsen, S. O. Rasmussen,J. P. Stef-
fensen, K. K. Andersen, S. L. Buchardt, D. Dahl-Jensen, I. K. Seierstad,
M-L. Siggaard-Andersen, A. M. Svensson, J. Olsen and J. Heinemeier, A
synchronized dating of three Greenland ice cores throughout the Holocene,
J. Geophys. Res., 111, D13102, doi:10.1029/2005JD006921. 2006.

These sections describe and discusses the dating of the Dye-3, GRIP and
NGRIP cores. Section 4.9 and section 4.10 are not part of the paper but
later additions. Section 4.9 details the dating of the Renland ice core, while
section 4.10 presents a general discussion of the dating of the four cores in
relation to tree-ring based dating.

4.1 Abstract

As part of the e�ort to create the new Greenland Ice Core Chronology 2005
(GICC05) a synchronized stratigraphical timescale for theHolocene parts of
the DYE-3, GRIP and NGRIP ice cores is made by using volcanic reference
horizons in electrical conductivity measurements to matchthe cores.
The main annual layer counting is carried out on the most suited records
only, exploiting that the three ice cores have been drilled at locations with
di�erent climatic conditions and di�erences in ice 
ow. How ever, supple-
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mental counting on data from all cores has been performed between each
set of reference horizons in order to verify the validity of the match. After
the veri�cation, the main dating is transferred to all recor ds using the vol-
canic reference horizons as tie points. An assessment of themean annual
layer thickness in each core section con�rms that the new synchronized dat-
ing is consistent for all three cores.
The data used for the main annual layer counting of the past 7900 years are
the DYE-3, GRIP and NGRIP stable isotope records. As the high accumu-
lation rate at the DYE-3 drill site makes the seasonal cycle inthe DYE-3
stable isotopes very resistant to �rn di�usion, an e�ort has been made to
extend the DYE-3 Holocene record. The new synchronized dating relies
heavily on this record of � 75,000 stable isotope samples. The dating of the
early Holocene consists of an already established part of GICC05 for GRIP
and NGRIP which has now been transferred to the DYE-3 core.
GICC05 dates the Younger Dryas termination, as de�ned from deuterium
excess, to 11,703 b2k; 130 years earlier than the previous GRIP dating.

4.2 Introduction

The vast Greenland ice sheet is an outstanding archive of past northern
hemisphere atmospheric conditions. During the past decades, several ice
coring e�orts have been made in order to retrieve continuousrecords for the
study of past climatic conditions [Dansgaard and Johnsen, 1969; Langway
et al., 1985; Johnsen and Dansgaard 1992; Dansgaard et al., 1993; Meese et
al., 1994; NGRIP Members, 2004].
To fully exploit the wealth of information provided by the ic e cores, an ac-
curate dating of the records is essential [e.g. Hammer et al.1978]. Having
ice cores from di�erent parts of the ice sheet, cross dating of records is of
great importance, because thoroughly cross dated records allow studies of
local climate di�erences [Rogers et al., 1998]. Furthermore, it is possible to
retrieve more accurate regional climatic signals by stacking the cross dated
records [e.g. Vinther et al., 2003].
Here we present a new counted timescale for the DYE-3, GRIP andNGRIP
ice cores, spanning the past 11.7 kyrs, the entire Holocene period. The
timescale has been cross dated carefully using volcanic reference horizons,
detectable in Electrical Conductivity Measurements (ECM) performed con-
tinuously on the cores. This new timescale that synchronizes the Holocene
parts of the DYE-3, GRIP and NGRIP ice cores, is part of the ongoing ef-
fort to create the Greenland Ice Core Chronology 2005 (GICC05), a counted
chronology reaching far beyond the last glacial maximum.
The ice 
ow properties at the DYE-3, GRIP and NGRIP drill sites are very
diverse. At the DYE-3 site the high accumulation rate allows for extremely
well preserved annual layers, detectable in all measured parameters. At the
same time, however, the high accumulation rate leads to vigorous ice 
ow
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Table 4.1: Ice core speci�cations and present drill site characteristics.
Ice Core Elevation Latitude Longitude Mean air temp.

(m a.s.l.) ( � N) ( � W) ( � C)
DYE-3 2480 65.18 43.83 -20
GRIP 3230 72.58 37.64 -32
NGRIP 2917 75.10 42.32 -32

Accumulation Ice Core Years of
(m ice per year) length (m) drilling

DYE-3 0.56 2037 1979-1981
GRIP 0.23 3027 1989-1992
NGRIP 0.19 3090 1996-2004

which rapidly thins the annual layers with increasing depth. The GRIP and
NGRIP drill sites, situated at the summit of the Greenland ic e cap and on
the northern ice divide respectively, are sites with more moderate accumula-
tion and ice 
ow, which create conditions for slow but steady layer thinning.
But because the NGRIP core has been drilled at a site of the icecap sub-
jected to bottom melting, the mean annual layer thickness never gets much
smaller than the annual melt rate.
The di�erences between the glaciological conditions at theDYE-3, GRIP
and NGRIP drill sites make these three ice cores an ideal combination for
dating purposes. Through a large part of the Holocene, the high accumula-
tion rate at DYE-3 allows robust identi�cation of the annual c ycles in stable
oxygen and hydrogen isotope data. Hence some 12,000 new isotope sam-
ples have been cut and measured to complete and extend the DYE-3 stable
isotope record. Below the 8.2 ka cold event, thinning of the annual layers
makes identi�cation of annual cycles in the DYE-3 stable isotopes di�cult.
Therefore GRIP Continuous Flow Analysis (CFA) measurements of chemi-
cal impurities in the ice have been used for annual layer counting below 7.9
ka b2k (before A.D. 2000).
The dating of the early Holocene using GRIP and NGRIP CFA data (GRIP
data 7.9-11.7 ka b2k, NGRIP data 10.3-11.7 ka b2k) has been presented in
Rasmussen et al. [2006]. Due to the relatively slow 
ow-induced thinning
at NGRIP and the high resolution of the NGRIP CFA data, annual layers
can be identi�ed past the last glacial maximum. An extension of GICC05
down to 42 ka is discussed in K. K. Andersen et al. [submitted 2006] and
A. Svensson et al. [submitted, 2006].

4.3 Ice Core Data

The locations of the DYE-3, GRIP and NGRIP drill sites are shown in Fig.
4.1, while further information on the cores and drill sites is given in Table
4.1. An overview of the temporal distribution of the ice core data used
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Figure 4.1: The three Greenland deep ice cores used in the construction of
the Greenland Ice Core Chronology 2005. DYE-3, GRIP (Greenland Ice
core Project) and NGRIP (North Greenland Ice core Project).

for the GICC05 dating can be seen in Fig. 4.2. Descriptions ofdata from
each of the three ice cores are given in the following sections. To facilitate
comparison of data availability between the ice cores, the common GICC05
ages of the sections will be used instead of referring to ice core depths.

4.3.1 DYE-3

An extensive amount of stable oxygen isotope measurements (� 18O) has
been carried out on the DYE-3 ice core during the early 1980s [Dansgaard
et al., 1982]. 63,000� 18O samples at a resolution of 8 samples per year or
higher cover the period back to the year 5815 b2k and the time interval from
6906 to 7898 b2k.
In this work an additional 12,000 ice samples from the periods 5816-6905
b2k and 7899-8313 b2k have been cut at a resolution of 8 samplesper year
in order to complete the DYE-3 stable isotope record and extend it through
the 8.2 ka cold event. Stable hydrogen isotope measurements(� D) were car-
ried out on these samples, exploiting the small sample size required for � D
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Figure 4.2: Overview of the ice core data used for constructing the Greenland
Ice Core Chronology 2005. The termination of Younger Dryas (YD Term.)
is indicated by the black line. ECM is Electrical Conductivi ty Measurement,
IC is Ion Chromatography data, CFA is Continuous Flow Analysis data and
VS is Visual Stratigraphy data.

measurements using a modern Continuous-Flow Isotope Ratio Mass Spec-
trometer (CF-IRMS). All 12,000 samples have been measured atthe AMS
14C Dating Centre at the University of Aarhus on a GV Instruments CF-
IRMS [Morrison et al., 2001].
ECM data are available down through the entire Holocene for the DYE-3
core [Hammer et al., 1980].

4.3.2 GRIP

Measurements of� 18O at a resolution of 2.5 cm are available back to 3845 b2k
[Johnsen et al, 1997]. This resolution corresponds to 7-10 samples per year
(with fewest samples per year in the earliest part of the record due to 
ow-
related thinning of the annual layers). Short sections of� 18O measurements
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are available through the rest of the Holocene, but they cover less than 10%
of the total time span and do not form a continuous record. ECM data are
available for the entire GRIP core [Clausen et al., 1997].

4.3.3 NGRIP

� 18O measurements at a resolution of 2.5 cm are available back to1813 b2k
[Dahl-Jensen et al., 2002]. This resolution corresponds to 7-9 samples per
year, again fewest in the earliest part of the record. Ion Chromatography
(IC) measurements of impurities have been made (at the NielsBohr Insti-
tute, University of Copenhagen) back to 1813 b2k, at a resolution of 5 cm,
corresponding to � 4 samples per year.
ECM data exist for the entire NGRIP core [Dahl-Jensen et al., 2002].

4.4 Methodology

The dating of the three ice cores is carried out in four steps. First the
ECM records of the three cores are used to match up volcanic reference
horizons. Secondly, between consecutive match points annual layers are
counted independently in each core. In the third step it is decided if possible
discrepancies in the annual counts between the cores can be resolved. If this
is not possible, a return to step 1 (the ECM match) is deemed necessary.
The fourth step is to �nd the number of years which is consistent with all
available data, and then impose the resulting dating on all three ice cores.
In this step the records showing the clearest annual cycles are given the
greatest weight.
The process of going through the four steps is carried out forall parts
of the DYE-3, GRIP and NGRIP Holocene records, thereby producing a
synchronized timescale valid for all three ice cores.
In the next sections we describe the dating procedure and therecords used
in the di�erent time periods of the Holocene, starting with t he uppermost
year present in all three cores, 21 b2k (A.D. 1979).

4.4.1 21{1813 b2k

For this period, detailed � 18O data from all three cores have been used. As
di�usion in the snow and �rn layers (the upper 60-70 m of the ice sheet)
dampens the annual cycle in� 18O signi�cantly for areas of low accumula-
tion, it has been necessary to use deconvolution techniques[Johnsen 1977;
Johnsen et al. 2000] to re-establish the annual oscillationsin the GRIP and
NGRIP records. Deconvolution is not necessary for the DYE-3� 18O data
due to the high accumulation rate at DYE-3 (see Table 1).
An example of the matching, deconvolution and layer count isgiven in Fig.
4.3. It is seen that the NGRIP � 18O data set is on the limit of safe decon-
volution, whereas most annual layers are discernible in themeasured GRIP
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Figure 4.3: Top three graphs: Matching of the DYE-3, GRIP and NGRIP
ECM records from A.D. 897 to A.D. 934. Reference horizons areindicated
by black bars. Bottom three graphs: Detailed comparison of stable isotope
records. Thick blue lines are measured data while thin linesare deconvo-
luted data, corrected for �rn di�usion. Light grey bars indi cate single years
(winters) identi�ed in the records.

� 18O data before deconvolution. The measured DYE-3� 18O data is seen to
exhibit clear annual cycles.
Multi parameter NGRIP IC impurity data are considered in the NGRIP an-
nual layer count and the combined information of the NGRIP IC data and
the deconvoluted� 18O data proved su�cient for annual layer identi�cation.
However, during this period most weight is given to the DYE-3 � 18O data
and the deconvoluted GRIP � 18O data, as the two � 18O data sets are far
better resolved than the NGRIP IC impurity data.

4.4.2 1814{3845 b2k

The NGRIP IC data and the 2.5 cm � 18O data terminate at 1813 b2k leaving
only the NGRIP ECM record with su�cient resolution for datin g purposes.
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As annual cycles are not always clearly represented in the ECM record,
almost no weight is given to the NGRIP annual layer count in this section.
NGRIP ECM is merely used to transfer the consensus annual layer count
from DYE-3 � 18O and GRIP deconvoluted � 18O to the NGRIP core. ECM
annual layer counting is typically associated with errors of 5-10%. If the
discrepancy for a given matched section exceeds this expected error, the
underlying match of volcanic reference horizons is reconsidered.

4.4.3 3846{7902 b2k

The GRIP 2.5 cm � 18O data terminate at 3845 b2k leaving only the GRIP
ECM record with su�cient resolution for dating purposes. Th erefore almost
no weight is given to the GRIP and NGRIP annual layer counts in this
section. GRIP and NGRIP ECM data are merely used to transfer the annual
layer count from DYE-3 � 18O and � D data to the GRIP and NGRIP cores.
Again, if the discrepancy in a section exceeds the expected error of 5-10%,
the underlying match of volcanic reference horizons is reconsidered. Highly
resolved GRIP � 18O data are used in the dating procedure where available.
An example of the transfer of the DYE-3 dating to the GRIP and NGRIP
cores is given in Fig. 4.4.

4.4.4 7903{8313 b2k

The rapid thinning rate at the DYE-3 site allows progressing ice di�usion
to dampen the annual cycle in the DYE-3 � 18O and � D data (see Fig. 4.5).
This dampening makes identi�cation of annual layers increasingly di�cult.
Therefore, the dating of the GRIP core presented in Rasmussen et al. [2006]
is transferred to the DYE-3 core in this section. There are no signi�cant
discrepancies between the (less certain) annual layer counts in the DYE-3
� D data and the counts based on GRIP CFA data for any part of the section.

4.4.5 8,314{11,703 b2k

Below 8313 b2k the DYE-3 annual layer counting is carried out on the
DYE-3 ECM record. The DYE-3 ECM count is merely used to transfer the
Rasmussen et al. [2006] dating of the GRIP (8,314{11,703 b2k) and NGRIP
(10,277{11,703 b2k) cores to the DYE-3 core. Again, if the discrepancies
in a section exceed the expected error of 5-10%, the underlying match of
volcanic reference horizons has been reconsidered.

4.5 Dating Uncertainties

A range of issues may lead to uncertainties and errors in ice core time scales
based on annual layer counting. The most important ones include: Imper-
fect core stratigraphy, core loss during drilling/handling of the core, data
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Figure 4.4: Top three graphs: Matching of the DYE-3, GRIP and NGRIP
ECM records from 6559 b2k to 6632 b2k. Reference horizons areindi-
cated by black lines. Bottom three graphs: Detailed matching of GRIP and
NGRIP ECM based dating to the DYE-3 record from 6593 b2k to 6632b2k.
Light grey bars indicate single years (winters) identi�ed in the records.

loss during sampling/measuring of the core, insu�cient measuring resolu-
tion and misinterpretation of the records [Alley et al., 1997].
During the Holocene, the accumulation rate is known to have been rela-
tively high. Hence the DYE-3, GRIP and NGRIP records should not su�er
from any signi�cant imperfections in stratigraphy. The exi stence of complete
years without precipitation is extremely unlikely, especially for the DYE-3
high accumulation site.
Core loss and data loss have been minimal for the DYE-3, GRIP and NGRIP
ice cores. Furthermore, having three ice cores available for the dating, any
small section of missing data in one core can be studied in twouna�ected
ice cores. It shall be noted that due to di�erences in ice 
ow the time pe-
riod spanned by DYE-3 brittle-zone does not overlap the periods covered
by GRIP and NGRIP brittle-zones (the brittle-zone at a depth of approx.
800-1200 m, is a particularly fragile section of the ice core which is di�cult
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Figure 4.5: Three sections of the detailed DYE-3 stable isotope pro�le. The
annual cycle is visible in all three sections despite progressive dampening
induced by ice di�usion. Light grey bars indicate single years (winters)
identi�ed in the records.

to handle and sample [Shoji and Langway, 1982]). The DYE-3 iceis brittle
from 1.9-3.6 ka b2k while GRIP and NGRIP brittle-zones span the peri-
ods 4.0-7.1 ka b2k and 4.7-8.0 ka b2k respectively. A non-brittle ice core is
therefore available for all time periods covered by the GICC05 dating.
Having a stable isotope record based on 8 samples per year or better at the
DYE-3 site, annual oscillations are resolved during the past8300 years (see
Fig. 4.3, 4.4 and 4.5). The sample resolution of the GRIP and NGRIP � 18O
data is also su�cient for safe layer counting to be carried out. However,
the e�ective resolution of the GRIP and NGRIP records (and th e DYE-3
record below� 6.9 ka b2k) is in
uenced by di�usional smoothing of the � 18O
oscillations. Therefore deconvolution techniques [Johnsen, 1977; Johnsen et
al., 2000] are applied to the stable isotope records in orderto enhance their
e�ective resolution (see Fig. 3). The sampling resolution of the NGRIP IC
data (� 4 samples per year) is some times marginal with respect to resolving
annual layers.
The risk of misinterpreting the ice core records is probablythe most sig-
ni�cant contribution to uncertainties in the Holocene part of the GICC05
dating. Experience from the dating of multiple shallow ice cores (covering
the most recent part of the Holocene) does however establishthat � 18O and
� D data exhibit very reliable annual oscillations due to their close coupling to
Greenland temperatures [Hammer et al., 1978]. Deconvolution of the stable
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Table 4.2: Maximum counting errors for the Holocene part of the Greenland
Ice Core Chronology 2005 (GICC05).
Top year Bottom year Max. counting error
Age (b2k) Age (b2k) (%)

21 3845 0.25
3846 6905 0.50
6906 7902 2.00
7903 10276 2.00a

10277 11703 0.67a
aMax. counting errors from Rasmussen et al. [2006].

isotope data does pose the danger of introducing oscillations of non-annual
origin, e.g. the small oscillation observed in the NGRIP deconvoluted � 18O
data at a depth of � 224m in Fig. 4.3. The risk of misinterpreting such os-
cillations is mitigated by the availability of the DYE-3 stab le isotope data,
which do not need deconvolution.
Rasmussen et al. [2006] o�ers a discussion of the uncertainties concerning
the dating based on the GRIP and NGRIP CFA data.

4.5.1 Uncertainties and bias evaluation for the annual laye r
counting

In the previous section it has been established that the uncertainties as-
sociated with core and measurement related issues are almost negligible.
Therefore, possible misinterpretation of the ice core records is very likely to
be the most signi�cant contributor to uncertainties in the d ating of the past
7.9 kyrs. Hence several strategies are used to asses this uncertainty. Fol-
lowing the methodology of Rasmussen et al. [2006], featuresin the ice core
records which can neither be dismissed nor con�rmed as annual layers using
all data available, are recorded as uncertain years. Half ofthe number of un-
certain years is subsequently included in the �nal timescale, while the other
half is discarded. The maximum counting error is then de�nedas half of the
number of uncertain years. This is to say, that uncertain years enter into the
dating as 0.5� 0.5 year. Maximum counting errors for di�erent periods of
the Holocene are given in Table 4.2. The error estimates are an expression
of the di�culties encountered when interpreting the record s, but does not
take into account the possibility that the criteria used for identifying annual
layers may be imperfect. Thus, the maximum counting errors does not re-

ect possible biases in the annual layer identi�cation process [Rasmussen et
al., 2006].

Direct estimation of the counting bias is possible for the past � 1900
years where historically dated volcanic reference horizons are observed in
the ice core records. The period between the A.D. 79 Vesuviuseruption and
the A.D. 1362 •Oraefaj•okull eruption has been chosen to evaluate possible
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biases in the dating technique. Both the A.D. 79 Vesuvius eruption and
the A.D. 1362 •Oraefaj•okull eruption have recently been identi�ed in tep hra
from the GRIP ice core (C. Barbante, personal communication, 2005; V. A.
Hall and J. R. Pilcher, personal communication, 2006). Using the DYE-3
and GRIP � 18O and ECM data a total of 1283 years are counted in between
A.D. 79 and A.D. 1362. This is only one year (or� 0.1%) more than the 1282
years known from historical records. It is therefore reasonable to conclude
that the bias associated with counting annual cycles in DYE-3and GRIP
� 18O data is very small, and certainly within the maximum counti ng error
of 0.25% for the period back to 3845 b2k covered by both DYE-3 and GRIP
� 18O data.
From 3846 b2k to 6905 b2k, the DYE-3 stable isotope record is the only data
set suited for annual layer counting. The maximum counting error doubles
to 0.5% as doubtful features no longer can be investigated ina parallel � 18O
record. A bias estimate when using one record only can be obtained by
looking at previous counted timescales for GRIP and DYE-3. According to
Clausen et al. [1997] the period deliminated by the A.D. 79 Vesuvius erup-
tion and the Minoan eruption of Thera has been independentlydated in the
DYE-3 and GRIP ice cores. In the GRIP core 1714 years were found, while
1723 years were found in the DYE-3 core. Compared to the new GICC05
dating, that uses both cores, discrepancies are -0.2% and 0.3% respectively.
The counting bias introduced when using only one core is therefore within
the 0.5% maximum counting error estimate.
The period from 6906 b2k to 7902 b2k is a problematic section in the
Holocene part of the GICC05 dating. Progressing ice di�usion gradually
smooths the DYE-3 stable isotope data, thereby weakening theannual cycle
(see Fig. 4.5). Furthermore, deconvolution techniques arenot entirely safe
to use, as this part of the DYE-3 record contains some steep gradients in the
� 18O data. The gradients are due to more frequent surface melt during the
climatic optimum. Therefore, the maximum counting error grows to 2.0%
during the 6906-7902 b2k period. This estimate is an average for the entire
997 year long period, re
ecting that the counting error increases throughout
the period as di�usion e�ects progress.
An independent bias estimation for the 6906-7902 b2k period is di�cult to
obtain, because the combination of melt layers and progressing ice di�usion
is unique to this part of the DYE-3 stable isotope data set. A comparison
between annual layer counts in the overlapping period of DYE-3 � D and
GRIP CFA data (7903-8314 b2k) indicates a slight bias (0.5-1.0%) towards
an overstimation of the number of years in the DYE-3 record. The maximum
counting error is, however, 2% for the GRIP CFA record from 7,903-10,276
b2k and � 3% for the DYE-3 record from 7903-8314 b2k. A bias estimate of
0.5-1.0% is therefore below the threshold of safe detection.
As all bias estimates are well within the maximum counting errors given
in Table 4.2, it is considered safe to use the maximum counting errors as
an estimate of the total uncertainty associated with the GICC05 timescale
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Figure 4.6: Holocene annual layer thickness pro�les for theDYE-3, GRIP
and NGRIP ice cores on the GICC05 timescale.

back to 6905 b2k. Before 6905 b2k biases are di�cult to evaluate and the
maximum counting errors are to be used more cautiously. A discussion of
the maximum counting errors for the 7,903-11,703 b2k period can be found
in Rasmussen et al [2006].

4.5.2 Uncertainties in the synchronization of the three ice
cores

The three ice core records have been synchronized using volcanic reference
horizons (see Fig. 4.3 and 4.4). The risk of mismatching the volcanic refer-
ence horizons is low as any such mismatch would create an easily detectable
abrupt jump in the derived annual layer thickness record. It is reassuring
that no such jumps can be detected in the GRIP and NGRIP annuallayer
thickness records (see Fig. 4.6). The DYE-3 annual layer thickness record
exhibits a peculiar oscillation around 400-800 b2k which is caused by up-
stream depositional e�ects. These e�ects are due to the DYE-3drill site
being located in an area of vigorous ice 
ow over a mountainous bedrock
leading to a rather uneven surface topography of the ice sheet [Reeh, 1989].
The uncertainty in the matching of ECM volcanic reference horizons is esti-
mated to be one year at most, depending on the width and shape of the vol-
canically induced acidity peaks measured by ECM. Volcanic reference hori-
zons are generally available for every� 50 years linking GRIP and NGRIP,
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Table 4.3: Correlations between annually averaged ECM and their variances.
Top year Bottom year Correlationa Variance (� eqv./kg) 2

Age (b2k) Age (b2k) D/G D/N G/N DYE-3 GRIP NGRIP
21 1813 0.24 0.27 0.46 0.25 0.35 0.38

1814 3845 0.23 0.07 0.24 0.15 0.22 0.17
3846 7902 0.27 0.30 0.48 0.23 0.21 0.36
7903 8313 0.19 0.24 0.37 0.08 0.12 0.29
8314 11703 0.40 0.39 0.49 0.21 0.41 0.55

D=DYE-3, G=GRIP and N=NGRIP.

and for every � 100 years linking all three cores [Clausen et al. 1997]. The
potential mismatch within matched sections is di�cult to as ses, but it is
believed to be one year at most in the sections where stable isotope data
are available for the annual layer counting. When the datingof a core relies
only on ECM, the possible maximum mismatch within the matched sections
is estimated to 2-3 years. For the part of the DYE-3 core from 8,314-11,703
b2k, which has been synchronized to the Rasmussen et al. [2006] GRIP and
NGRIP dating, the maximum possible mismatch is estimated tobe slightly
higher, 4-5 years, as the mean annual layer thickness in this part of the
DYE-3 record amounts to only a few centimetres (see Fig. 4.6).
In order to quantitatively evaluate the ECM match of the core s, correlation
coe�cients between DYE-3, GRIP and NGRIP annually averaged ECM
records have been calculated (see Table 4.3). As common volcanic signals
in the ECM records are expected to correlate (as seen in Fig. 4.3 and 4.4)
the correlation coe�cients between the ECM records can be regarded as a
measure of the strength of the ECM match. Correlations are presented for
the 5 periods of the Holocene outlined in sections 4.4.1-4.4.5 and for the
three possible core combinations. Table 4.3 also provides the variances of
the ECM records for each core in each section.
From Table 4.3 it can be seen that correlations vary signi�cantly from sec-
tion to section, but it is also seen that the variance of the ECM records
di�er between sections. In fact there is a considerable correspondence be-
tween ECM variances and correlations, i.e. the lowest correlations registered
for the NGRIP core is found in the 1814-3845 b2k section, whereNGRIP
ECM has the lowest variance, whereas the highest correlations for NGRIP
is found in the 8314-11703 b2k section where NGRIP ECM variance is at
its highest.

The ECM variances provide a good estimate of the strength of the vol-
canic signals observed in the ECM records, as large ECM spikes (as shown
in Fig. 4.3 and 4.4) will inevitably lead to an increase in theECM variance.
Hence the correspondence between correlations and variances strongly sug-
gests that the di�erences in correlation between the di�erent sections are
predominantly an expression of the frequency and magnitudeof volcanic
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Table 4.4: GICC05 dates and depths for selected reference horizons observed
in the DYE-3, GRIP and NGRIP cores.
Reference DYE-3 GRIP NGRIP Age Age MCEe

horizon Depth (m) (AD/-BC) (b2k) (yrs)
•Oraefaj•okull a 326.70 165.10 142.75 1362 638 0
Heklaa;b 429.24 219.55 189.13 1104 896 0
Eldja 493.71 256.15 219.68 933 1066 1
Unknown 635.10 339.83 290.92 529 1471 2
Vesuviusa 779.99 429.08 367.80 79 1921 0
Unknown 876.39 493.04 423.15 -252 2251 1
Unknown 1093.53 641.73 555.35 -1077 3076 3
Thera (?) 1227.48 736.47 640.99 -1641d 3640d 5
Unknown 1443.33 931.78 824.15 -2933 4932 11
Unknown 1555.67 1074.60 964.10 -3993 5992 16
Unknown 1645.10 1225.05 1118.35 -5248 7247 27
8.2k peak 1691.06 1334.04 1228.67 -6237 8236 47
Tjors�a (?) 1708.92 1380.50 1273.45 -6699 8698 57
Unknown 1779.94 1598.91 1470.69 -9307 11306 96
Termination c 1786.20 1624.27 1492.45 -9704 11703 99

aThe •Oraefaj•okull, Hekla and Vesuvius eruptions have been usedas
historical tie points carrying no uncertainty.

bThe Hekla eruption commenced in the autumn/winter of A.D. 1104, the
signals in the ice cores corresponds to early A.D. 1105.

cThe termination of Younger Dryas as determined by a shift in deuterium
excess values.

dGRIP tephra shows that the Thera eruption commenced in 1642 B.C.
The ECM signals peak in the annual layer 1641 B.C. (3640 b2k).

eMaximum Counting Error

ECM peaks in the sections; not an indication of problems with the ECM
matching. That correlations between GRIP and NGRIP are generally higher
than correlations with the DYE-3 record re
ects the fact, tha t the GRIP
and NGRIP drill sites are much closer to each other than to DYE-3, making
it more likely that they contain common volcanic signals. Furthermore melt
layers in the DYE-3 core tend to increase the non-volcanic variability of the
DYE-3 ECM record.

4.6 Results

Table 4.4 gives depths and ages for selected reference horizons identi�ed
in the DYE-3, GRIP and NGRIP ice cores. Maximum counting errors in
Table 4 are seen to cumulate before the A.D. 79 eruption of Mount Vesu-
vius, as this eruption is the oldest historically dated reference horizon in
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Figure 4.7: Holocene pro�les of� 18O for the DYE-3, GRIP and NGRIP ice
cores on the GICC05 timescale. The 8.2 ka event, the 9.3 ka event and the
11.4 ka Preboreal Oscillation are indicated by grey shadings.

the ice cores. The Minoan Thera eruption [Hammer et al., 1987] is also
found in all three ice cores. The GICC05 date for this eruption is 3641� 5
b2k (1642� 5 B.C.). It should be noted that it has been suggested that an
Alaskan volcano, not Thera, was the source of the signals detected in the ice
cores [Pearce et al., 2004]. This is, however, extremely unlikely as analysis
of the GRIP ice core has established that the tephra from the eruption ar-
rived in Greenland several months before the arrival of the sulphate aerosols
[Hammer et al., 2003]. For an Alaskan eruption it would be expected that
tephra and sulphate aerosols arrive simultaneously as theyare transported
to Greenland by the prevailing tropospheric 
ow (the polar j et). A delay in
sulphate arrival can only take place if the sulphate aerosols are transported
through the stratosphere, indicative of a highly explosivelow latitude erup-
tion.
Plots of 20-year averages of DYE-3, GRIP and NGRIP� 18O data on the
synchronized GICC05 timescale are shown in Fig. 4.7. It can be seen that
the past 8000 years are most of all characterized by very stable � 18O values.
A slight decline in average� 18O from 8000 b2k to present is, however, dis-
cernible in the pro�les, most notable in the NGRIP � 18O record.
Before 8000 b2k, the� 18O values are less stable. Signi�cant deviations from
the mean DYE-3, GRIP and NGRIP � 18O and annual layer thickness pro-
�les have been found for three events (S. O. Rasmussen, preprint, 2005):
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Figure 4.8: MEM power spectra (AR=50) for the past 8000 yearsof the
DYE-3, GRIP and NGRIP annually resolved � 18O records.

The 8.2 ka event, the 9.3 ka event and the 11.4 ka Preboreal Oscillation; all
clearly visible in Fig. 4.7.
Having three synchronized� 18O records o�ers the possibility of investigating
periodicities without having to speculate whether dating discrepancies shift
cycles in between the records. Maximum entropy method (MEM) power
spectra using 50 auto regressive (AR) coe�cients of annually resolved� 18O
data (1-3 year e�ective resolution) for the latest 8000 yearsare shown in Fig.
4.7. There is a striking lack of coherency between the three power spectra.
A 40-45 year cycle is the only feature common to all three spectra, disre-
garding the zero frequency general trend peak. As the peak corresponding
to the 40-45 year cycle splits up with increasing auto regressive order, it
does not seem to represent a strictly periodic component.
It is also worth noting, that no clear imprint of the 11-12 year solar cycle
is discernible. It is only because three synchronized records are available
for investigation, that the existence of a 11-12 year cycle can be rejected.
Looking only at the GRIP or NGRIP spectra one could easily attribute the
peaks to the solar cycle.
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Table 4.5: Comparison of counted timescales for the GRIP andGISP2 ice
cores at selected GRIP and GISP2 reference horizons
Event GRIP GISP2 GICC05

Depth (m) Depth (m) Age (b2k)
Vesuviusd 429.08 453.42 1921
Thera (?) 736.47 774.53 3640� 5e

Unknown 1074.60 1126.04 5992� 16e

8.2 ka ECM peak 1334.04 1392.66 8236� 47e

Termination g 1624.27 1678.05 11703� 99e

Event GRIP a GISP2b GISP2Ac

Age (b2k) Age (b2k) Age (b2k)
Vesuviusd 1921 1920 1922
Thera (?) 3635� 7 3669� 21f 3672� 21f

Unknown 5974� 19 6034� 68f 6039� 69f

8.2 ka ECM peak 8214� 30 8271� 113f 8298� 114f

Termination g 11573� 70 11704� 182f 11760� 183f

aThe counted GRIP timescale presented in Johnsen et al. [1992a].
bThe o�cial GISP2 time scale by Meese et al. [1997].
cGISP2 time scale by Alley et al. [1997; pers. comm.], based onvisual
stratigraphy only.

dThe A.D. 79 Vesuvius eruption has been used as a historical tie point
for all timescales.

eMaximum counting errors.
f Based on error estimate given in Table 2 in Meese et al. [1997](1%
error down to 3339 b2k, 2% error below 3339 b2k).

gThe termination of the Younger Dryas as determined by a shift in
deuterium excess values.

4.7 Discussion

Comparisons between the new GICC05 timescale and existing counted GRIP
and GISP2 timescales are given in Table 4.5 and 4.6. The GICC05 timescale
is seen to be in close agreement with the previous dating of the GRIP ice
core [Johnsen et al., 1992a] for all parts of the Holocene, except for the oldest
section (see Table 4.6). In Rasmussen et al. [2006] this issue is discussed and
the disagreement is attributed to an erroneous interpretation of the GRIP
CFA data during the original GRIP dating e�ort.
Table 4.5 shows an astounding agreement between the GICC05 and the
o�cial GISP2 dates for the termination of Younger Dryas. How ever, when
comparing di�erent subsections of the GICC05 timescale andthe o�cial
GISP2 dating [Meese et al., 1997], it is seen that the agreement is less
impressive. In the section between the reference horizons of Thera and
Vesuvius, the o�cial GISP2 timescale includes 30 more yearsthan observed
in GICC05. This is beyond the limits given by the 5 year GICC05maximum
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Table 4.6: Comparison of counted timescales for the GRIP andGISP2 ice
cores between selected GRIP and GISP2 reference horizons
Events deliminating GICC05 GRIP a

period Duration (yr) Duration (yr)
Vesuvius to Thera (?) 1719� 5d 1714� 7
Thera (?) to Unknown 2352� 12d 2339� 12
Unknown to 8.2 ka peak 2244� 32d 2240� 11
8.2 ka peak to Term.f 3467� 52d 3359� 40
Events deliminating GISP2b GISP2Ac

period Duration (yr) Duration (yr)
Vesuvius to Thera (?) 1749� 21e 1750� 21e

Thera (?) to Unknown 2365� 48e 2367� 48e

Unknown to 8.2 ka peak 2237� 45e 2259� 46e

8.2 ka peak to Term.f 3433� 69e 3462� 70e

aThe counted GRIP timescale presented in Johnsen et al. [1992a].
bThe o�cial GISP2 time scale by Meese et al. [1997].
cGISP2 time scale by Alley et al. [1997; pers. comm.], based onvisual
stratigraphy only.

dMaximum counting errors.
eBased on uncertainty estimate given in Table 2 in Meese et al.[1997]
(1% error down to 3339 b2k, 2% error below 3339 b2k).

f The termination of Younger Dryas as determined by a shift in deuterium
excess values.

counting error and the 21 year GISP2 uncertainty for that period. The
GISP2 dating is hampered by many sections of signi�cant coreloss during
this period [Alley et al. 1997], while the GICC05 dating is based on complete
and highly resolved � 18O and ECM records from two cores for the entire
section in question. It is therefore believed that the 30 year discrepancy
mainly stems from the di�culties a�ecting the GISP2 dating.

The GISP2 sections below the Thera eruption do agree with GICC05
within the uncertainties of the GISP2 dating. It is interest ing that the
GICC05 dating �nds more years than the o�cial GISP2 dating in the ear-
liest part of the Holocene. Alley et al. [1997] speci�cally pointed towards
this possibility, as problems with lacking visible annual bands in the GISP2
core hampered the initial dating of this speci�c core section (GISP2 visual
stratigraphy has been used for annual layer counting). As storage of the
GISP2 core made annual layers more visible (due to clatherate dissocia-
tion), a recount of the annual layers observed in the GISP2 core was carried
out a couple of years later (GISP2A in Table 4.5 and 4.6) [Alley et al., 1997;
pers. comm.]. The GISP2A timescale is seen to agree much better with the
early Holocene GICC05 dating.
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4.8 Conclusion

A new synchronized counted timescale has been constructed as a contri-
bution to the Greenland Ice Core Chronology 2005 (GICC05). The new
timescale is based on annual layer counting in the DYE-3, GRIPand NGRIP
ice core records. The three ice core records have been stratigraphically linked
by volcanic reference horizons, in order to form a synchronized timescale
spanning the Holocene parts of all three cores.
Highly resolved records of stable isotope measurements have been used for
the annual layer counting of the most recent 8000 years of theHolocene,
while measurements of chemical impurities are used for the dating of the
early part of the Holocene.
The maximum counting error is 0.5% or less for the past 6900 years, in-
creasing to 2.0% in some of the older sections of the timescale. The Minoan
Thera eruption is dated to 3641 b2k (1642 B.C.) with a maximumcounting
error of 5 years, while a volcanic reference horizon during the culmination of
the 8.2 ka cold event is dated to 8236 b2k with a maximum counting error
of 47 years. The Yonger Dryas termination is found at 11,703 b2k with a
maximum counting error of 99 years.

4.9 The dating of the Renland ice core

In 1988 a 325 meter long ice core was drilled through the smallRenland
ice cap situated near Scoresbysund, Eastern Greenland (see�gure 2.1 for
exact location). Despite the modest size and thickness of the Renland ice
cap, both the entire Holocene and the most recent� 50,000 years of the last
glacial period was found as an unbroken chronology in the Renland core.
Furthermore ice of Eemian origin was found in the bottom-mostpart of the
core. The very prominent Dansgaard-Oeschger cycles in the glacial period
makes the dating of the glacial section of the Renland ice core rather straight
forward (see �gure A.5 in the appendix). The dating of the Holocene section
of the core is more di�cult, as changes in � 18O are much more modest in
the Holocene than during the glacial period. The usual method of counting
annual layers in the � 18O record of the core allows reliable dating some 900
years back in time, as the rapid thinning rate in the ice cap makes the annual
layer thickness decrease rapidly, severely hampering the dating e�ort. For
most of the Holocene the dating therefore has to rely on a matching of
volcanic reference horizons in the Renland ECM record to other well-dated
Greenland ice cores, a task which up until now has not been accomplished.

Given the new synchronized dating (GICC05) of the Dye-3, GRIPand
NGRIP cores presented in the previous sections, it was decided to match the
Holocene ECM record to the GICC05 time scale, using the volcanic signal
in the ECM records from the cores. The matching e�ort turned out to be all
but easy until it was realized that the annual layer thickness in the Renland
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Table 4.7: Renland depths and GICC05 ages for Renland ECM �xpoints.

Age Depth Fixpoint obs. in
(AD/-BC) (m) (cores)
1179 201.20 Dye-3, GRIP, NGRIP
933 218.85 Dye-3, GRIP, NGRIP
871 222.50 GRIP, NGRIP
529 233.80 Dye-3, GRIP, NGRIP
358 237.48 Dye-3, NGRIP
259 239.17 Dye-3, GRIP, NGRIP
177 240.51 Dye-3
-253 247.28 Dye-3, GRIP, NGRIP
-584 251.74 Dye-3, GRIP, NGRIP
-733 253.35 Dye-3, GRIP, NGRIP
-900 254.92 GRIP
-1077 256.68 Dye-3, GRIP, NGRIP
-1432 259.66 Dye-3, GRIP, NGRIP
-1641 261.29 Dye-3, GRIP, NGRIP
-2050 264.07 Dye-3, GRIP, NGRIP
-3174 271.71 GRIP
-3240 272.05 Dye-3
-3503 273.40 GRIP, NGRIP
-3838 275.02 Dye-3, GRIP, NGRIP
-3993 275.74 Dye-3, GRIP, NGRIP
-4222 276.67 Dye-3, NGRIP
-4363 277.20 Dye-3, GRIP, NGRIP
-4562 277.83 Dye-3, GRIP, NGRIP
-4734 278.34 Dye-3, GRIP, NGRIP
-5247 279.98 Dye-3, GRIP, NGRIP
-5636 281.22 Dye-3, GRIP, NGRIP
-5880 281.97 GRIP, NGRIP
-6237 283.28 Dye-3, GRIP, NGRIP
-6265 283.38 GRIP, NGRIP
-6442 284.58 Dye-3, GRIP, NGRIP
-6583 285.56 Dye-3, GRIP, NGRIP
-6699 286.58 Dye-3, GRIP, NGRIP
-7056 289.86 GRIP, NGRIP
-7180 291.00 GRIP
-7240 291.53 GRIP
-7371 292.30 GRIP, NGRIP
-7437 293.61 GRIP, NGRIP
-7485 294.19 Dye-3, GRIP
-7540 294.84 Dye-3, GRIP, NGRIP
-8063 300.35 Dye-3, GRIP, NGRIP
-8361 303.06 GRIP, NGRIP
-8485 303.57 Dye-3, GRIP, NGRIP
-9307 306.07 Dye-3, GRIP, NGRIP
-9571 306.37 GRIP, NGRIP
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Figure 4.9: The Renland annual layer thickness pro�le (bluecurve) for the
oldest part of the Holocene, compared to the variance of the Renland � 18O
record (red curve).

core not necessarily had to decrease with depths! In fact, when studying
the variability of the Renland � 18O record it was discovered that the record
had a variability minimum at a depth of � 280 meters (see �gure 4.9). As
the � 18O varibility in a climatically stable period is a good indica tion of the
number of years each sample represents (more years per sample yields less
variable � 18O values), the variability minimum suggested that the annual
layer thickness in the Renland core decreases only to a depthof � 280 me-
ters. From � 280 meters down to� 305 meters the variability has a local
maximum suggestive of a larger annual layer thickness in that section.
Keeping the variability pattern in mind, the volcanic match to the Dye-3,
GRIP and NGRIP was reasonably easy to establish. The matchedreference
horizons are given in table 4.7 and the resulting Renland annual layer thick-
ness pro�le is shown in �gure 4.9 (using cubic spline interpolation between
the �xpoints in table 4.7).
The very large 
uctuations in annual layer thickness which can be seen in
�gure 4.9 are believed to be an e�ect of ice 
owing over the very mountain-
ous bedrock under the small ice cap [Johnsen et al., 1992b].
The Renland � 18O record matched to GICC05 is shown in �gure 4.10 and
compared to the Dye-3, GRIP and NGRIP � 18O records. The three recog-
nizable cold-events in Greenland� 18O records during the Holocene (8.2k,
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Figure 4.10: The Holocene� 18O record from the Renland ice core coma-
pared to Dye-3, GRIP and NGRIP � 18O after the Renland core has been
synchronized to the GICC05 timescale.

9.3k and the Preboreal Oscillation), are seen to line up perfectly, further
supporting the validity of the ECM match.

4.10 Comparison of the GICC05 and Intcal04 time
scales

Using measurements of the cosmogenic10Be isotope in the GRIP and GISP2
ice cores it is possible to compare the GICC05 time scale to tree ring count
based Intcal0414C calibration. This can be done if a carbon cycle model is
used to convert the 10Be isotope values (which are proportional to the14C
production rate) to � 14C values [Muscheler et al., 2000].
A thorough matching of ice core based and tree-ring based �14C curves for
the Holocene is yet to be carried out, but a preliminary matching has been
carried out by Raimund Muscheler (pers. comm., 2006). The GICC05 max-
imum counting error and the age di�erence estimates betweenthe GICC05
dating and Intcal04 can be seen in �gure 4.11. This comparsion suggests that
the GICC05 dating could be 70� 20 years too old at the transition and that
the age di�erence between GICC05 and Intcal04 does not exceed � 40 years
for the past 9000 years. Curiously the comparison suggests amore than 20
year o�set some 1900 years ago, which is unlikely at best, as the discovery
of Vesuvius tephra at 79 A.D. in the GRIP ice core should assure that the
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Figure 4.11: Deviations between the GICC05 and Intcal04 timescales (black
curve) based on a comparison between ice core10Be and � 14C from trees
compared to the GICC05 maximum counting error estimate (red curve).
Figure courtesy to Raimund Muscheler (pers. comm. 2006).

GICC05 time scale has no dating error 1900 years ago. The mismatch at 79.
A.D. is therefore an indication that the � 14C matching uncertainty is about
20 years, as stated by R. Muscheler (see �gure 4.11). Taking this match-
ing uncertainty into account, it can be argued that GICC05 and Intcal04
agrees within the combined uncertainties in the GICC05 dating (the max-
imum counting errors) and the matching uncertainty ( � 20 years). Some
uncertainty crated by past changes in the carbon cycle (which are hard to
estimate and would a�ect the carbon cycle model that is used to convert
10Be isotope values to � 14C) should also be anticipated, but it is di�cult
to estimate.

4.11 Summary

A new synchronous dating (GICC05) of the Holocene part of theDye-3,
GRIP and NGRIP ice cores has been constructed. The three cores were
synchronized mainly through matching of volcanic reference horizons found
in the ECM records of the cores and thereafter the annual layer count was
determined using the best data available in all three cores.Some additional
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measurements were carried out on the Dye-3 core to complete its detailed
stable isotope pro�le, which is excellent for accurate dating. Thereafter
the Renland ice core was matched to the GICC05 timescale using its ECM
record.
A comparison between Intcal04 and the GICC05 time scale suggested that
GICC05 date of the transition (11703 b2k) is approximately 70 years too
old, which is within the estimated maximum counting error of 99 years. This
discrepancy between GICC05 and Intcal04 builds up from� 3000 b2k to the
transition.
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Chapter 5

Constraints on millennial
scale changes of Greenland
ice sheet topography

In chapter 2 it was documented that highly resolved Greenland ice core
� 18O records are closely related to both Greenland and Icelandic tempera-
tures during the past � 200 years. In this light it seems feasible to use� 18O
records from the four ice cores (Dye-3, GRIP, NGRIP and Renland) that
are all synchronized on the GICC05 timescale (see chapter 4)to estimate
Greenland temperature conditions throughout the Holocene.
The interpretation of � 18O records that span several millennia is however
complicated by the fact that the Greenland ice sheet has not been in a steady
state throughout the Holocene. After the transition from glacial to Holocene
climatic conditions the Greenland ice sheet adjusted its size and shape over
several millennia; the margins of the ice sheet retreated dramatically [Wei-
dick, 1993] and the thickness of the ice sheet would have to respond both to
increased precipitation and the retreating margins.
Keeping the dynamic nature of the ice sheet in mind, the ice core drill sites
must therefore be expected to have experienced elevation changes during
the Holocene. This is important because� 18O (and temperature) on the
Greenland ice sheet is closely related to elevation [Epstein and Sharp, 1959;
Dansgaard, 1961].
In order to derive millennial scale climatic variations from Greenland ice core
� 18O records, it is therefore crucial to have solid knowledge ofthe Greenland
ice sheet elevation history.
In this chapter borehole temperatures from the GRIP and NGRIP drill sites
will be used in a combined e�ort to both �nd the best possible Holocene
temperature-� 18O calibration and determine the most likely Holocene ele-
vation history for the two drill sites.
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5.1 The sensitivity of � 18O to height and temper-
ature change

A large number of combined temperature, height and ice core� 18O data
from multiple locations on the Greenland ice sheet have beenused to quan-
tify the relationships between � 18O, temperature and height [Epstein and
Sharp, 1959; Dansgaard, 1961; Johnsen et al., 1989]. In these studies the
slope between temperature and� 18O was found to be apprx. 1.5� C=0=00 while
the slope between� 18O and height was found to be approx. -0.60=00/100m.
Combining the two yields a temperature versus height slope of -0.9� C/100m,
which is quite close to the dry adiabatic lapse rate, re
ecting the fact that
conditions on the ice sheet are dominated by cold dry air masses.
It is important to note that the slope between temperature and � 18O found
in the above studies is based on observing pairs of average temperature and
� 18O at di�erent locations; not pairs of � 18O and temperature at di�erent
times. In the following a slope determined in this manner will be referred
to as the spatial temperature/� 18O slope while temperature/� 18O slopes de-
rived using observations from di�erent times at the same location will be
referred to as temporal slopes.
The distinction between spatial and temporal temperature/� 18O slopes is
important because neither data nor meteorological considerations suggest
that they necessarily should be identical. � 18O values in precipitation are
in
uenced by the condensation history from the source area to the precipita-
tion site. This history is not the same for di�erent location s on the ice sheet
due to di�erences in the distance to the source area and di�erences in site
elevation, while temporal climatic changes are a result of arestructuring of
the organization of the weather systems. There is no good reason to expect
these very di�erent processes to in
uence� 18O in the same way.
Observations of the seasonal cycle of� 18O and temperature at the GRIP
drill site (se �gure 5.1) suggest a temporal slope of� 2� C0=00 while the Dahl-
Jensen et al. [1998] estimate of Last Glacial Maximum temperatures at
GRIP some 23� C colder than present (corresponding to a� 7 0=00 drop in
� 18O) suggest a slope slightly larger than 3� C0=00 or a slope that increases
with colder climatic conditions [Johnsen et al., 1995].

5.2 Holocene height changes of the Greenland ice
sheet

The ice thickness and volume history of the Greenland ice sheet have been
the subject of several modelling e�orts, both with highly sophisticated thermo-
mechanical ice sheet models [Tarasov and Peltier, 2003; Greve, 2005] and
very simple elevation models [e.g. Johnsen et al., 1995]. For the Holocene
there are considerable di�erences between the ice thickness estimates be-
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Figure 5.1: Observed temperatures at the GRIP drill site compared to � 18O
in the uppermost strata of a snow pit.

tween the models, with the two thermo-mechanical models yielding increas-
ing elevations for the Greenland ice sheet summit (they are di�ering by
almost a factor of two in the magnitude of the increase) whilethe Johnsen
et al. [1995] elevation model estimates a slight increase inthickness followed
by a steady decrease (Summit ice sheet thickness changes from the Greve
[2005] and Johnsen et al. [1995] models can be seen in �gure 5.2).
The large di�erences between the model estimates are most likely due both
to di�erences in glacial boundary conditions (i.e. the situation of the ice
margin) and the vast di�erence in model complexity. Either way the dis-
crepancies between the models are discouraging in the context of establish-
ing a �rm Holocene elevation history for the Greenland ice sheet based on
presently available modeling e�orts only.

Studying the evolution of di�erences in � 18O between the Renland and
GRIP sites throughout the Holocene is an independent way of gaining infor-
mation on the Greenland ice sheet elevation history. Changes in the � 18O
di�erence between the two sites can be translated into height estimates using
the observed� 18O/elevation slope. Holocene� 18O from Renland and GRIP
and their � 18O di�erence can be seen in �gure 5.3. A comparison between
the � 18O di�erence based Holocene changes in height di�erence between
GRIP and Renland and the Johnsen et al. [1995] modeled GRIP elevation
can be seen in �gure 5.4 (red and green curves).

The GRIP/Renland comparison is interesting because the topography
of the Renland ice cap surroundings assures that the Renlandice cap can
hardly gain in thickness [Johnsen et al., 1992b]. Furthermore the fact that
the Renland ice core presents an unbroken stratigraphy of the past � 60000
years and contains Eemian ice near the bedrock makes a strongcase that
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Figure 5.2: Modeled Holocene ice sheet thickness during theHolocene. The
Greve [2005] estimate (blue curve) is made with a complex thermo mechan-
ical ice sheet model, while the Johnsen et al. [1995] estimate (red curve) is
made with a very simple ice sheet elevation model.

the small ice cap (thickness only� 325m at the drill site) is very stable with
respect to climate change. It is therefore most likely that the ice cap neither
gained nor lost in altitude during the course of the Holocene. The entire
Renland area did, however, experience signi�cant post glacial rebound in
the period from the glacial termination to about 6900 b2k (� 60m just west
of the ice cap and� 120m just east of ice cap [Funder, 1978; Funder and
Hansen, 1996; Fleming and Lambeck, 2004]). Applying a linear correction
for a post glacial rebound of 90m (hence using an average of the east and
west observations) from 11700 b2k to 6900 b2k to the green curve in �gure
5.4 yields the blue curve in the �gure.
Assuming that the Renland ice cap did not change in thicknessduring the
Holocene, the blue curve in �gure 5.4 represents the best estimate of GRIP
drill site elevation change during the Holocene; derived without any ice sheet
modeling. It is surprising how well this estimate resemblesthe Johnsen et al.
[1995] modeled GRIP elevation given that the two estimates are completely
independent of each other. It is equally (or even more) surprising how far
the Renland based GRIP elevation estimate is from the estimate of Greve
[2005] (and in fact also from the estimate of Tarasov and Peltier [2003])
based on high-complexity modeling of the ice sheet.

The disagreement with the two independent sophisticated modeling ef-
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Figure 5.4: Estimates of GRIP surface elevation change during the Holocene.
Red curve is based on a simple ice sheet elevation model, while the green
and blue curves are derived from the changes in� 18O di�erence between
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is derived from the green curve in �gure 5.3). Blue curve is identical to the
green curve, except for the 6900-11700 b2k period, where the post-glacial
rebound of Renland and its surroundings is subtracted.

forts calls for pause. Could the assumption that the Renlandice sheet was
stable during the Holocene be in error? Or could climatic conditions at the
Renland and GRIP drill sites have developed di�erently causing a change
in � 18O at one site, but not the other? Addressing the last question�rst, it
seems unlikely that millennial scale trends in climate should be di�erent at
sites only � 400km apart, especially in the light of the similarity between the
large centennial scale� 18O variations during the early Holocene at the two
sites (see �gure 5.5). In this context it should, however, benoted that the
smaller observed Holocene changes in� 18O di�erence between GRIP and
NGRIP ( � 320km apart) has recently been proposed to stem from climatic
e�ects [Masson-Delmotte et al., 2005], but could equally well be a result of
small changes in elevation between the GRIP and NGRIP drill sites during
the Holocene. With respect to possible Renland height change, agreement
with the Greve [2005] GRIP ice thickness estimate would demand that the
Renland ice cap all but melted away during the early Holocene. A sce-
nario which is very hard to reconcile with the fact that the st ratigraphy is
preserved for the past� 60.000 years in the Renland ice core.
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Figure 5.5: Plot of early Holocene� 18O records from GRIP and Renland (in
40 year steps), note that Renland� 18O has been shifted downwards.

5.3 Modeling borehole temperatures

In order to obtain an estimate of the temporal temperature/ � 18O slope and
gain further insight on the height changes experienced by the Greenland ice
sheet it is decided to use the two borehole temperature pro�les from GRIP
[Johnsen et al., 1995; Dahl-Jensen et al., 1998] and NGRIP [Dahl-Jensen
et al., 2003] for calibration purposes. The corresponding Dye-3 borehole
temperature pro�le will not be used, as modeling the complicated ice 
ow
and upstream e�ects (Dye-3 drill site being located downstream from the
ice divide) [Reeh et al. 1977; 1985, Reeh, 1989] would both beimmensely
di�cult and add signi�cantly to the uncertainties in the cal ibration.
As in Johnsen et al. [1995] a forward modeling approach is applied, where
it is assumed that the ice core� 18O pro�le can be translated into surface
temperatures at the drill site. Contrary to the approach of Johnsen et al.
[1995], it was decided not to use glacial part of the� 18O records to model
glacial temperatures, as Greenland� 18O and chemical impurity records sug-
gest that during very cold stages of the glacial, atmospheric 
ow north of
the Laurentide ice sheet brought precipitation from the north to Greenland
(as discussed in appendix A.4.3). Such precipitation cannot be expected
to have the same temperature/� 18O relation as precipitation arriving from
the Atlantic sup-tropical region, making any temperature in terpretation of
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glacial ice core� 18O di�cult at best. Leaving out glacial � 18O does, how-
ever pose a problem, as glacial temperature conditions are important for
the initialization of the ice sheet temperature model. This problem will be
circumvented by letting glacial temperature conditions being a parameter
in the calibration.
As this modeling e�ort only focus on the Holocene section of the ice core,
changes in the temperature/� 18O slope are not allowed, as no dramatic
changes in conditions at the precipitation source are expected during the
Holocene, this is also contrary to the Johnsen et al. [1995] approach. The
most signi�cant di�erence between this experiment and the Johnsen et al.
[1995] calibration is, however, that the spatial and temporal temperature/ � 18O
slopes were (implicitly) assumed equal in the Johnsen et al.[1995] paper.
This will not be the case in this experiment due to the observed di�erences
outlined previously. The translation from � 18O to temperature can then be
written as:

T(t) =
@T
@�

� (� (t) � � 0 �
@�
@H

� � H (t)) + T0 +
@T
@H

� � H (t) (5.1)

Here @T
@� is the temporal temperature/ � 18O slope, @�

@H=-0.0060=00/m is the
� 18O/height slope, @T

@H=-0.009� C/m is the temperature/height slope, �H(t)
is the change in site elevation at time t and� 0 and T0 are the present values
of � 18O and temperature at the drill site. Furthermore � (t) is the � 18O value
at time t, corrected for the changing mean� 18O value of seawater (a change
which amounts to almost 0.50=00 during the early Holocene) [Waelbroeck et
al., 2002].
An intriguing consequence of separating spatial and temporal � 18O/temperature
relations is that equal values of� 18O can result in di�erent temperatures due
to changes in �H.
The temperature history found using 5.1 can then be applied as a bound-
ary condition on a simple ice sheet model and the temperaturepro�le in
the ice found by numerical integration of the di�erential eq uation for heat
conduction in moving �rn and ice [Johnsen, 1977b] (neglecting horizontal
temperature gradients and internal heat production in the ice sheet):
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(5.2)

Where � is the thermal di�usivity, � is the density, c is the speci�c heat
capacity and T the temperature of the �rn/ice. Furthermore z is the depth
and vz the vertical velocity in the ice sheet. A Dangaard-Johnsen type
model with an integrated �rn layer [Dansgaard and Johnsen, 1969; Johnsen
and Dansgaard, 1992; Vinther, 2003] will be used to determine the density
and vertical velocities as a function of depths.
The mass balance equation for the ice sheet in non-steady state is used to
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Figure 5.6: Plot of the Holocene sections of the observed GRIP and NGRIP
borehole temperatures.

adjust the mean horizontal velocity (vx ) in the Dansgaard-Johnsen model to
account for changes in ice sheet thickness (which can be exempli�ed looking
at the simplest case of two-dimensional 
ow):

A � x � vx � H =
dH
dt

� x (5.3)

Where A is the annual accumulation rate (assumed constant with regard
to x, the distance from the ice divide), H the thickness of theice sheet and
dH
dt the change in ice sheet thickness. For a constant accumulation rate it

can be seen that a growing/shrinking ice sheet demands a smaller/larger
than steady state (vx ). As the strain-rate in a Dansgaard-Johnsen model is
(linearly) dependant on vx , changes in thickness of the ice sheet will directly
in
uence the layer thinning rate in the ice sheet.

5.3.1 Modeling the GRIP borehole temperature pro�le

Three modeling experiments were carried out in the e�ort to reproduce the
Holocene GRIP borehole temperature pro�le (see �gure 5.6) from GRIP
� 18O data. The experiments used (5.1) to convert the Holocene GRIP � 18O
data to a temperature history and started at the transition 1 1700 years ago.
The initial temperature pro�le was assumed to be a steady state glacial
pro�le found using a mean accumulation rate of 10.7 cm ice eq./yr (the mean
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GRIP accumulation rate for the 60,000 years preceding the Holocene using
the ss09sea 
ow-model [Johnsen et al., 2001]). Furthermore ageothermal
heat 
ux of 51.3mW/m 2 [Dahl-Jensen et al., 1998] was applied below a 3km
thick slap of bedrock (the temperature pro�le was calculated down through
both the ice sheet and the bedrock). For each experiment, the
ow model
was tuned to have the corrected depth (1624m) for the transition assuming
the accumulation rate was unchanged at its present value (23cm ice eq./yr)
during the entire Holocene.
The three experiments had the following setup:

� Exp. 1: No elevation change at the GRIP drill site

� Exp. 2: GRIP elevation changes found through comparison between
Renland and GRIP � 18O records assuming Renland post-glacial re-
bound but no changes in thickness of the Renland ice cap.

� Exp. 3 GRIP elevation changes as found by Greve [2005].

Ice sheet surface elevation changes were assumed to equal the thick-
ness changes of the ice sheet disregarding bedrock possibledepression/uplift.
This decision was made because it is not obvious how the bedrock under the
centre of the ice sheet reacted to load changes that also a�ected the margins
of the ice sheet. The maximum height/thickness error expected when not
including bedrock movements in the calculations does not exceed a third
of the estimated elevation change (this is the maximum possible depres-
sion/elevation forced by changes in the thickness due to theratio of � 1/3
between the ice and bedrock density.
For each of the three experiments, three parameters were found as to best �t
the Holocene part of the borehole temperature pro�le (upper1625 meters of
the ice sheet): The temperature/� 18O slope, the present temperature at the
GRIP drill site and the mean glacial temperature. Results from the three
model experiments, including the mean mis�t to the observedHolocene bore-
hole temperatures can be seen in table 5.1. Mis�ts as a function of depths
for the three experiments can be seen in �gure 5.7.

Table 5.1: Optimum �t parameters and average mis�t between modeled and
observed borehole temperatures from modeling experimentsusing the GRIP
� 18O pro�les to model GRIP borehole temperatures.

Exp. GRIP height Glacial Present @T
@� Mean mis�t

No. change from temp. (� C) temp. ( � C) ( � C/ 0=00) ( � C)
1 (No change) -46.27 -32.27 4.05 0.036
2 Renland � 18O -46.77 -32.28 3.43 0.028
3 Greve [2005] -44.71 -32.34 4.18 0.043
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Figure 5.7: Plot of observed minimum mis�t for modeled borehole temper-
atures (based on Holocene GRIP� 18O) vs. observed GRIP borehole tem-
peratures under three di�erent GRIP surface height histories: No change
in surface height at all (blue curve), changes as given by comparison with
Renland � 18O (red curve) and changes given by the Greve [2005] modeling
e�ort (green curve).

5.3.2 Comparison with the GRIP borehole temperature in-
version

Using a Monte Carlo inversion technique Dahl-Jensen et al. [1998] esti-
mated past GRIP temperatures from the measured GRIP borehole temper-
ature pro�le, an estimate which is completely independent of the GRIP � 18O
record. In order to correct the inverted GRIP temperatures for changes in
elevation, the Johnsen et al., [1995] elevation model was used by Dahl-Jensen
et al. [1998]. If this elevation correction is removed, a surface temperature
record for the GRIP drill site is obtained. As this surface temperature record
is independent of all assumptions concerning the elevationof the GRIP drill
site, it is ideal for comparison with the surface temperature histories based
on the GRIP � 18O record.
Comparisions between the GRIP� 18O based surface temperature estimates
for the three di�erent GRIP elevation histories tested in th e previous section
and the borehole inversion can be seen in �gures 5.8 and 5.9. The compari-
son has been limited to the last 7000 years to avoid the subtleproblem that
the very cold Younger Dryas period is not resolved, but rather mixed into
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Figure 5.8: Plot of four estimates of GRIP surface temperatures. Black line
is the Dahl-Jensen et al. [1998] GRIP borehole temperature inversion, while
colored lines are estimates based on GRIP� 18O under three di�erent GRIP
surface height histories: No change in surface height at all(blue curve),
changes as given by comparison with Renland� 18O (red curve) and changes
given by the Greve [2005] modeling e�ort (green curve).

the early Holocene temperature inversion.
It is noteworthy that the GRIP � 18O based temperature reconstruction
which uses the Renland� 18O record to estimate GRIP elevation change,
does by far correlate best with the Dahl-Jensen et al. [1998] borehole tem-
perature inversion (see �gure 5.9).

5.3.3 Modeling the NGRIP borehole temperature pro�le

The three experiments carried out to model GRIP borehole temperatures
were repeated with respect for the Holocene NGRIP borehole pro�le (see
�gure 5.6):

� Exp. 1: No elevation change at the NGRIP drill site

� Exp. 2: NGRIP elevation changes found through comparison between
Renland and NGRIP � 18O records (see �gure 5.10) assuming Renland
post-glacial rebound but no changes in thickness of the Renland ice
cap (blue curve in �gure 5.11).

� Exp. 3 NGRIP elevation changes as found by Greve [2005].

69



-33 -32 -31 -30 -29 -33 -32 -31 -30 -29 -33 -32 -31 -30 -29
-34

-33

-32

-31

-30

-29

-28

-27
No GRIP elev. change
r=0.50

GRIP elev.: Renland d18O
r=0.72

GRIP elev.: Greve [2005]
r=0.43

GRIP d18O based temperatures vs. inverted borehole temperatures (0-7000 b2k)

Inverted borehole temperatures ( °C)

d18
O

 b
as

ed
 te

m
pe

ra
tu

re
s 

( ° C
)

Figure 5.9: Scatter-plots and correlation coe�cients for th e three� 18O based
estimates of GRIP surface temperatures versus the Dahl-Jensen et al. [1998]
GRIP borehole temperature inversion. Colours refer to three di�erent GRIP
height surface scenarios (as in �gures 5.7 and 5.8)

As the ice sheet is subject to bottom melting at the NGRIP site (�
7mm/yr) it was not necessary to include a slab of bedrock in the modeling,
temperature always being at the pressure melting point for ice at the bottom
of the ice sheet. The Dansgaard-Johnsen model was adjusted toallow for
bottom melting. The accumulation rate was assumed to be constant at
its present value (19.7 cm ice eq./yr) during the entire Holocene and for
each experiment the 
ow model was tuned to give the correct depth for the
transition (1492 m).
The initial temperature pro�le was assumed to be a steady state glacial
pro�le found using a mean accumulation rate of 7.3 cm ice eq./yr (the mean
NGRIP accumulation rate for the 60,000 years preceding the Holocene using
the ss09sea 
ow-model [Johnsen et al., 2001]).
The results from the three experiments can be seen in table 5.2 and �gure
5.12.

Table 5.2: Optimum �t parameters and average mis�t between modeled
and observed borehole temperatures from modeling experiments using the
NGRIP � 18O pro�les to model NGRIP borehole temperatures.

Exp. NGRIP height Glacial Present @T
@� Mean mis�t

No. change from temp. (� C) temp. ( � C) ( � C/ 0=00) ( � C)
1 (No change) -47.65 -30.96 2.67 0.012
2 Renland � 18O -47.09 -31.04 2.67 0.0076
3 Greve [2005] -47.20 -30.97 2.72 0.014
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Figure 5.11: Estimates of NGRIP surface elevation change during the
Holocene. The green and blue curves are derived from the changes in � 18O
di�erence between NGRIP and Renland. Green curve assumes constant
height at Renland. Blue curve takes into account the post-glacial rebound
of Renland and its surroundings.

5.3.4 Discussion of the experiments

The results from the borehole-temperature modeling are surprisingly un-
ambiguous, the mis�t between the modeled temperature pro�les and ob-
served GRIP and NGRIP pro�les is smallest when the surface height is
found through comparison with the uplift corrected Renland � 18O record
and largest when the Greve [2005] ice thickness data is used for height esti-
mation, with the mis�t from the steady height experiment bei ng in between
(see tables 5.1 and 5.2). Furthermore the di�erence betweenthe estimated
GRIP and NGRIP temperature/ � 18O slopes (which should be expected to
be almost equal, due to the proximity of the drill sites) are by far most alike
when hight calculations are based on the uplift corrected Renland � 18O
record. The same is true for the estimated glacial average temperature used
for the initialisation of the temperature modeling experiments.
There are however two disturbing caveats: First of all, the GRIP and NGRIP
estimated temperature/� 18O slopes are quite di�erent, even when GRIP and
NGRIP heights are based on the Renland comparison. Secondlythe average
mis�t for the modeled GRIP Holocene temperature pro�le (0.028� C) is far
larger than the one sigma uncertainty of 0.005� C reported on the observed
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Figure 5.12: Plot of observed minimum mis�t for modeled borehole temper-
atures (based on Holocene NGRIP� 18O) vs. observed NGRIP borehole tem-
peratures under three di�erent NGRIP surface height histories: No change
in surface height at all (blue curve), changes as given by comparison with
uplift corrected Renland � 18O (red curve) and changes given by the Greve
[2005] modelling e�ort (green curve)..

GRIP borehole temperatures [Dahl-Jensen et al. 1998], whilethe NGRIP
modeling produces an average mis�t (0.0076� C) much closer to the measur-
ing uncertainty [Dahl-Jensen et al. 2003].
The much better �t of the modeled NGRIP temperature pro�le, d oes sug-
gest that temperature/ � 18O slope found for NGRIP probably should carry
more weight than the GRIP based estimate. An assumption that is further
underpinned by the fact, that the minimum GRIP plus NGRIP mis �t found,
when it is demanded that the same temperature/� 18O slope applies to both
locations (� 2.9� C/ 0=00 - see �gure 5.13) is much closer to the NGRIP esti-
mate than the GRIP estimate (tables 5.1 and 5.2).
Further examining the rather large GRIP mis�t, it is evident that it is in the
top part of the GRIP borehole temperature pro�le where it is p roblematic to
obtain a good �t. As � 18O data from the Greenland summit region is known
to have a rather poor signal to noise ratio [Fisher et al., 1985; 1996], it is
worth noting that � 18O data spanning relatively short time periods (decades
to centuries) are used to model the top of a borehole temperature pro�le,
while the bottom part of the temperature pro�les integrates climatic condi-
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The GRIP and NGRIP height estimates are based on a comparisonwith
the uplift corrected Renland � 18O record

tions through several millennia of data (i.e. the climatic optimum). Being
susceptible to shorter time-scale� 18O 
uctuations, the modeling of the top
few hundred meters of the borehole temperature pro�le will therefore be
most prone to noise in the� 18O record.
Fortunately two parallel GRIP shallow-core � 18O records spanning the last
millennium (see �gure 5.14) can be used to test the signi�cance of noise in
the GRIP � 18O record. From �gure 5.15 it can in fact be seen that the
mis�t between modeled and observed GRIP borehole temperatures is very
dependent on which GRIP � 18O record is used for the last millennium, with
the combination of the GRIP Main Core (11700-900 b2k) and the GRIP
S93 shallow-core (900-0 b2k) yielding a mean mis�t of only 0.011� C for the
Holocene section of the GRIP borehole temperature pro�le; much more in
line with both the NGRIP mis�t and the stated uncertainties f or the GRIP
borehole temperatures.
The large di�erence between the modeled mis�ts in the top few hundred
meters of the GRIP temperature pro�le raises the question ofwhether or
not the top of the temperature pro�le should be used for temperature/ � 18O
calibration purposes given the noise in the� 18O records. However, it does
turn out that the temperature/ � 18O calibration obtained for the three GRIP
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Figure 5.14: Three 20-yr averaged� 18O records, covering the past� 1000
years from the GRIP drill site.

� 18O records is almost identical, suggesting that the modelingof the climatic
optimum is far more important for the calibration than the te mperature 
uc-
tuations during the past millennium. Hence the decision to include the top
of the borehole temperature pro�les in the calibration experiments seems to
have little impact on the obtained � 18O/temperature calibration.
It is speculated that the large GRIP temperature/ � 18O slope could be a
consequence of not including bedrock movement in the temperature pro�le
modeling, as it seems that the slope decreases with increasing early Holocene
ice sheet thickness (the slope being largest when Greve [2005] thicknesses
are assumed). Therefore it could be that a possible 40-50 meter depression
of the bedrock (yielding a 40-50 meter increase in ice sheet thickness) would
further reduce the GRIP temperature/ � 18O slope, bringing it more in line
with the NGRIP estimate and maybe further reducing the GRIP m is�t.
This further stresses that the NGRIP slope estimate seems tobe the most
solid.
The decision to assume a constant accumulation rate throughout the Holocene
in the modeling experiments could also be responsible for the di�erence in
GRIP and NGRIP temperature/ � 18O slopes. The annual layer thicknesses
at GRIP and NGRIP (see �gure 4.6 in the previous chapter) doesshow some
di�erences in trends during the Holocene, that could have animpact on the
modeling if converted to di�erences in accumulation rate histories.
A more general concern is the validity of the pre-Holocene initial conditions,
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Figure 5.15: Mis�t of the GRIP � 18O based temperature history as compared
to the GRIP borehole temperatures when Renland� 18O is used to estimate
the GRIP elevation history (blue curve). The red and green curves are
minimum mis�ts generated by substituting the past � 1000 years of the
GRIP Main Core � 18O record with S89-1 and S93 GRIP shallow core� 18O
before the temperature calibration.

which were simply calculated with an average glacial accumulation rate and a
�xed temperature found through the tuning. This con�gurati on completely
ignores the Younger Dryas/Aller�d-B�lling climatic oscill ation before the
inception of the Holocene. It can, however, be argued that byhaving the
initial temperature as a tuning parameter, a reasonable compromise between
the cold Younger Dryas and the mild Aller�d-B�lling temperat ures should
be achieved. An assertion that is also supported by the fact that the op-
timum initial temperature was found to be signi�cantly warm er (� -47� C)
than the glacial temperature estimate of� -55� C from the Dahl-Jensen et al.
[1998] GRIP borehole temperature inversion. The good agreement between
the Dahl-Jensen et al. [1998] GRIP borehole temperature inversion and the
GRIP � 18O based temperature reconstruction for the past 7000 years (when
uplift corrected Renland � 18O is used to estimate the GRIP elevation history
- see �gure 5.9) also supports the validity of the approach.
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5.3.5 Best estimate of the temporal temperature/ � 18O slope

Based on the GRIP and NGRIP borehole temperature calibration experi-
ments it is concluded that the Holocene temperature/� 18O slope should be
expected to be in the range 2.7-3.4� C/ 0=00 with the most likely value being
approximately 2.9� C/ 0=00. This value for the temporal slope is almost twice
as large as the spatial slope (1.5� C/ 0=00) found through investigation of tem-
perature and � 18O averages at multiple Greenland drill sites [Johnsen et al.,
1989]. The 2.9� C/ 0=00 are, however, almost identical to the slope for shifts
from glacial to inter-glacial conditions found using the Dahl-Jensen et al.
[1998] estimate for Last Glacial Maximum temperatures at the GRIP drill
site. Figure 5.16 shows temperature estimates for the GRIP,NGRIP and
Renland drill sites using a temporal slope of 2.9� C/ 0=00 and Renland � 18O
based surface height estimates for GRIP and NGRIP (and glacial rebound
based surface heights for Renland).
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Figure 5.17: Power spectrum (blue curve) for the 5200-5600 b2k period in
the NGRIP curve and best �t estimate of the reduction in spectral density
due to �rn di�usion (red rurve).

5.4 Surface temperatures from �rn di�usion

It is possible to carry out a �nal independent check of the Holocene tempera-
ture/ � 18O slope derived from the calibration experiments in the previous sec-
tion. In the upper � 60m of the ice sheet temperature dependant di�usive
processes in the snow and �rn works to smooth the� 18O pro�les (see appen-
dix A.3). At the depth of pore close o� ( � 60m) this di�usive process stops
and the much slower process of di�usion in solid ice takes over. However,
in the GRIP and NGRIP cores the ice di�usion is negliable in the Holocene
sections of the cores, as the ice di�usion works very slowly at a temperature
of -30� C observed in the top half of the ice sheet. The smoothing of the
� 18O pro�le that happened in the snow and �rn layers is therefore preserved
in the deeper ice, opening a possibility to gain informationof past surface
temperatures throughout the Holocene (and in fact even far into the glacial
for both the GRIP and NGRIP cores).
As shown in appendix A.3, the Johnsen et al. [2000] model of the di�usive
processes in the snow and �rn is extremely accurate in its predictions of
the degree of smoothing of the isotope signal (in fact both for � 18O and
� D) given the particular surface and 
ow conditions at a given drill site. In
Vinther [2003] a full derivation of the di�usion length (the typical length
scale a water molecule will move vertically in the ice sheet)in the snow
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and �rn was presented for the Johnsen et al. [2000] di�usion model. The
�nal di�usion length ( � ) at pore close o� found in Vinther [2003] can be
summarized as:

� 2
i =

f (T; P; A; H ef f )
qi � � i

(5.4)

Hence the di�usion length (� i ) at pore close o� is a function of temper-
ature (T), surface pressure (P), annual accumulation rate (A) and e�ective
height (Hef f ), which is a Dansgaard-Johnsen 
ow model parameter. Fur-
thermore � i depends on the fractionation factor (� i ) and the constant (qi )
both depending on the isotope in question [Merlivat and Jouzel, 1979]:

qO18 = 1 :0285 and qD = 1 :0251 (5.5)

� O18 = 0 :9722� e
11:839

T (5.6)

� D = 0 :9098� e
16288

T 2 (5.7)

As noted in Johnsen et al. [2000] it is intriguing that the rat io between
the di�usion lengths for � 18O and � D is dependant only on the surface
temperature (T):

� O18

� D
=

s
qD � � D

qO18 � � O18

=

q

0:9327� e
16288

T 2 � 11:839
T (5.8)

Hence the di�usion lengths observed in Holocene records of� 18O and � D
can be combined to yield a direct estimate of the past surfacetemperatures
that governed the di�usive processes in the top� 60m of the ice sheet.
The determination of past di�usion lengths can be made by studying the
power spectrum of� 18O/ � D records [Johnsen et al., 2000]:

P(k) = P0 � ek2 � 2
, k2 = � 2 � (log(P(k)) � log(P0)) (5.9)

Here P(k) is the power density as a function of wave number (k), and
the noise in the isotope data has been ignored, as the noise problem can
be (almost completely) circumvented by only using the low frequency part
of the spectrum for determining the di�usion length. From (5 .9) it can be
seen that � 2 can be determined by linear regression, as shown in �gure 5.17,
being mindful not to carry out the regression into the 
at noi se spectrum
at high frequencies.
Unfortunately the elegant approach of using di�usions lengths for both � 18O
and � D is not viable at present, as no continuous series of Holocene � D data
at su�cient resolution is available for the GRIP and NGRIP co res. As a sec-
ond best option it is still possible to solve the full equation (5.4) with respect
to T using the detailed Holocene NGRIP� 18O pro�le for di�usion length es-
timation. This is less desirable as uncertainties in the ice
ow modeling and

79



0 1000 2000 3000 4000 5000 6000 7000 8000 9000
-32

-31

-30

-29

-28

-27

-26

Age (yr b2k)

T
em

pe
ra

tu
re

 ( 
° C

)

NGRIP 0-9000 b2k surface temperature estimates

Temperatures from d18O
Temperatures from firn diffusion

Figure 5.18: Past temperatures from the NGRIP � 18O record (blue curve),
and from �rn di�usion of the � 18O record (black curve), both in 400 year
steps. The grey shading indicates the uncertainty in the temperature esti-
mate (due to 
ow model and accumulation rate uncertainties).

accumulation history will propagate into the temperature estimate. Never-
theless, using the lower frequency (less than 0.7 cycles peryear - avoiding the
annual peak at 1 cycle per year and the noise) part of the powerspectrum
it is possible to give a reasonable estimate of NGRIP surfacetemperatures
during the past � 9000 years (see �gure 5.18). The temperature estimate
is, however, subject to considerable uncertainty due to uncertainties in the
determination of past accumulation rates and the 
ow model parameter,
Hef f , underlining the importance of having measurements of both� 18O and
� D at su�cient resolution for di�usion studies.
Despite the uncertainty in the NGRIP surface temperature estimate, it is
encouraging to see (�gure 5.18) that it to a large degree con�rms the gen-
eral temperature development during the past 9000 years predicted using
the temperature/ � 18O slope of� 2.9� C/ 0=00 derived from borehole tempera-
ture modelling (using the Renland � 18O based surface height estimate) in
the previous section.
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5.5 Summary

A simple ice 
ow and temperature model was used to calculate GRIP and
NGRIP borehole temperatures based on Holocene� 18O histories. The mod-
eling showed that it is possible to obtain a Holocene� 18O to temperature
calibration that results in consistency between the modeled and observed
borehole temperatures, taking into account the limitations set forth by the
high level of noise in the� 18O data.
When using ice core� 18O to calculate Holocene temperature histories, one
has to use di�erent temporal and spatial temperature/ � 18O slopes, as stud-
ies of both fast and slow temperature variations show that the temporal
temperature/ � 18O slope is signi�cantly di�erent from the observed spatial
slope. As a consequence� 18O records have to be corrected for past changes
in surface elevation with the observed slope of -0.60=00/100m before temper-
ature calculations are carried out; even when past surface temperatures are
calculated from � 18O records.
The best estimate of the temporal temperature/� 18O slope was found to be
� 2.9� C/ 0=00. A temperature history based on this slope was veri�ed against
an independent temperature estimate based on a study of the (temperature
dependent) di�usive smoothing of the detailed NGRIP � 18O record. Despite
signi�cant uncertainties in the di�usion based temperatur e estimate, it did
to a large degree con�rm the temperature/� 18O slope of� 2.9� C/ 0=00.

The bore hole temperature modeling e�ort was also able to identify the
most likely of three proposed elevation histories for the GRIP and NGRIP
sites, as the best approximations of observed borehole temperatures always
occurred when GRIP and NGRIP elevation histories were basedon compar-
isons with uplift corrected Renland � 18O data.
Modeling assuming constant ice sheet thickness and modeling based on ice
sheet thickness data from the Greve [2005] thermo-mechanical ice sheet
model consistently produced worse approximations to both GRIP and NGRIP
borehole temperatures. Furthermore the agreement between� 18O based
GRIP temperatures and the Dahl-Jensen et al. [1998] GRIP temperature
inversion was by far most convincing when the GRIP elevationhistory was
found using the uplift corrected Renland � 18O data.
The preferred elevation history of the GRIP drill site (based on a compar-
ison between GRIP and uplift corrected Renland� 18O) is very similar to a
GRIP elevation history from a simple ice sheet model presented by Johnsen
et al. [1995].
The combined evidence of the modeling e�ort gives a strong indication that
(1) the Renland ice cap did not signi�cantly change its thickness during the
Holocene and the surface elevation of the ice cap only changed due to post-
glacial rebound of the entire Scoresbysund area. (2) The extremely simple
Johnsen et al. [1995] GRIP elevation model gives a very good approximation
of the GRIP ice sheet elevation history. (3) Complex thermo-mechanical ice
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sheet models have signi�cant problems in reproducing Greenland Holocene
ice sheet dynamics.
Finally it should be noted that the very narrow constraints o n Renland ele-
vation throughout the Holocene, makes the Renland� 18O record extremely
easy to interpret climatically as all Renland Holocene� 18O variations can
be expected to re
ect climatic changes, when the Renland� 18O record has
been uplift corrected. This very special quality of the Holocene Renland
� 18O record will be exploited almost ruthlessly in the next chapter.
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Chapter 6

Seasonally resolved proxies
for North Atlantic climatic
conditions during 8 millennia

In chapter 2 it was demonstrated that the climatic interpret ation of stable
isotope data from Greenland ice cores is eased signi�cantlyby separating
the summer and winter seasons in the data. Furthermore it wasdiscovered
that seasonal� 18O data from the high accumulation Dye-3 site in southern
Greenland had a very favorable signal to noise ratio. Hence this chapter will
focus on the development of long series of seasonal stable isotope data from
the Dye-3 deep ice core high resolution� 18O and � D data sets, including the
new measurements performed as par of this project (see chapter 3).
The setting of the Dye-3 drill site does, however, complicatethis e�ort. The
drill site is about 40 km east of the ice divide and the bedrockis all but

at. Hence the 
ow pattern in
uencing the Dye-3 core is compli cated and
the stable isotope data are signi�cantly in
uenced by various upstream ef-
fects [Reeh et al., 1977; 1985]. Furthermore there is a possibility that the
southern part of the Greenland ice sheet has undergone changes in altitude
and thereby 
ow pattern during the Holocene, just as it probably was the
case for the central parts of the Greenland ice sheet (see chapter 5).
Rather than facing the daunting task of modeling the complexand chang-
ing 
ow pattern in the Dye-3 area, it will therefore be proposed to use the
Renland stable isotope data to circumvent the problem. In chapter 5 it was
demonstrated that the Holocene Renland� 18O record has been in
uenced
only by quite well constrained elevation changes (the post glacial rebound of
the entire Scoresbysund area). Hence the Renland� 18O record is expected
to be a good indicator of east Greenland Holocene temperatures, when cor-
rected for the post glacial uplift. In this chapter it will th erefore be proposed
to combine the low frequency variability seen in the Renlandrecord with
the high frequency variability discernible in the Dye-3 stable isotope data,
in order to form Greenland stable isotope records with a maximum of tem-
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perature related information on all frequencies.

6.1 The Dye-3 stable isotope data

The Dye-3 deep ice core� 18O data set spans the entire core from top to
bottom. The � 18O samples have, however, been cut in changing resolution
with depth. From the top (21 b2k) and back to 5815 b2k and from 6906 to
7898 b2k the resolution is 8 samples per year or higher, whilethe 5816-6905
b2k section and the 7899-8313 b2k section is cut in 1-2 samples per year. As
part of this Ph.D. project � D measurements in a resolution of 8 samples per
year have been carried out on the 5816-6905 b2k and 7899-8313 b2k sections
(see chapter 3).
In order to form a homogeneous high resolution isotopic dataset for the
entire 21-8313 b2k period it was decided to scale down the� D measurements
by a factor of 8 (which is the best estimate for the slope between � D and
� 18O [Dansgaard, 1964]) and adjust the resulting series to havethe same
average as the lower resolution� 18O data in the corresponding sections;
thus e�ectively converting the � D measurements to� 18O data.

6.2 Correcting the Dye-3 stable isotope data for
�rn and ice di�usion

Due to the relatively high temperatures and the rapid thinni ng rate at the
Dye-3 drill site, single crystal ice di�usion [Ramseier, 1967] must be expected
to a�ect the annual cycle in the Holocene stable isotope data. Hence the
Dye-3 stable isotope data have to be corrected both for the di�usion in the
snow and �rn layers and for progressing single crystal ice di�usion in the
entire core.
The correction for di�usion in the snow and �rn layers will ac t to arti�cially
smoothen the part of the pro�le for which this di�usion has no t ceased (the
top � 60m) as to conform with the smoothed data below� 60m. Traditional
di�usion correction where the entire pro�le is corrected, as to eliminate the
�rn di�usion [Johnsen et al., 2000] is not viable due to occasional melt
layers in the Dye-3 core (melt layers tend to create steep gradients in the
stable isotope data, which in turn result in spurious high frequency ringing
in traditionally di�usion corrected data).

To determine the degree of single crystal ice di�usion experienced by the
Dye-3 stable isotope data, the amplitude of the annual cycle has been deter-
mined (using the analytical maximum entropy peak determination method
outlined by Johnsen and Andersen [1978]) for each 100 year section in the
Dye-3 record back to 8313 b2k (see �gure 6.1). The expected annual cycle
amplitudes when taking into account the single crystal ice di�usion (and as-
suming that the initial amplitude of the annual cycle has remained constant
during the past 8 millennia) have thereafter been calculated and plotted
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Figure 6.1: Observed amplitudes of the annual cycle in highly resolved Dye-3
� 18O data (for some sections� D/8) compared to modeled amplitudes esti-
mates.

in �gure 6.1 for comparison The modeled amplitudes are basedon modeled
di�usion lengths and observed annual layer thicknesses (that causes the high
frequency variability in the modeled amplitudes).
Looking at �gure 6.1 it is immediately clear that the modeled single crys-
tal ice di�usion yields a very unsatisfactory approximatio n to the di�usion
seen in the data below� 6000 b2k. It is speculated that the discrepancy is
due both to an increase in �rn di�usion due to warmer temperat ures some
6000 years ago and upstream features in the ice 
ow a�ecting the Dye-3
site, which cannot be resolved by the amplitude modeling as it is based on
a simple two dimensional Dansgaard-Johnsen 
ow model.
As the modeled di�usion severely underestimates the decrease in annual
cycle amplitude, it was decided to arti�cially scale up the Ramseier [1967]
di�usivity in an e�ort to better model the observed amplitud es. Using a scal-
ing factor of 1.95 proved to yield the best approximation to the observed
data (see �gure 6.1). As the amplitudes modeled using the 1.95 scaling are
very close to the observed amplitudes, it was decided to use this scaling for
the di�usion correction. Even though it is very unsatisfact ory to introduce
such a fuzz factor in the di�usion correction, it is still muc h better than
to live with di�usion estimates that are obviously wrong, as poor estimates
immediately will result in arti�cial trends in the seasonal data series.
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Renland � 18O corrected for post glacial uplift (blue curve) and Dye-3 � 18O
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Finally it should be noted that in making such a best �t as was done through
the di�usivity scaling, it is implicitly assumed that the in itial annual am-
plitudes in the stable isotope data before any di�usion has taken place has
been unchanged during the past 8000 years.

6.3 Eliminating 
ow related trends in the Dye-3
stable isotope data

As previously mentioned and thoroughly documented by Reeh et al. [1985]
it is an immense task to model the complicated ice 
ow that a�ects the
Dye-3 ice core. This is unfortunate as undulations of the ice sheet sur-
face upstream from the Dye-3 drill site are known to a�ect the upstream
accumulation rate [Reeh et al.; 1977, 1985] and could also a�ect the sea-
sonality of the accumulation and thereby change the average� 18O values.
Hence it cannot be ruled out that some of the low frequency oscillations
(500 years or longer) in the Dye-3� 18O record are due to upstream e�ects.
Furthermore the increasing upstream elevation will with certainty gradually
lower the � 18O values observed with increasing depths in the Dye-3 core.
Progressively deeper layers will originate from positionsfurther and further
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Figure 6.4: Correlations between Dye-3 winter season� 18O and SW Green-
land and Stykkisholmur Nov-Apr temperatures from 1830 to 1978 as a func-
tion of the degree of gaussian smothing applied to the data (quanti�ed by
(T1=2). Thick black line gives the 90% con�dence limit for the correlations
(limit increases when the smoothing decreases the number ofdegrees of
freedom left in the data sets.

upstream at higher and higher elevation with correspondinglower average
� 18O values (as average� 18O decreases with 0.60=00 per 100m elevation).
To completely avoid the complications posed by the ice 
ow at Dye-3 it is
therefore decided to replace the low frequency variations in the Dye-3 stable
isotope data with the post glacial uplift corrected Renland � 18O low fre-
quency variations (see �gure 6.2). A T1=2 of 300 years is chosen to make
sure that the bulk (almost 80%) of the variability on 500 year times scales is
removed from the Dye-3� 18O, while the centinnial varibility in Dye-3 � 18O is
completely preserved (less than 0.2% is removed). Uplift corrected Renland
� 18O is very likely to represent true temperature variations, not masked by
further changes in elevation, due to speci�c topographic constraints on the
Renland ice cap (see chapter 5 and [Johnsen et al. 1992b] for details).
This low frequency replacement is employed by adding the di�erence be-
tween low pass �ltered Renland and Dye-3� 18O data (green curve in �gure
6.2) to the Dye-3 � 18O series. The resulting seasonal and annual Dye-3� 18O
series can be seen in �gure 6.3.
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Figure 6.5: SW Greenland Nov-Apr temperatures and Dye-3 winter season
� 18O. Thick lines are decadally �ltered data (lines are grey if the �ltered
values are based on incomplete data).

6.4 Meteorological data

Details concerning the data sets and series for temperatureand sea level
pressure (SLP), which will be used for comparison with the seasonally and
annually resolved stable isotope series (shown in �gure 6.3) can be found in
section 2.2.

6.5 The seasonal data

It is very satisfactory to see that the high frequency variability in the 8
millennia long summer and winter season� 18O data series (shown in �gure
6.3) seems to be quite steady throughout the past� 8000 years. This suggest
that the di�usion correction of the Dye-3 data is in fact capab le of retrieving
the seasonal oscillation in the high resolution� 18O data. The only period
of some concern in the seasonal data is the 8.2kyr cold event.During this
event the variability drops and the summer to winter di�eren ce in � 18O
average lessens. This could be a real climate signal, suggesting that it was
the summers that cooled markedly during the 8.2kyr cold event, but there is
also a considerable risk, that it is an expression for the failure of the di�usion
correction to completely resolve the seasons, due to a signi�cant decrease in
accumulation rate during the event [Rasmussen et al., 2006b]. A decrease
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Figure 6.6: Spatial correlation map of 1851-1978 Nov-Apr sea level pressure
(contours with 0.1 interval, red lines indicate positive correlations, blue lines
negative) and winter season� 18O from the Dye-3 ice core.

in accumulation rate would allow di�usive processes in the snow and �rn to
be more e�ective in dampening the annual cycle in the� 18O data, a feature
which cannot be fully resolved by the di�usion modeling.

6.5.1 Investigation of the winter season data

In �gure 6.4 correlations as a function of gaussian smoothing (see appendix B
for details) between Dye-3 winter season� 18O and both Stykkisholmur and
SW Greenland Nov-Apr temperatures are shown. It can be seen that win-
ter season� 18O correlations with SW Greenland temperatures are stronger
than correlations with Stykkisholmur temperatures on all investigated time
scales.
It is encouraging that correlations in �gure 6.4 increase with increased
smoothing, a sign that the � 18O data are closely related to the regional
temperatures. It should be noted that the failure of correlations to reach
signi�cance for the longest time scales most of all is due to the relatively
small time period (� 150 years) spanned by the temperature data.
It is interesting that correlations almost have a local maximum for 10-20 year
gaussian smoothing and it is speculated that variations on this timescale
are characteristic for the North Atlantic area. Plots of raw and decadally
smoothed SW Greenland Nov-Apr temperatures and Dye-3 winter season
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Figure 6.7: Spatial correlation map of 1871-1978 Nov-Apr surface tempera-
ture and winter season� 18O from the Dye-3 ice core. Grid-points with more
than 20% missing values are left blank.)

� 18O can be seen in �gure 6.5.
Plots of spatial correlation patterns between Dye-3 winter season� 18O and
regional SLP and temperature patterns can be seen in �gures 6.6 and 6.7
respectively. Clear North Atlantic Oscillation (NAO) patt erns stand out in
both correlation plots; a promising indication that the Dye -3 winter season
� 18O data can be used to gain information on past NAO conditions.
To further investigate relations between the Dye-3 winter season� 18O data
and the NAO, correlations as a function of gaussian smoothing were cal-
culated between the Iberian/Icelandic Nov-Apr NAO index [Jones et al.
1997; Vinther et al. 2003b] and the winter season� 18O data (see �gure
6.8). The most striking feature in �gure 6.8 is without doubt the marked
correlation minimum for decadal time scales. Hence the strong correlation
between Dye-3 winter season� 18O and SW Greenland winter temperatures
on decadal timescales is unrelated to the NAO. It is speculated that it is
decadal variability in North Atlantic sea surface temperatures (SSTs) that
causes temperature and� 18O to co-vary and dominate the NAO signal on
decadal timescales.

It is also interesting that correlations between the winter NAO index and
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Figure 6.9: Nov-Apr NAO index (inverted) and Dye-3 winter season � 18O.
Thick lines are decadally �ltered data (lines are grey if the �ltered values
are based on incomplete data).

92



Dye-3 winter season� 18O decreases after peaking at half-century smoothing
(albeit being below signi�cance for T1=2>37 years), which could be an indica-
tion that climatic 
uctuations on centennial timescales ar e unrelated to the
NAO. It could therefore be argued that the Dye-3 winter season� 18O data
should be high-pass �ltered to obtain the best possible NAO proxy series.
This would eliminate the need of using the low frequencies from Renland
� 18O data to correct the Dye-3 � 18O data for upstream e�ects when NAO
reconstructions are pursued.
A plot of the (inverted) Nov-Apr NAO index and the Dye-3 winter s eason
� 18O is shown in �gure 6.9.

6.5.2 Investigation of the summer season data

In �gure 6.10 correlations as a function of gaussian smoothing between Dye-
3 summer season� 18O and both Stykkisholmur and SW Greenland May-Oct
temperatures are shown. Surprisingly it can be seen that while summer sea-
son� 18O correlations with Stykkisholmur temperatures are highest on a year
to year basis, SW Greenland temperatures correlate markedly better with
Dye-3 summer season� 18O on decadal or longer time scales. Hence the long
term trends in the Dye-3 summer season� 18O series correspond better to
the long term evolution of SW Greenland climate than it does with Stykk-
isholmur climate. It is speculated that the high year to year correlation
found between summer season� 18O and Stykkisholmur summer tempera-
tures could re
ect common high frequency oscillation driven by variations
in sea ice.
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Figure 6.10: Correlations between Dye-3 summer season� 18O and SW
Greenland and Stykkisholmur May-Oct temperatures from 1840to 1978 as
a function of the degree of gaussian smothing applied to the data (quanti�ed
by T1=2). Thick black line gives the 90% con�dence limit for the correlations.
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Figure 6.11: May-Oct Stykkisholmur temperatures and Dye-3 summer sea-
son� 18O. Thick lines are decadally �ltered data (lines are grey if the �ltered
values are based on incomplete data).

As was the case with the winter season data, the summer seasoncorre-
lations increase with increased gaussian smoothing. That this trend can be
found for both winter and summer season� 18O data is in fact very encour-
aging. It is clear evidence that the Dye-3 ice core� 18O is an excellent proxy
for especially SW Greenland temperatures, but also Stykkisholmur temper-
atures. A plot of both Stykkisholmur May-Oct temperatures and summer
season Dye-3� 18O can be seen in �gure 6.11.
Turning to relations between Dye-3 summer season� 18O and regional May-
Oct SLP and temperature patterns, spatial correlation plots both for re-
gional SLP and temperatures can be seen in �gures 6.12 and 6.13 respec-
tively.

Correlations with May-Oct SLP data are generally weak but a discernible
correlation maximum (r=0.30) over Iceland can be ascertained. Hence Dye-
3 summer � 18O seems to be slightly in
uenced by summer SLP conditions
over Iceland. The relation between May-Oct temperatures in Icelandic wa-
ters and Dye-3 summer� 18O is stronger (see �gure 6.13) indicating that
SST conditions exerts a larger in
uence on Dye-3 summer� 18O values than
summertime atmospheric 
ow patterns. However, it should be noted that
the SSTs around Iceland could be related to the SLP conditions over Iceland
and vice versa.
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Figure 6.12: Spatial correlation map of 1850-1978 May-Oct sealevel pressure
(contours with 0.1 interval, red lines indicate positive correlations, blue lines
negative) and summer season� 18O from the Dye-3 ice core.

Figure 6.13: Spatial correlation map of 1870-1978 May-Oct surface temper-
ature and summer season� 18O from the Dye-3 ice core. Grid-points with
more than 20% missing values are left blank.)
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Figure 6.14: Correlations between Dye-3 annual� 18O and SW Green-
land annual temperatures (dotted line), Stykkisholmur annual temperatures
(dashed line) the average of SW Greenland annual temperatures and Stykk-
isholmur annual temperatures (full line) from 1840 to 1978 as a function of
T1=2. Thick black line gives the 90% con�dence limit for the correlations.

6.6 The annually resolved data

A time series of annually resolved Dye-3� 18O data has also been generated
for the past � 8300 years (green curve in �gure 6.3). Compared to seasonally
resolved data, the annually resolved series has the advantage, that the stable
isotope di�usion problem can be ignored, as di�usional smoothing cannot
seriously a�ect annual average� 18O values.

A correlation analysis between the Dye-3 annual� 18O data and annual
average temperatures from Stykkisholmur and SW Greenland can be seen
in �gure 6.14. Surprisingly it can be seen that on most timescales Dye-3
annual � 18O correlates stronger with Stykkisholmur temperatures than with
SW Greenland temperatures!
This is very interesting, as it has just been shown (in the previous sections),
that Dye-3 seasonal� 18O is correlated most signi�cantly with SW Greenland
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Figure 6.15: SW Greenland annual temperatures, Stykkisholmur annual
temperatures and Dye-3 annual� 18O. Thick lines are decadally �ltered data
(lines are grey if the �ltered values are based on incompletedata).

temperatures, both for the summer and winter season on long time scales.
The only explanation for this strange behavior is that the extreme winter
to winter variability in SW Greenland temperatures (SW Greenland winter
temperature variability is 2.5 times larger than the summer temperature
variability) completely overshadows SW Greenland summer temperatures
when the SW Greenland annual average is calculated. As Stykkisholmur
winter temperature variability is more moderate (1.7 times the summer vari-
ability), the Stykkisholmur annual average is less unbalanced, giving some
room for summer temperatures to impact the annual average. This seasonal
weighting must simply be more in line with the weighting in th e Dye-3 an-
nual � 18O data.
Another feature of the Dye-3 annual� 18O, which can be determined from �g-
ure 6.14 is that on short timescales it is associated both with Stykkisholmur
and SW Greenland temperatures; correlations are thereforehighest when
Dye-3 annual � 18O data are compared to the average temperature from the

97



Figure 6.16: Spatial correlation map of 1850-1979 Jan-Dec sealevel pressure
(contours with 0.1 interval, red lines indicate positive correlations, blue lines
negative) and annual � 18O from the Dye-3 ice core.

Figure 6.17: Spatial correlation map of 1870-1979 Jan-Dec surface temper-
ature and annual � 18O from the Dye-3 ice core. Grid-points with more than
20% missing values are left blank.)
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Figure 6.18: Spatial correlation map of 1870-1979 Jan-Dec surface temper-
ature and annual � 18O from the Renland ice core. Grid-points with more
than 20% missing values are left blank.)

two temperature series. This is very much in line with the �nd ing that
high frequency oscillations in the seasonal� 18O data are strongest related
to Stykkisholmur temperatures during summer times and SW Greenland
temperatures during the winter. The annual � 18O data should therefore be
expected to be associated with both temperature series. Dye-3 annual � 18O
as well as time series for both Stykkisholmur and SW Greenland annual
average temperatures are plotted in �gure 6.15.
In �gures 6.16 and 6.17 spatial correlation patterns between Dye-3 annual
� 18O and respectively regional SLP and temperatures can be seen. Both
correlation patterns can be seen to be composed of the winterand summer
season correlation patterns discussed in the previous sections.
In �gure 6.18 the relation between annually resolved Renland � 18O and re-
gional temperatures is presented. It is encouraging to see that the temper-
ature correlation patterns associated with annually resolved Renland � 18O
almost resembles the pattern associated with Dye-3 annual� 18O, as this is
a strong indication that the two sites are in
uenced by the same regional
climatic features. Hence using the Renland� 18O series to correct the low
frequency variability of Dye-3 � 18O for upstream e�ects should not introduce
climatic signals in the Dye-3 series, which are foreign to theDye-3 site.
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6.7 Summary

Three high resolution time series each spanning more than 8 millennia have
been created, based on the highly resolved southern Greenland Dye-3 stable
isotope record: Dye-3 winter season� 18O, Dye-3 summer season� 18O and
Dye-3 annual � 18O. All three series were found to be closely associated with
SW Greenland and Stykkisholmur temperatures on all investigated time
scales. Furthermore winter season� 18O is associated with wintertime NAO
conditions, mostly on a year to year basis, while decadal scale associations
seem weaker. The associations between winter season� 18O and the NAO
also seem to weaken for time scales longer than� 50 years.
As the Dye-3 stable isotope record is signi�cantly in
uenced by ice-
ow
related upstream e�ects, which are very hard to quantify thr ough modeling,
it was decided to �lter out the low frequency variations in th e Dye-3 data
and substitute them with the low frequency variations found in the uplift
corrected Renland� 18O series. The Renland series is ideal for this purpose
as it has been shown (in chapter 5) to be very unlikely to have been a�ected
by changes in altitude except for the well constrained post glacial uplift in
the Scoresbysund area. Furthermore annually resolved Renland � 18O have
been shown to be associated with the same regional temperature variations
as is Dye-3 annual� 18O.
Finally it is worth noting that all three � 18O series indicate that most of the
past 8 millennia experienced climatic conditions as warm oreven warmer
than the most recent conditions seen in the records. The annual � 18O record
also indicate that Greenland climatic conditions in the late 18th and early
19th century probably represents the coldest period duringthe past 8300
years and were even colder than conditions during the 8.2kyrcold event.
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Chapter 7

Discussion

As this dissertation consists of chapters covering many di�erent subjects,
it was decided to place most of the discussions in the chapters themselves.
These discussions wont be repeated here, but can be found in the following
sections:
Discussion of seasonal isotope date in 20 Greenland ice cores: Section 2.7.
Discussion of the new synchronized dating: Sections 4.7 and4.10.
Discusion of � 18O based borehole temperature modeling: Section 5.3.4.
Discussion of 8 millennias of seasonal Dye-3� 18O data. Sectiom 6.7.

Hence the following discussion will be devoted to two subjects only: The
relationship between � 18O and temperature and the interpretation of the
Renland � 18O record.
These subjects are of importance both to chapter 5 and chapter 6 and could
therefore not be placed within one of the chapters.

The almost constant � 18O value seen throughout the Holocene in many
Greenland ice core� 18O records have for a long time been the main argu-
ment against trusting � 18O as a reliable proxy for Greenland temperatures,
as the climatic optimum could hardly be discerned in 
at � 18O records from
four of the best resolved Greenland ice cores (Dye-3, GRIP, GISP2 and
NGRIP). A strong climatic optimum should be expected in the Holocene
� 18O because borehole temperatures from all four sites suggesta prominent
climatic optimum with surface temperatures on the Greenland ice sheet 2-3
� C higher than present [e.g. Dahl-Jensen et al., 1998].
Based on the lacking climatic optimum in Greenland � 18O, it could be ar-
gued that � 18O should simply not be trusted as a temperature proxy during
the Holocene. Using data for the past 150-200 years, a strong associations
between� 18O and regional temperature data was, however found on all in-
vestigated timescales in chapter 2 and chapter 6. Hence it seems much more
likely that the lacking climatic optimum in many Greenland � 18O records
is due to non-climatic e�ects masking the temperature signal in the � 18O
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records.
In this dissertation a new framework for the interpretation of � 18O in the
Greenland ice sheet has been proposed. The corner-stone in this interpre-
tation is that temporal changes in temperatures does not a�ect � 18O on the
Greenland ice sheet in the same manner as changes in temperature that are
a consequence of altitude-changes. The subtle consequence of this is that
two equal � 18O values do not correspond to the same surface temperature at
a drill site if the elevation of the drill site has changed in the meantime. This
is in stark contrast with the previous understanding that th e � 18O record
could be directly related to surface temperatures at the drill site, indepen-
dently of changes in elevation.
The new interpretation therefore has the consequence that the almost 
at
Holocene� 18O pro�les from central Greenland can no longer be interpreted
as evidence that surface temperatures derived from� 18O were almost con-
stant at the drill sites throughout the Holocene. Instead when applying
proper corrections for changes in surface height, a clear climatic optimum is
seen in the surface temperatures (see �gure 5.16). The new interpretation
is supported by the fact that it brings the central Greenland � 18O based
temperatures in good agreement with the borehole temperature pro�les and
other estimates of past surface temperatures.
As good agreement between� 18O based temperatures and borehole temper-
atures can be obtained just through a height correction, it seems very likely
that the dominant non-climatic e�ect a�ecting Holocene Gree nland � 18O is
changes in drill site elevation. Other proposed e�ects on Holocene� 18O such
as changes in the conditions at the source area for Greenlandprecipitation,
seems to be of second order.

In order to give solid estimates of Greenland temperatures based on ice
core � 18O records it is therefore imperative to have solid height estimates
for the drill sites back in time. For the Holocene, the most reliable way of
estimating surface height histories for the central Greenland drill sites was
found to be through comparison with the uplift corrected Holocene record
of � 18O from the small Renland ice cap. This approach does, however, have
the drawback that the central Greenland ice core� 18O records are forced
to yield the same millennial scale changes in temperature asfound from the
Renland � 18O record. The uplift corrected Renland � 18O series is there-
fore de facto elevated to be THE Greenland record of millennial trends in
Holocene temperature!
It is therefore a matter of the utmost importance to make sure, that the
Renland � 18O record is interpreted correctly, i.e. that the only signi� cant
height change that a�ects the Holocene Renland� 18O record is indeed the
post glacial rebound, as was argued in chapter 5.
An avenue hitherto not used to verify the Renland � 18O interpretation, is to
compare Renland� 18O to other Holocene records from small ice caps in the
vicinity of Greenland. Such a comparison is presented in �gure 7.1, where
the Holocene ice core� 18O records from the Penny, Devon and Agassiz ice
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Figure 7.1: Holocene� 18O data from three Canadian ice caps in the vicinity
of Greenland (colored lines), compared to Renland� 18O (grey lines) cor-
rected for post glacial uplift and shifted to have the same modern � 18O as
observed in the Canadian ice cores. Black line is melt data from the Agassiz
ice core. Timescales for the Canadian cores are adjusted to �t the GICC05
transition date and should not be considered to be very accurate.
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caps [Fisher, 1979; Fisher et al., 1995; Fisher et al., 1998]are plotted on
top of the uplift corrected Renland � 18O record. The melt record from the
Agassiz ice cap [Koerner and Fisher, 1990] is also plotted.
As the Agassiz ice cap on Ellesmere Island is only 127m thick at present [Ko-
erner and Fisher, 1990] it should be expected the Agassiz minus Renland
� 18O di�erence should not increase much more than� 0:50=00 on millennial
time scales (assuming that climate at the two sites is evolving equally on
millennial scales). This boundary on millennial scale variations does in fact
seem to hold, the contrary would also has been a surprise, as alarger than
� 0:50=00 positive Aggassiz minus Renland� 18O di�erence would imply that
the Renland ice cap had gained in thickness, which is all but impossible
due the fact that it already �lls up the mountain valley and ov er
ows its
boundaries.
If on the other hand the Renland cap had thinned compared to Agassiz
during the warmth of the climatic optimum, it would be expect ed that the
Agassiz minus Renland� 18O di�erence turned negative, but there is only a
very slight indication of this being the case 10.000 to 9000 b2k, and never
more than a few tenths of a0=00 (equivalent to less than 50 meters of eleva-
tion change).
With respect to the Aggassiz melt record it is encouraging that Renland
� 18O seems to correspond very nicely with this record; maybe even better
than does the Agassiz� 18O.
Turning to the Devon ice cap, a very spectacular di�erence in� 18O develops
from 6000 b2k to 4300 b2k and ends in 3000 b2k. The di�erence amounts
to � 1:50=00 corresponding to an elevation change of approx. 250m if no
climatic e�ects play a role. The Devon ice cap can in fact havedecreased
its elevation some 250m, as the ice cap has a thickness of� 300m at present.
As no signi�cant changes are seen neither in the Agassiz, norin the Penny
� 18O ice core records, being from ice caps north and south of the Devon
ice cap respectively, it does indeed seem likely that the curious Devon� 18O
values between 6000 b2k and 3000 b2k may be explained by localconditions,
such as elevation change. Furthermore if Renland elevationchange should
explain the change, the Renland cap had to gain some 250m in height, which
is impossible given its setting.
Again the it can be seen that during the climatic optimum Renland � 18O is
not higher than Devon � 18O leaving no room for a Renland decrease in ele-
vation not matched by a similar Devon elevation decrease. The changes in
� 18O di�erences between Renland and the Penny ice cap (on Ba�n Island)
� 18O are also well within the boundaries of what can be explainedby Penny
ice cap elevation changes, as it has a thickness of more than 300m [Fisher
et al., 1998].
To summarize, the comparison between Renland� 18O and � 18O from the
three Canadian ice caps near Greenland, did nothing to contradict the hy-
pothesis that uplift corrected Renland � 18O can be regarded as una�ected
by signi�cant elevation changes during the Holocene.

104



0 2000 4000 6000 8000 10000 12000 14000 16000 18000
-34

-33

-32

-31

-30

-29

-28

-27

-26

-25

Age (yr b2k)

d18
O

 (
pe

r 
m

ill
e)

0 2000 4000 6000 8000 10000 12000 14000 16000 18000

12

13

14

15

16

17

18

19

20
Renland d18O and Iberian Margin SST

S
S

T
 (

 ° C
)

Iberian Margin SST (stack of deep-sea cores SU8118 and MD952042)   

Renland d18O (uplift and d
sea

 corr.)

Figure 7.2: Smoothed Renland� 18O (T1=2 = 300 years) corrected for post
glacial uplift of the Scoresbysund area and the changes in mean sea water
� 18O (blue curve). Iberian Margin SST reconstruction from Bard [2002] (red
curve) based on alkenone data from two sea sediment cores. The dating of
the SST data are shifted slightly (� 150 years) to �t the GICC05 dating at
the termination.

Having used all available ice core evidence in the vicinity of Greenland,
it seems appropriate to turn to other proxy data for further i nvestigation
of the Renland � 18O record. If the uplift corrected Renland � 18O record in
fact is not in
uenced by any other kind of elevation change, it should be ex-
pected to be directly translatable to atmospheric temperatures (except for
a known correction for the change in mean� 18O in seawater [Waelbroeck,
et al., 2002]). And given the investigations in chapter 6, Renland � 18O can
be expected to be related to North Atlantic SST conditions.
In �gure 7.2 Renland � 18O is compared to the Iberian Margin SST recon-
struction (based on the alkenone method) presented by Bard [2002]. The
correspondence between the two data sets is astounding, given that this is
a marine and a terrestrial data set situated some 4000km apart. Such a
correspondence has to give the greatest con�dence in both data sets, and
surprisingly it leaves the impression that the same Renland� 18O to tem-
perature calibration can be used both during the Holocene and for glacial
conditions. This reinforces the perception that Renland only has one source
of precipitation: the subtropical Atlantic. Otherwise it w ould be hard to ex-
plain the nearly exact one-to-one correspondence with North Atlantic SST
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Figure 7.3: Smoothed Renland temperatures (T1=2 = 300 years) based on
� 18O corrected for post glacial uplift of the Scoresbysund areaand the
changes in mean sea water� 18O (blue curve). Norwegian Sea (V�ring
Plateau) and North Iceland shelf SST reconstructions digitized from �g-
ure 4 in Andersen et al. [2004] (red and green curves) based onfossil diatom
assemblages sea sediment cores.

conditions.
A curious aspect of the close relation between Renland� 18O and Iberian

Margin SST, is that it yields a temperature to � 18O slope of approx. 1� C=0=00,
which is much lower than the 2.9� C=0=00 found through calibration with cen-
tral Greenland borehole temperatures (chapter 5).
The marked di�erence is, however, most likely to be a consequence of the
well known polar ampli�cation of global temperature 
uctua tions. Turning
to sea sediment evidence on approx. the same latitude as the Renland ice
cap, it can be seen that the Renland Holocene temperatures calculated with
a slope of 2.9� C=0=00 correspond quite well to the estimated sea surface tem-
peratures (see �gure 7.3, data digitized from from Andersenet al. [2004]).
From �gure 7.3 it can indeed be seen that the magnitude of the cooling
from the climatic optimum to present conditions at Renland is very close
to SST estimates west of Norway and just north of Iceland, supporting the
calibration derived in chapter 5.

With all evidence pointing to the conclusion, that the elevation of the sum-
mit area of the Renland ice cap has been signi�cantly a�ectedby the glacial
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rebound only, it seems that Renland � 18O really deserves a special posi-
tion among the Greenland � 18O records. When the choice stands between
having central Greenland Holocene� 18O records with known disagreements
with borehole temperatures during the climatic optimum or correcting the
records to have the same millennial scale variability as theRenland � 18O,
the latter choice is clearly the most attractive. A fact that also became
clear when the long seasonal� 18O series were derived from the Dye-3 core
in chapter 6.
The extreme importance of Renland� 18O for the interpretation of all other
Greenland � 18O records does also highlight the urgent need of drilling a new
Renland core, in order to make sure that the present interpretation and
dating of the 1988 Renland core is absolutely correct.
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Chapter 8

Conclusion

The main objective of this Ph.D.-project, was the development of seasonally
resolved proxies for Greenland climatic conditions spanning the bulk of the
Holocene, a goal which has been ful�lled through the creation of the Dye-3
seasonally resolved stable isotope series.
As often in research it is, however, not this planned achievement which is of
most value. Instead the discoveries and byproducts, that were made working
toward the goal, could turn out to be of greater value and interest.
One of the greatest byproducts is the new synchronized GICC05 chronology,
that now comprises the Holocene sections of four Greenland ice cores. Hav-
ing the Greenland ice cores on the same time scale is of immense importance,
as has been demonstrated in this dissertation, where surface elevation esti-
mates for central Greenland drill sites only could be made after the Renland
core had been synchronized to GICC05. The synchronized dating paves the
way for advanced interpretation of the Greenland ice core records.
An interesting discovery, which for sure demands further investigation, is the
proposed di�erence between temporal and spatial temperature/ � 18O slopes.
This new interpretation of the � 18O records adds a new layer of complexity,
when � 18O values are converted to temperature estimates. Accordingto
this interpretation such a conversion can only take place when past changes
in drill site elevation are known; even when surface temperatures are to be
obtained.
The discovery with the most wide-ranging implications is probably that the
uplift corrected Renland � 18O record is an almost perfect indicator of cen-
tennial and millennial scale Greenland temperature conditions and thus can
be used as a baseline for elevation estimates for the centralGreenland cores.
Comparison with an Iberian Margin sea sediment based SST reconstruction
even suggests, that Renland� 18O is a good proxy for regional temperatures
under glacial conditions.
I therefore hope, that this conclusion is more of a beginning- signaling an
era were the compilation of evidence from multiple ice coresand drill sites
open new avenues for advanced interpretation of Greenland ice core records.
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Appendix A

Stable isotope records from
the Greenland Ice Cores

S. J. Johnsen and B. M. Vinther

Peer-reviewed contribution to Encyclopedia of Quaternary Sciences, Else-
vier, 2006.

A.1 Synopsis

Greenland ice cores contain a wealth of information on past climatic condi-
tions throughout the northern hemisphere. A historical perspective on the
climatic interpretation of stable isotopes in water and ice is presented in the
introduction, while the remainder of the article is devoted to the current
interpretation of stable isotope data from Greenland ice cores. The progress
in our understanding of the stable isotope signals, on timescales from sea-
sons to glacial cycles, is discussed and evaluated through numerous examples
from Greenland ice cores. Stable isotope pro�les from the Camp Century,
DYE-3, GISP2, GRIP, NGRIP and Renland deep ice cores are emphasised,
as they all provide climatic information back into the Eemian period.

A.2 The early isotope work

By doing stable isotope investigations of frontal precipitation over Copen-
hagen in the early �fties Willi Dansgaard discovered a correlation between
the condensation temperatures and the isotopic ratios. Subsequently Dans-
gaard proposed in a ground breaking paper that palaeoclimate could be
studied by doing stable isotope measurements on Greenland ice cores (Dans-
gaard (1954)).
At this time no ice cores were available from Greenland for such investiga-
tions and the immense scienti�c scope of this proposal was hardly realized,

I



even 15 years later when the �rst results from the Camp Century core be-
came available. Carl Benson at the U. S. Army Snow, Ice and Permafrost
Research Establishment (SIPRE) was, however, already doing pit studies in
NW and Central Greenland in the early and mid �fties (Benson ( 1962)). In
cooperation with Epstein and Sharp he discovered the very strong annual iso-
topic cycle in the Greenland snow pack. This cycle became eventually most
useful for measuring accumulation rates and for dating ice cores. When the
Site 2 ice core (see Figure A.1), which was drilled by SIPRE inpreparation
for the International Geophysical Year's Antarctic activi ties in 1957, be-
came available in 1955 Chester C. Langway, also from SIPRE, initiated the
modern era of multi disciplinary ice core studies includingdetailed isotope
pro�les deep down in the core (Langway (1967)). The Site 2 isotope data
(Epstein and Sharp (1959)) showed a clear annual cycle belowthe �rn lay-
ers, but smoothed compared with the isotope data from Benson's pit studies
(Langway (1967)). Thus Langway discovered the e�ect of the �rn di�usion
to be discussed below.

Willi Dansgaard continued his studies in Greenland and discovered the
isotopic latitude e�ect for Greenland and the strong correlation between
mean annual temperatures and isotopic values on the ice cap (Dansgaard
(1961)). He also used the Rayleigh condensation model to better under-
stand the physical basis for the climatic information contained in natural
precipitation. Most of his earlier results are summarized in his classic Tel-
lus paper (Dansgaard (1964)) where he also gives the �rst results from the
IAEA precipitation network and introduced the deuterium ex cess.
The Camp Century deep ice core was recovered by Lyle Hansen and his
co-workers from the U.S. Army Cold Region Research and Engineering Lab-
oratories in 1966. Two years later Willi Dansgaard proposedto Chester C.
Langway that he would do a comprehensive isotope study on thecore, a pro-
posal Langway accepted. This most fruitful cooperation waslater extended
with the group of Hans Oeschger from Bern, Switzerland, and became the
basis for the Greenland Ice Sheet Program (GISP) that managed to recover
a deep core from Dye-3 South Greenland with a new Danish deep drill in
1981. When the �rst Dye-3 isotopic results were published (Dansgaard et
al. (1982)), the immense impact of the isotopic palaeostudies on Greenland
deep ice cores was no more being challenged. In the early seventies the Dan-
ish group also built a unique inlet system for doing 512 mass-spectrometric
oxygen isotope measurements each day. The original aim was to date the
Dye-3 core by counting annual isotopic cycles through most ofthe Holocene
by measuring a total of 80,000 samples. However, this systemstrengthened
greatly the isotope work to be done on subsequent Greenland ice cores and
soon one million samples will have been analyzed with this system.
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Figure A.1: Locations of selected Greenland ice cores. The Site 2 core was
the �rst ice core drilled in Greenland. The Camp Century, Dye-3, GISP2,
GRIP, NGRIP and Renland cores all contain ice from the Holocene, glacial
and Eemian periods.
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A.3 Shallow ice cores - the role of di�usion

A large number of ice cores reaching a depth of 100-200 m have been drilled
at various locations on the Greenland ice sheet. Such cores o�er a time span
of a few hundreds to one thousand years, depending on core depth and local
accumulation rates. As instrumental climatic observations are limited to
the past two centuries for most of the northern hemisphere, the records of
� 18O from shallow ice cores are a valuable asset when investigating relations
between climate and � 18O. Having multiple cores available, it is possible
to stack the records and thereby reduce the glaciological noise in the � 18O
data. Using cores from various locations, it is also possible to resolve local
climatic variations a�ecting only parts of the ice sheet. Th e investigation of
� 18O records from the upper part of the ice cores is complicated by water
vapor di�usion in the pores of snow and �rn in the top 60-70 m of t he ice
sheet. This di�usion will tend to smooth the high frequency oscillations of
the � 18O. In Figure A.2 and A.3 the di�usion related decay of the annual
� 18O cycle can be seen for a central Greenland shallow core.

Figure A.2: Measurements of� 18O from di�erent depths in the Site E cen-
tral Greenland ice core. Left: near the surface before �rn di�usion dampens
the annual cycle. Right: below the di�usion zone, the annual cycle is sig-
ni�cantly dampened. The thin curve is di�usion corrected da ta. Annual
accumulation at Site E amounts to 21 cm of ice equivalent

A.3.1 The climate signal in seasonal � 18O

The close relation between� 18O and site temperature makes� 18O a valuable
proxy both for Greenland climate and northern hemisphere atmospheric cir-
culation patterns. To fully exploit the potential of Greenl and � 18O records
it has recently been shown by Vinther et al. (2003a) that it is essential to
look into the seasonal oscillations in the� 18O records.

IV



Figure A.3: Amplitude of the annual � 18O cycle in the Site E central Green-
land ice core and model estimate.

In the vast areas of the Greenland ice sheet where annual accumulation ex-
ceeds 20 cm of ice equivalent, seasonal oscillations of� 18O can be retrieved
through most of the Holocene. In areas of lower accumulationthe seasonal
� 18O cycles will be obliterated by the di�usion in the upper snow and �rn
layers.
As can be seen in Figure A.2 and A.3, the seasonal cycle of� 18O will be
in
uenced by di�usion even in areas with accumulation rates larger than
20 of cm ice equivalent per year. In the top 60-70 m of the ice sheet, a
marked decay in amplitude of the � 18O cycle can be observed. If a climatic
interpretation of seasonal � 18O values is to be pursued, it is necessary to
understand the di�usion process that masks the seasonal oscillations in the
� 18O signal.
In Johnsen (1977) the �rst step was taken in comprehending the physics be-
hind the di�usion process. Later papers by Merlivat and Jouzel (1979), Her-
ron and Langway (1980) and Schwander et al. (1988) led to the Johnsen et
al. (2000) paper where a physical model covering both� 18O and D di�usion
was presented and validated. The Johnsen et al. (2000) modelpredictions
of the di�usion driven dampening of the annual � 18O cycle can be seen in
Figure A.3.
Using the Johnsen et al. (2000) di�usion model and the mathematical for-
mulation of the di�usion problem presented in Johnsen (1977), it is possible
to correct � 18O series for di�usion. An example of di�usion corrected � 18O
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Table A.1: Correlations (r) of winter � 18O with Tasiilaq Dec-Mar tempera-
tures (1895-1982).

Ice Core Site A Site B Site E Site G Mean ABEG
Acc. (ice eq.) 29 cm 31 cm 21 cm 25 cm -
r (before di�. cor.) 0.29 0.43 0.25 0.21 0.36
r (after di�. cor.) 0.33 0.50 0.41 0.37 0.52

data can be seen in Figure A.2b. Having di�usion corrected data, the un-
derlying seasonally resolved climatic signal can be retrieved from ice core
� 18O records.
It is easy to verify the importance of correcting the seasonal � 18O records for
di�usion before any climatic interpretation is pursued. Fo ur di�erent central
Greenland ice cores were drilled in 1984/85 about 500 km fromthe coastal
Tasiilaq meteorological station. Table A.1 demonstrates that correlations
between winter season� 18O and Dec-Mar temperatures at the Tasiilaq sta-
tion [Laursen, 2003] are greatly improved by di�usion correcting the records.
Furthermore it can be seen that the ice core records from the areas of modest
accumulation (Site E and G) bene�ts the most from the di�usio n correction.
Using the approach of di�usion correction on several Greenland ice cores,
Vinther et al. (2003a) demonstrated that winter season� 18O from Greenland
ice cores contained both a distinct Greenland temperature signal and the sig-
nature of the North Atlantic Oscillation (NAO), a large scal e atmospheric

ow pattern. A linear regression between the multi-ice core winter � 18O
signal and northern hemisphere Dec-Mar sea level pressure (slp) is seen in
Figure A.4.
The NAO pattern with opposite pressure trends over Iceland and the Azores
is clearly seen in Figure A.4. The regression is carried out for the years 1872
to 1970 and the slp-data are from the HadSLP1 dataset (Basnettand Parker
(1997)).

A.4 Deep ice cores - climate during 125 millennia

During the past 40 years a total of 5 deep ice cores have been drilled all
the way through the Greenland ice sheet. All 5 records contain ice from the
entire Holocene, the last glaciation and the Eemian. A sixthice core drilled
through the small east coast Renland ice cap also reaches into the Eemian
(for drill site locations, see Figure A.1). Measurements of� 18O have been
carried out on the full length of all six ice core records. From Figure A.5 it
is clearly seen that the six� 18O records are very similar for the past 40,000
years. Below 40,000 years the Dye-3 record is disturbed by ice
ow, as is the
Renland core below 60,000 years. The GRIP and GISP2 records are a�ected
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Figure A.4: Dec-Mar SLP-response to a one-sigma increase in winter � 18O
in a series based on multiple Greenland ice cores. Contour interval is 0.4hPa,
red contours are positive while blue are negative.

by 
ow induced foldings below 105,000 years. The NGRIP core presents the
only � 18O record known to be stratigraphically continuous into the Eemian.
However, Eemian ice is found in all six ice cores.

A.4.1 Timescales for deep ice cores

A pre-requisite for the climatic interpretation of the deep ice cores is to have
a well established depth-age relation. For most of the Holocene, counting
annual layers using the seasonal oscillations in� 18O is a very robust way
of obtaining a timescale for the Greenland ice cores. Duringthe glacial,
generally lower accumulation rates leads to di�usion caused obliteration of
the annual � 18O cycles rendering counting impossible.
The �rst approach to date the glacial part of the ice cores relied on ana-
lytical two-dimensional 
ow-model estimates of the progressing thinning of
annual layers (Dansgaard and Johnsen, (1969)). The 
ow model presented
by Dansgaard and Johnsen (1969) (the D-J model) proved to be very adap-
tive and in Johnsen and Dansgaard (1992), the analytical D-J model was
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Figure A.5: Early Holocene, Glacial and Eemian� 18O records from 6 Green-
land ice cores. The cores are all on depth scales. The NGRIP timescale is
shown to the right. Numbers are given for the most prominent interstadials

re�ned to account for both increased shear near the bottom ofthe ice sheet
and sliding of the ice sheet over the bedrock. The D-J model canalso be
modi�ed to include 
ow due to bottom melting a�ecting the ice sheet.
To include temporal variations of the accumulation rate a numerical version
of the D-J model is required. The �rst e�ort to create such a model was
made by Johnsen et al (1992a). Numerical D-J 
ow models have been used
to provide timescales to both the GRIP and the NGRIP ice cores(NGRIP
members (2004)). These models require past accumulation rates as an input
parameter. A requirement which can be ful�lled by using relationships be-
tween � 18O and accumulation rates at the drill sites. Figure A.6 showsthe
Dye-3, GRIP and NGRIP � 18O pro�les on timescales derived from numeri-
cal D-J 
ow models. As the bottommost part of the Dye-3 core is disturbed
by ice 
ow, only the past 40,000 years of the Dye-3 pro�le is shown. The
similarity of the three pro�les is striking.
The �rst e�ort to count annual layers during the glacial was c arried out
on the GISP2 core (Meese et al. 1997). Seasonally changing features in
the visual stratigraphy of the GISP2 core were used for the layer counting.
Surprisingly the glacial GISP2 timescale derived using this methodology did
not show a persistent relation between the� 18O and the accumulation rate
back in time. A relation underpinned both by modern observations and the
following simple argument: A change in� 18O is associated with a change in
site air temperature, and as the air temperature determinesthe maximum
water vapor content of the air, the amount of moisture reaching the site will
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Figure A.6: Pro�les of � 18O from the Dye-3, GRIP and NGRIP cores, on the
ss09sea 
ow-modeled timescale. Numbers are given for the most prominent
interstadials. The expression b2k is a short for before 2000A.D.

be related to observed� 18O values. Based on a new e�ort to date the glacial
part of the NGRIP core using both seasonal oscillations in chemical impuri-
ties and visual stratigraphy, it is now believed that the apparent breakdown
of the � 18O/accumulation relationship observed in the GISP2 core is an ar-
tifact caused by erroneous interpretation of the GISP2 visible strata (K. K.
Andersen, submitted, 2006; A. Svensson, in submitted, 2006).

A.4.2 The Holocene

The major part of the deep ice cores consists of Holocene ice.Looking at
Figure A.7, it is obvious that the Holocene is in general a period of remark-
able stable � 18O values. This is surprising as Dahl-Jensen et al. (1998)
has shown that borehole temperature measurements at GRIP and Dye-3
implies that temperatures on the ice sheet were� 3� C higher than present
during the climatic optimum some 4000-8000 years ago. The reason for the
apparent failure of the � 18O to capture the temperature increase during the
climatic optimum is not well understood. It is speculated that changes in
the seasonality of the precipitation reaching the central Greenland ice sheet
could be part of the explanation, as a slight increase in depleted winter pre-
cipitation could signi�cantly lower average � 18O values.
In the southern Dye-3 record, ice 
ow masks the climatic optimum, as this
core is drilled on a slope. The ice from the climatic optimum precipitated
25-35 km upstream at 100-150 m higher altitudes and thereby lower tem-
peratures. The Dye-3� 18O from the climatic optimum and back in time has
therefore been arti�cially lowered by 0.5-1.00=00. If corrected for the e�ect
of ice 
ow, the Dye-3 � 18O record would therefore show a slight decrease in
� 18O from a peak value some 8000 years ago to a recent minimum. A weak
but similar trend is present in the NGRIP � 18O as well. It should be noted
that neither trend is anywhere near what is expected, as a 3� C decrease in
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Figure A.7: Holocene pro�les of � 18O on the new GICC05 counted and
synchronized timescale. The expression b2k is a short for before 2000 A.D.

temperature should be associated with a 20=00 decrease in� 18O, following
the � 18O/temperature relationship for the Greenland ice sheet derived in
Johnsen et al. (1989). However, it is still an open question,if the Johnsen
et al. (1989) spatial relation (derived from pairs of � 18O and temperature
observations from di�erent locations on the ice sheet) is valid for the tem-
poral changes in temperature a�ecting Greenland� 18O.
The � 18O records shown in Figure A.7 are plotted on the Greenland Ice
Core Chronology 2005 (GICC05). GICC05 is a new counted timescale that
synchronizes the three ice cores using common volcanic reference horizons
(Rasmussen et al. (2006a), Vinther et al. 2006b). Exploiting the synchro-
nization of the � 18O records, Rasmussen et al. (2006b) showed that the only
signi�cant common events in the early Holocene Dye-3, GRIP and NGRIP
records are the decreases in� 18O some 8200, 9300 and 11400 years ago.
These events are known as the 8.2k and 9.3k cold events and theprebo-
real oscillation, and they are observed in ocean sediment cores, tree ring
data and stalagmite records all over the northern hemisphere. The events
are believed to be associated with very large fresh water outbursts from
the decaying Laurentide ice sheet. The large amount of freshwaters would
temporarily weaken the North Atlantic overturning circula tion thereby di-
minishing the oceanic heat transport towards the polar region.
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Table A.2: Average values and di�erences of� 18O during di�erent climatic
periods (all values are given in per mille).

Drill Site Present (P) Stadial (S) Eemian (E) P-S E-P
Camp Century -29.5 -41.9 -27.0 12.4 2.5
Dye-3 -27.6 -36.1 -22.9 8.5 4.7
GISP2 -35.0 -42.2 -32.3 7.2 2.7
GRIP -35.1 -41.9 -31.6 6.8 3.5
NGRIP -34.4 -44.5 -32.3 9.1 3.1
Renland -27.3 -32.1 -23.8 5.0 3.5

A.4.3 The last glaciation

The abrupt shifts in � 18O leading to the warm Greenland interstadials
(Johnsen et al. (1992a), Dansgaard et al. (1993)) are often referred to as
Dansgaard-Oeschger events. These events are the most prominent features
observed in the glacial parts of all Greenland ice cores (seeFigure A.5 and
A.6). The shifts are most probably due to large scale reorganizations of the
atmospheric and oceanic circulations during the glacial. Hence full glacial
(stadial) conditions are probably related to a shutdown of the North Atlantic
overturning circulation, while the interstadials are warmed by the return of
the overturning circulation. Changes from stadial climatic conditions to the
10-15� C warmer interstadial climate are believed to have happenedwithin
a decade or two. The glacial climate is therefore characterized by a degree
of instability that cannot be found during the Holocene.
Johnsen et al. (1992a) found that an intercomparison between glacial � 18O
values observed in di�erent Greenland ice cores shows important di�erences
in the size of the � 18O increase associated with the shift from stadial to
Holocene climatic conditions. The Camp Century core shows the largest
� 18O changes while the changes at Renland are the most modest (see Ta-
ble A.2 and Figure A.5). It is speculated that the large change in Camp
Century (and NGRIP) � 18O are related to those sites having a strongly
depleted north-westerly source of precipitation during the stadials. Such a
source could be due to a split in the polar jet-stream, into branches north
and south of the Laurentide ice sheet. Precipitation arriving from the north-
west would not be able to reach the Renland ice cap as it is situated east
of the main ice sheet and therefore is shielded from any such precipitation.
Hence the relatively modest decrease in Renland� 18O values during the
stadials can be understood in terms of the Renland ice cap notreceiving
precipitation from the depleted northern branch of a split j etstream.
Recent atmospheric modeling e�orts suggesting a split jetstream during the
glacial (i.e. Bromwich et al. (2004)) do therefore enjoy signi�cant support
from observations of stadial � 18O in Greenland ice cores.
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A.4.4 The Eemian

Ice from the last interglacial, the Eemian, has been found near the bedrock
in all deep ice cores retrieved from the Greenland ice sheet (see Figure A.5).
It is therefore safe to conclude that most of Greenland was covered by ice
during the Eemian. Using the � 18O values observed in Eemian ice it is possi-
ble to further quantify the changes in size of the Greenland ice sheet during
the Eemian.
Comparing present day� 18O values to those observed in the Eemian ice, it
is clear that the Eemian had 2.5-3.50=00 higher � 18O values than presently
observed all across Greenland (Table A.2 and Figure A.5) except for at the
southern Dye-3 site. At Dye-3 Eemian� 18O was 4.70=00 higher than recent
values.
The observed� 18O value at a site on the Greenland ice sheet is dependant
on elevation (the gradient is approx. -0.60=00 per 100 m altitude according to
Johnsen et al. (1989)). It can therefore be inferred from therather uniform
(� 30=00) increase in Eemian� 18O, that the di�erences in elevation between
the Camp Century, GRIP, GISP2, NGRIP and Renland sites during the
Eemian were almost equal to those presently observed. Furthermore the
elevated Eemian� 18O values at the DYE-3 site indicate that the southern
part of the Greenland ice sheet was lowered by some 400 m relative to the
rest of the ice sheet (the� 1.50=00 extra change at Dye-3 added to a� 10=00

change due to ice 
ow induced extra lowering of the Eemian� 18O).
The question about the absolute elevation of the main ice sheet during the
Eemian is not as straight forward to asses. The general� 30=00 increase
in � 18O could be attributed both to changes in elevation and changes in
temperature, as the Greenland climate during the Eemian wassigni�cantly
warmer than the present climate.
The fact that the small Renland ice cap experienced almost the same increase
in � 18O as most of the Greenland ice sheet does however put constraints on
the possible changes in elevation.
The Renland ice cap is only about 330 m thick, and due to its setting on
a high elevation plateau, it cannot grow any thicker. Furthermore the fact
that a more than 3 m thick layer of Eemian ice has been found close to
bedrock at Renland (see Figure A.5) does suggest that the Renland ice cap
was well preserved during the Eemian. The ice 
ow driven thinning rate in
the Renland ice cap estimated by Johnsen and Dansgaard (1992), probably
could not have allowed the preservation of a 3 m thick slab of Eemian ice,
had the Renland ice cap been signi�cantly thinner during the Eemian than
today.
It is therefore reasonable to assume that the Eemian thickness of the Ren-
land ice cap was not very far from the 330 m observed today, thus imposing
narrow constraints on thickness changes at Camp Century, GISP2, GRIP
and NGRIP as well.
Given this information, it is obvious that most (if not all) o f the 2.5-3.50=00
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Eemian increase in� 18O should be attributed to temperature change; not to
elevation change. Hence it is probably only the southern part of the Green-
land ice sheet that experienced signi�cant decreases in thickness during the
Eemian. In fact it could be argued that a slight increase in the thickness of
the northern part of the Greenland ice sheet is supported by the � 18O data,
as NGRIP and Camp Century Eemian � 18O seems to have increased a bit
less than the Renland� 18O. The contribution to the global Eemian sea level
rise from a thinning of the Greenland ice sheet is therefore believed to be
modest, most likely less than 1m.
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Appendix B

Note on gaussian smoothing
of data series

As gaussian smoothing is used extensively in this dissertation, the following
section introduces the main terminology which has been used.
Data series can be smoothed with a gaussian (bell-formed) �lter in order to
suppress high frequency oscillations in the data set.
The level of smoothing which is imposed by the gaussian �lteron the data
is determined by the standard deviation (� ) of the gaussian function:

A(� ) = A0 � e� 2� 2 � 2

T 2 (B.1)

Were A0 is the original amplitude for an oscillation with period T and
A(� ) is the amplitude after �ltering.
It is nice to express the degree of smoothing in terms of the period of oscil-
lation in the data that is reduced in amplitude by 50% (T1=2):

A(� )
A0

= 1=2 = e
� 2� 2 � 2

T1=2
2

) (B.2)

T1=2 = �� �
q

2=log(2) (B.3)

HenceT1=2 will be used to quantify the smoothing imposed by the �lter
and it should be noted that when smoothing is described as being of decadal,
centennial or millennial scale then it will always refer to gaussian smothing
with T1=2 equalling 10 years, 100 years and 1000 years respectively.
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