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Fig. 1. Oxygen isotope (δ18O) time series from Greenland (GISP2 ice core; Grootes and Stuiver 1997). The inset
shows expanded Holocene portion (thin line) and 300-y running mean (bold line).

pean paleoclimatic archives, which reveal marked
climate variations during the Holocene, as indicated
for example by fluctuations of glaciers and tree-
lines (e.g. Karlén 1993; Dahl and Nesje 1996) as
well as net precipitation (Harrison and Digerfeldt
1993; Schettler et al. 1999). Although the dating of
these events is not without problems, it appears that
European climate varied on multicenntennial-to-
millennial time scales during the Holocene. These
natural climate fluctuations were probably strong
enough to affect early human societies in Europe.
Insights into the temporal evolution of Holocene
multicentennial-to-millennial scale climate variability
are not only important for interpreting archeologi-
cal data, but also because of the potential interfer-
ence with today’s man-made climate perturbation.

Moreover, recent paleoceanographic proxy data
from the North Atlantic (Bond et al. 1997; Bianchi
and McCave 1999) suggest millennial-scale climate

variability with a periodicity at ~1400–1500 y
during the Holocene, implying that Dansgaard-
Oeschger events, although attenuated, may have
occurred during the last 10 ky, too. The lack of simi-
lar events in the δ18O data from  Greenland (Fig.
1, inset) raises the question if the ice-core data can
be regarded as climate indicator for the entire
North-Atlantic realm during the Holocene.

A Holocene 900-y Temperature Cycle in
Greenland
Despite its random appearance, the Holocene
bidecadal δ18O record from the Greenland Ice
Sheet Project Two (GISP2; Grootes and Stuiver
1997) contains a distinct low-frequency component,
which becomes clearly visible after applying a 300-
y running mean filter to the data (Figs. 1, 2). The
running mean varies between approximately
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Fig. 2. Smoothed δ18O time series (300-y running mean [solid line]; as in Fig. 1, inset). For subsequent analyses,
linear trend between 0-2 ky BP was subtracted (dotted line). Exponential envelopes (dashed lines) depict general
temporal evolution of δ18O minima and maxima.

± 0.5‰ to ± 0.1‰ around its average value (Fig.
2). It appears that the amplitude of the running-mean
fluctuations decreases exponentionally from a
maximum around 8.2 ky BP. This tendency is, how-
ever, somewhat obstructed by a trend in the young-
est part of the record (<2 ky BP). Most extreme
δ18O minima occur approximately every 3.4 ky (at
1.2, 4.7 and 8.2 ky BP; Fig. 2). Between 3–8.5 ky
BP the fluctuations of the running mean appear to
be almost periodic, with a recurrence time of ~900
y. Harmonic analysis of the unsmoothed δ18O data
(Fig. 3) indicates that the oscillations are indeed
contained in the time series and are not an arte-
fact of the running-mean filter (cf. similar perio-
dicity in Grootes and Stuiver 1997).

To test the robustness of the above inference
(i.e. a damped ~900 y oscillation), one can use the
δ18O record from the North GRIP ice core (Ham-
mer this volume). Between 5–9 ky BP the tempo-

ral evolution of the smoothed δ18O time series from
North GRIP (not shown) is similar to the GISP2
data (Fig. 2). Therefore, the North GRIP data cor-
roborate the existence of damped ~900-y tempera-
ture oscillations in Greenland in the early Holocene.
However, the North GRIP record shows no
evidence for a cooling at ~4.7 ky BP. Instead a
trend towards lighter δ18O values dominates the last
5 ky in this data set. Possible causes for this unex-
pected discrepancy between the two ice-core
records remain open for debate (cf. Hammer, this
volume).

With a δ18O-surface temperature gradient of
0.5‰ per °C (Jouzel et al. 1997 and refs. therein),
the estimated changes in the running mean imply
temperature fluctuations, ranging from ±1°C in the
early Holocene to only ±0.2 °C in the youngest part
of the record. Compared with temperature varia-
tions associated with glacial Dansgaard-Oeschger
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Fig. 3. Harmonic analysis (Fisher 1929; Schulz and Stattegger 1997) of unsmoothed δ18O time series between 0-10
ky BP. The time series can be distinguished from white noise at the (1-1/N) × 100% = 99.8% significance level (cf.
Thomson 1990; N = number of data points). The sharp peak at periodicity of 890 y is highly significant and indi-
cates the presence of a harmonic signal component.

interstadials (up to ~10°C; cf. Fig. 1), the multi-
centennial temperature perturbations during the
Holocene are rather small. Based on the premise
that δ18O fluctuations preserved in Greenland ice-
cores are at least significant for the North Atlantic
region (Grootes and Stuiver 1997), one has to ask
if these seemingly small temperature oscillations are
relevant to climate variations in Europe.

changes of the equilibrium-line altitude (ELA) of
glaciers in southern Norway (Fig. 4) during the
Holocene. ELA variations provide a measure for
shifts in net glacier growth.

A comparison of the Scandinavian summer
temperature with the smoothed δ18O record from
Greenland (Fig. 4) reveals a good correspondence
between extremes of these two climate proxies.
(It should be noted that the stratigraphies of the
records are not tuned to each other.) Before 6.6
ky BP cold events in Greenland (negative δ18O
anomalies) coincide with cold summers in Scandi-
navia, whereas between 4–6.6 ky BP cold condi-
tions in Greenland correlate with warm summers
in northern Europe. This distinct change of the
phase relationship between the temperature re-

Climate Variations in Northern and Central
Europe
Dahl and Nesje (1996) estimated Holocene sum-
mer temperature in south-central Scandinavia based
on variations of the altitude limiting pine-tree growth
(Fig. 4). Furthermore, these authors reconstructed
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Fig. 4. Top: Smoothed δ18O record (as in Fig. 2, but after subtraction of mean value) and output of the template.
Arrows indicate forcing of the template by cooling phases. Dashed horizontal lines between 0-3 ky BP depict
uncertainty of δ18O data (1σ confidence interval). Center: Deviation of summer temperature from modern value in
Scandinavia (Dahl and Nesje 1996). Bottom: Departure of equilibrium line altitude from modern position in Scandi-
navia (Dahl and Nesje 1996). Negative values indicate glacier advance. ‘W’ denote wet periods in central Europe
(Schettler et al. 1999). Dashed vertical lines depict inferred correlation between climate records. The inferred tran-
sition from glacial (GM) to Holocene mode (HM) is indicated. See text for further details.

cords around 6.6 ky BP is, however, not seen be-
tween δ18O and ELA. Instead, glacier advances
(ELA minima) go along with cold temperatures in
Greenland between 4–8.5 ky BP. Moreover, be-

tween ~3.6–8.6 ky BP cold spells in Greenland
occur together with periods of enhanced rainfall in
central Germany (Schettler et al. 1999), except for
the cold period at 5.4 ky BP (Fig. 4).
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For ages younger than ~3.6 ky BP, climate indi-
cators from Europe and Greenland show no clear
match on a multicentennial time scale. Since the
amplitudes of the climate perturbations are smaller
in the late Holocene than during the preceding time
interval, the lack of correspondence between the
records may in part be caused by a reduced sig-
nal-to-noise ratio.

lation of North Atlantic Oscillation intensity, once
the modern atmospheric mode was established at
6.6 ky BP. This conjecture is supported by driftwood
records from the Arctic (Dyke et al. 1997), which
are thought to indicate shifts in the mean state of
the North Atlantic Oscillation (Tremblay et al. 1997).

A different picture emerges for times prior to
6.6 ky BP when the temperature „seesaw“ was ap-
parently inoperative, resulting in synchronous tem-
perature variations in Greenland and Europe. This
situation is reminiscent of a glacial climate mode,
with the Icelandic Low located further south (e.g.
Harrison et al. 1992), allowing an almost unre-
stricted flow of cold polar air into the entire North-
Atlantic realm. Based on the phase relationship
between temperature variations in Greenland and
Europe, we can only speculate that the glacial cli-
mate mode operated in this region until 6.6 ky BP.
The transition to today’s climate mode at ~6.6 ky
BP is consistent with a marked change in the
prevailing wind direction from northeast to west
in south-western Sweden between 6–7 ky BP
(Mörner 1980). However, this timing of the mode
transition contrasts results of Stager and Mayewski
(1997), who suggested a global transition from gla-
cial to postglacial mode between 7.8–8.2 ky BP,
that is, simultaneous to the final decay of the North
American ice sheet (Licciardi et al. 1998).

The Icelandic Low: Climate Interface
Across the North Atlantic
Observations, the earliest going back to the second
half of the eighteenth century, indicate that mild
(severe) winters in western Greenland go along
with severe (mild) winter conditions in northern
Europe (Barlow et al. 1997 and refs. therein). This
temperature „seesaw“ across the North Atlantic is
closely linked to the variability of the Icelandic Low.
Warm winters in Europe coincide with a strong
Icelandic Low, located between Iceland and Green-
land (Fig. 5b). This pressure distribution steers
warm and humid air masses from mid-latitudes
eastward into northern and central Europe, whereas
polar air masses reach Greenland. In contrast, when
the Icelandic Low is weak and located near the
southern tip of Greenland (Fig. 5a) the flow of cold
polar air to Greenland is reduced, whereas more
cold polar air reaches Europe.

The anti-phase relationship of temperature
anomalies between Greenland and Scandinavia
between 4–6.6 ky BP (Fig. 4) can thus be explained
in terms of the temperature „seesaw“ mediated by
the Icelandic Low. This inference is corroborated
by the simultaneous occurrence of warm and hu-
mid periods in Europe; the latter is thought to lower
the ELA by increased snowfall (Dahl and Nesje
1996). Accordingly, we surmise that the 900-y cli-
mate oscillations between 4–6.6 ky BP may be
linked to multicentennial variations in strength and
location of the Icelandic Low.

Today, extremes of the temperature „seesaw“
between Greenland and northern Europe are linked
to positive and negative phases of the decadal North
Atlantic Oscillation (e.g. Kushnir 1999; Fig. 5).
Accordingly, minima and maxima of the 900-y tem-
perature cycles may be an expression of a modu-

Making 900-y Climate Oscillations:
Internal Feedbacks vs. Orbital Control
The existence of 900-y cycles in climate records
does not provide direct information about the ori-
gin of these cycles. We will consider two mecha-
nisms, which are not mutually exclusive: (1) Inter-
nal oscillations of the climate system and (2) ex-
ternal forcing by secular changes of the Earth’s
orbital parameters.

Internal origin: Based on the finding that the
amplitude of the 900-y temperature oscillations
decays almost exponentionally (Fig. 2), one can build
simple mathematical templates to mimic this be-
havior. We use the term template in order to distin-
guish the following excercise from modeling efforts
which treat the involved physical processes explic-
itly. One possibility for such a template is to express
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With a less than zero, the „memory“ of the sys-
tem (provided by 〈δT〉τ) determines the current
evolution of δT; a positive (negative) value of the
average temperature anomaly during the past 415
y will cause a decrease (increase) of the current
temperature. The combination of a < 0 and
„memory“ for past states results in a delayed nega-
tive feedback, which in principle allows the template
in eq. (1) to produce  temperature oscillations.
However, without an initial perturbation the template
cannot produce any deviations from its equilibrium
(δT = 0). Such external forcing is therefore included

Fig. 5. Mean sea-level pressure in the North Atlantic realm for opposing modes of the temperature „seesaw“ (modi-
fied from Barlow et al., 1997). (a) Southwesterly position of the Icelandic Low causes mild Greenland winters and
severe temperatures in Europe and corresponds to the negative phase of the North Atlantic Oscillation (NAO). (b)
Opposite situation with cold Greenland winters (positive NAO phase). Main centers of high (H) and low (L) pres-
sure are indicated.

dδT
dt

= a 〈δT〉τ + c(t),

c(t) [‰/y]
-0.0025 between 8.20-8.45 ky BP
-0.0007 between 4.45-4.95 ky BP
       0.0 else

the temperature anomaly in Greenland (δT in units
of δ18O) as function of the average value of δT
during the preceding τ years, denoted by 〈δT〉τ:

(1)

with t being time, a = -0.009 ‰/y, τ = 415 y and
















