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Abstract. Understanding recent Arctic climate change requires detailed information on past changes, in particular on
a regional scale. The extension of the depth–age relation of
the Akademii Nauk (AN) ice core from Severnaya Zemlya
(SZ) to the last 1100 yr provides new perspectives on past climate fluctuations in the Barents and Kara seas region. Here,
we present the easternmost high-resolution ice-core climate
proxy records (δ 18 O and sodium) from the Arctic. Multiannual AN δ 18 O data as near-surface air-temperature proxies
reveal major temperature changes over the last millennium,
including the absolute minimum around 1800 and the unprecedented warming to a double-peak maximum in the early
20th century. The long-term cooling trend in δ 18 O is related
to a decline in summer insolation but also to the growth of
the AN ice cap as indicated by decreasing sodium concentrations. Neither a pronounced Medieval Climate Anomaly
nor a Little Ice Age are detectable in the AN δ 18 O record.
In contrast, there is evidence of several abrupt warming and
cooling events, such as in the 15th and 16th centuries, partly
accompanied by corresponding changes in sodium concentrations. These abrupt changes are assumed to be related to
sea-ice cover variability in the Barents and Kara seas region,
which might be caused by shifts in atmospheric circulation
patterns. Our results indicate a significant impact of internal climate variability on Arctic climate change in the last
millennium.

1

Introduction

The climate of the Arctic is characterized by ongoing drastic changes. The rapid Arctic warming is accompanied by an
unprecedented sea-ice retreat and other positive climate feedback processes, such as permafrost warming and thawing as
well as melting of glaciers and ice caps. Projections of future
climate change indicate a continuation and amplification of
these processes in the next decades (e.g. AMAP, 2011).
Knowledge of the natural climate variability is essential
to understand and assess the ongoing climate change and for
reliable predictions of future climate development. Meteorological records of the Arctic are sparse and relatively short,
with only very few time series starting before the 20th century (e.g. Polyakov et al., 2003b). The longest continuous
time series of surface air temperature (SAT) in the Eurasian
Arctic (Vardø, Northern Norway) dates back to 1840. In the
Russian subarctic the SAT time series of Arkhangelsk started
in 1814 (with an interruption of two years in 1832/1833).
Hence, high-resolution climate archives such as ice cores
are needed to provide substantial information on the temporal and spatial patterns of the natural Arctic climate variability and its causes (e.g. Overpeck et al., 1997) as well as for an
assessment of the recent Arctic warming from a centennialto millennial-scale perspective. Of particular interest are climate changes in the Mid- to Late Holocene, characterized
by relatively stable boundary conditions of the climate system and by a negligible anthropogenic influence in the preindustrial period before about 1750 (Wanner et al., 2008).
Several palaeoclimate records indicate that the recent Arctic warming and its implications (such as a sea-ice cover
reduction) are unprecedented in the Late Holocene, i.e. the
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last 2000 yr (e.g. Kaufman et al., 2009; Kinnard et al., 2011;
Spielhagen et al., 2011; PAGES 2k Consortium, 2013). However, for a more comprehensive assessment of the natural
Late Holocene climate changes in the Arctic, their causes
and feedbacks, more regional palaeoclimate information is
required. This is particularly true for the Eurasian Arctic
(here regarded as between 0◦ longitude and the Bering Strait)
as compared to the North American Arctic. Only five out of
29 records used for the Arctic temperature reconstructions of
Overpeck et al. (1997), six out of 23 of Kaufman et al. (2009)
and 21 out of 59 of the PAGES 2k Consortium (2013) are
from the Eurasian Arctic. These records are mostly from tree
rings and lake sediments and the majority is from Scandinavia (twice as much as from the much larger Russian Arctic
for the two latter reconstructions).
Ice-core records of the Eurasian Arctic are limited to High
Arctic archipelagos such as Svalbard, Franz Josef Land (FJL)
and Severnaya Zemlya (SZ) (Fig. 1). Glaciers and ice caps in
the Eurasian Arctic are characterized by summertime surface
melting and hence require special consideration of meltwater percolation processes (Koerner, 1997). Nevertheless, they
may contain high-resolution palaeoclimate information on a
regional scale. Consequently, several ice cores were drilled
in the last two decades at Svalbard and FJL (Fig. 1), providing climate records reaching several hundred years back in
time (e.g. Henderson, 2002; Isaksson et al., 2005; Divine et
al., 2011).
To extend high-resolution ice-core-based palaeoclimate
information eastwards, a joint German–Russian team drilled
a 724 m long ice core to bedrock close to the summit of the
Akademii Nauk (AN) ice cap at SZ in the Central Russian
Arctic (80.52◦ N, 94.82◦ E, about 750 m a.s.l., Fig. 1) from
1999 to 2001 (Fritzsche et al., 2002). The AN ice cap might
be the oldest one in the Eurasian Arctic (Koerner and Fisher,
2002), even though maximum ages of 10 to 40 thousand
years reported for an ice core drilled in 1986/1987 on the AN
ice cap are distinctly overestimated (Kotlyakov et al., 2004;
Fritzsche et al., 2005).
An automatic weather station near the drilling site yielded
a mean annual air temperature of −15.7 ◦ C (May 1999 to
April 2000). During the summer months, temperatures may
rise above 0 ◦ C and cause snowmelt and percolation of meltwater into the surface layers. For more detailed information on climate conditions as well as drilling-site characteristics including snowmelt and infiltration, we refer to Opel et
al. (2009). A mean modern accumulation rate of about 0.46 m
water equivalent (w.e.) per year for the period 1956–1999
was found by Fritzsche et al. (2005) based on high-resolution
stable water isotope analysis.
Hitherto existing results of AN ice-core analysis indicate
that despite meltwater infiltration the AN ice core may be
a key archive for the reconstruction of the Late Holocene
climate and environmental history of the Eurasian Arctic
(Fritzsche et al., 2005; Weiler et al., 2005; Opel et al., 2009).
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In this paper, we present stable water isotope and majorion records from the core section with a well established
depth–age relationship, i.e. the upper 411 m of the AN ice
core, covering the last 1100 yr. These are the first highresolution ice-core time series from the central Eurasian Arctic exceeding the past millennium. The data add valuable new
information on the temporal and spatial patterns of climate
variations in the poorly studied Eurasian Arctic. We show
that this region experienced major climate variability over
22
the past millennium and discuss long-term trends and abrupt
changes as well as possible causes in the Arctic context.

2
2.1

Methods and data
Ice-core data

Ice-core processing and sampling took place in the cold laboratory of the Alfred Wegener Institute Helmholtz Centre for
Polar and Marine Research (AWI) Bremerhaven (for details
and additional references, see Fritzsche et al., 2005; Opel et
al., 2009). After the determination of electrical conductivity and density by dielectric profiling and γ -absorption techniques (Wilhelms, 2000), two core-axis-parallel slices (12
and 32 mm thick) were cut.
The first one was sampled in a high sub-annual resolution
of 2.5 cm for stable water isotope measurements. The oxygen
(δ 18 O) and hydrogen (δD) stable-isotope compositions were
analysed at the AWI Potsdam using a Finnigan MAT Delta-S
mass spectrometer with an analytical precision of better than
±0.1 ‰ for δ 18 O and ±0.8 ‰ for δD (Meyer et al., 2000). In
total, about 16 200 samples were analysed for this paper.
After scanning with a line-scan camera the second slice
was sampled for glaciochemistry. Screening samples (from
www.clim-past.net/9/2379/2013/
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single core segments, i.e. 0.3 to 1.0 m) were taken by a melting device for continuous flow analysis coupled with an autosampler system. High-resolution sampling (about 5 cm) for
selected core sections was done by the same system or by
cutting under clean conditions. The major-ion concentrations
were determined using a Dionex IC20 ion chromatograph at
the glaciochemistry laboratory of the AWI Bremerhaven (for
details, see Weiler et al., 2005).
2.2

Meteorological data

For comparing our AN ice-core proxy data to meteorological
data we selected SAT time series from the CRU Norwich’s
HadCRUT3 dataset (Brohan et al., 2006). Additionally we
used two SAT compilations for the Arctic (Polyakov et al.,
2003b) and the Atlantic–Arctic boundary region (Wood et
al., 2010), respectively. All these time series are based on
meteorological station data.

3

Ice-core dating

The dating of the upper section (0–411 m) of AN ice core is
based on reference horizons and annual-layer counting. As
reference horizons we used the 1963 137 Cs peak caused by
the fallout from nuclear bomb tests (Fritzsche et al., 2002;
Pinglot et al., 2003) as well as volcanic signals. We clearly
identified outstanding peaks in non-sea-salt (nss) sulfate concentrations and linked them to the major volcanic eruptions
of Bezymianny (Kamchatka) in 1956, Katmai/Novarupta
(Alaska) in 1912, Laki (Iceland) in 1783 and the unknown
volcano in 1259 (Fig. 2), also detected in ice cores from
Greenland (Zielinski et al., 1994), Svalbard (e.g. Moore et
al., 2012) and FJL (Henderson, 2002). Additionally, we interpreted a smaller peak as the imprint of the Eldgja (Iceland) eruption in 934, also found in Greenland ice cores
(Zielinski et al., 1994). So far we have not identified more
distinct nss sulfate signals that can be related to certain volcanic eruptions. As about 50 % of the sulfate in the AN ice
core originates from sea salt before the anthropogenically influenced 20th century (Weiler et al., 2005), volcanic sulfate
peaks might be masked in the screening data.
For an independent annual-layer counting, we used seasonal signals of high-resolution stable water isotope data,
which are clearly detectable in most cases, even though they
might be smoothed and altered by meltwater infiltration. We
differentiate single years using δ 18 O and δD winter minima and respective winter maxima in deuterium excess d
(d = δD−8δ 18 O), since δ values and d excess do not show
significant phase lags (Fig. 3).
The annual-layer-based chronology was then crosschecked with the reference horizons. Both approaches
were combined and matched, resulting in our AN icecore chronology (AN 2012). It comprises about 1100 yr for
the core section presented here (0–411 m, corresponding to
www.clim-past.net/9/2379/2013/
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Fig. 2. AN nss SO2−
4 record with annual values based on screening
data in black (right axis); high-resolution data for selected core
Figure 2. AN nss-SO42- record with annual values based on screening data in black (right
sections
in red (left axis). Peaks interpreted as volcanic reference
axis), high resolution data for selected core sections in red (left axis). Peaks interpreted as
horizons
are labelled.
volcanic reference horizons are labeled.
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0–373 m w.e.), i.e. the time period 900–1998. Based on the
cross-checking of both dating approaches and the comparison with an adjusted Nye model (see below) we estimate
a dating uncertainty better than ± 3 yr after 1783 and better
than ± 10 yr throughout the time period 934 to 1783.
The resulting age (about 1100 yr) is distinctly younger
than calculated with a standard Nye (1963) model (about
1250 yr, Fig. 4) for the same depth of 411 m or claimed by
Kotlyakov et al. (1990) for the corresponding section of the
AN ice core taken in 1986/1987 (about 2700 yr). Both age
models underestimate the annual-layer thickness and, therefore, overestimate the age (Fig. 4). Consequently, the AN ice
cap is much younger than previously assumed. It is not in dynamic steady state and most probably has been growing until
23
recent times. This assumption has been tested by an adjusted
Nye model that takes into account the growing ice cap by
adding a growth term (Fritzsche et al., 2010).
Our preliminary chronology for the whole AN ice core
based on this approach exhibits an age of about 3100 yr at
a possible discordance at a depth of about 694 m, 30 m above
bedrock. The lowermost core section (694–724 m) contains
ice that might be a remnant of an older ice-cap stage. However, this ice is clearly of post-glacial age as indicated by a
mean δ 18 O value of −20.1 ‰ (range: −23.7 to −16.8 ‰).
We calculated annual mean values by averaging all data
between the defined annual marks (high-resolution stable
water isotope data) as well as by resampling of screening
data (major ions) using a polynomial fit function based on
our core chronology. To minimize the effects of meltwater
infiltration as well as dating uncertainties we only use running mean values over five and 15 yr (5 yrm and 15 yrm, respectively) for climatic interpretation.
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as proxies for annual SAT.
18
The correlations of AN δ 18 O to Vardø and Arkhangelsk
We compared our AN δ O dataset to the two longest mete10
SAT presented here are slightly weaker than those for 1883–
orological time series of the Eurasian Arctic and subarctic,
11
1998 (Opel et al., 2009). This indicates somewhat greater difi.e. Vardø and Arkhangelsk, as well as to two SAT compiferences in the mid-19th century and/or different characterlations based on meteorological station data (Fig. 5). Before
istics of the subtracted linear trends due to other reference
the calculation of correlation coefficients, we detrended the
periods.
time series for the respective common time periods by subComparable correlations were not only found for the intracting the linear trends. As those mainly represent the gendividual meteorological time series mentioned above and
eral warming in the time period of overlap, the resulting corthat already presented by Opel et al. (2009) for the period
relation coefficients are distinctly lower than for the original
1883–1998 but also for SAT compilations (Table 1, Fig. 5).
time series (Table 1).
Whereas AN δ 18 O data correlate with r5yrm = 0.47 to the
For station time series a striking similarity and the highest
SAT of the North Atlantic–Arctic boundary region (TNA ,
correlation to our AN δ 18 O record was found for Vardø in
1802–1998) of Wood et al. (2010), the24correlation to the
Northern Norway (1840–1998, Figs. 1 and 5). Annual mean
Arctic-wide SAT compilation (1875–1998) of Polyakov et
SAT values (5 yrm) are strongly correlated with r5yrm = 0.55
al. (2003b) is considerably higher (r5yrm = 0.72), underlin(Table 1). The correlation to the Arkhangelsk (northeastern
ing the spatial significance of our AN δ 18 O record.
Russia, Fig. 1) annual mean SAT record (1814–1998) is only
In summary, AN δ 18 O data can be considered as relislightly lower (r5yrm = 0.51, Table 1, Fig. 5). The best accor18
able proxies for annual SAT in the western Eurasian Arcdance of annual AN δ O values with the Vardø SAT time
tic despite meltwater infiltration. The significance of the AN
series is also valid on a seasonal scale, with the highest corδ 18 O record might be even undervalued, considering the long
relation coefficients for autumn (SON, r5yrm = 0.51), winter

4
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1
distances from the AN ice cap to meteorological stations, the2
different elevations and climate regimes as well as dating un3
certainties, which all ought to decrease the correlations.
18
From the high accordance of AN δ O data with SAT
4
time series from more maritime North Atlantic-influenced
sites (i.e. Northern Norway, Svalbard) the conclusion can be5
drawn that the SAT regime of the Barents and Kara seas region is strongly influenced by the North Atlantic due to its6
dominant role for the atmospheric and ocean circulations in
7
this region. However, the more continental climate of SZ is
indicated by the larger SAT range observed in the standard-8
ized AN δ 18 O record over the past two centuries in comparison to the Vardø and Arkhangelsk SAT time series (Fig. 5). 9
Our AN δ 18 O data reveal a general warming trend over
10
the 19th and 20th centuries (about 2 ‰ per century; Fig. 5).
Superimposed on this trend was the early-twentieth century
11
warming (ETCW), a major Arctic-wide climatic fluctuation
between 1920 and 1940 (Wood and Overland, 2010). This
event is commonly related to internal dynamics of the Arctic climate system, i.e. a stronger than normal meridional
circulation and corresponding heat transport into the European Arctic, connected to a strengthened Icelandic Low and a
www.clim-past.net/9/2379/2013/

Fig. 5. AN δ 18 O record compared to meteorological data and compilations. (A) Original AN δ 18 O record (including linear trend in
grey). (B) (From top18to bottom) Standardized time series of AN
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SAT
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(Tperiod
NA) (Wood et al., 2010) and Arctic S
annual values (grey lines) and 5 yrm values (thick black lines).

2003b). For better comparison the time series are plotted as

the 1900–1998 mean (m): z=(x-m)/s, where s is the standard

westward expansion of the Siberian High (Grant et al., 2009;
the period
1900-1998.
arewarming
annualinduced
values (grey line
Wood
and Overland,
2010).Displayed
The resulting
a reduction of sea-ice cover and albedo mostly in the Barents
lines).
Sea region. This was accompanied by a reinforced regional
cyclonic circulation and, thus, a further advection of warm
southerly air to this area, leading to an amplification of the
warming (Bengtsson et al., 2004; Crespin et al., 2009).
Our AN ice-core data show that these positive feedback
processes were not restricted to the European Arctic but also
affected at least the Kara Sea region to SZ, even though
with a special feature. In the AN δ 18 O record, the ETCW
Clim. Past, 9, 2379–2389, 2013

2384

T. Opel et al.: Eurasian Arctic climate over the past millennium

Table 1. Correlation coefficients (annual and 5yrm values) between AN δ 18 O and meteorological time series (detrended and original records).
Bold (italic) numbers indicate correlation coefficients statistically significant at the level of p = 0.05 (p = 0.1), verified by a one-tailed t test
taking into account the reduced degrees of freedom due to autocorrelation (lag 1).

Time series

Time period

Vardø annual
Vardø MAM
Vardø JJA
Vardø SON
Vardø DJF
Arkhangelsk annual
TNA annual
Arctic annual

1840–1998
1840–1998
1840–1998
1840–1998
1841–1998
1814–1998a
1802–1998b
1875–1998

Detrended data
rannual r5yrm
0.20
0.11
0.13
0.15
0.19
0.19
0.20
0.43

0.55
0.20
0.43
0.51
0.46
0.51
0.47
0.72

Original data
rannual r5yrm
0.38
0.30
0.16
0.30
0.34
0.27
0.54
0.55

0.76
0.59
0.43
0.69
0.69
0.57
0.78
0.81

a Missing data: 1832–1833 and corresponding 5 yrm values. b Missing data: 1803–1806,

1822–1823, 1825, 1828 and corresponding 5 yrm values.

exhibits a double-peak shape with two distinct maxima
around 1921/1922 and 1937/1938 (Fig. 5), indicating two
major warming pulses. This specific ETCW pattern and particularly the strong warming around 1920 are to our knowledge only detected in very few regional SAT time series (i.e.
Svalbard, Vardø and Arkhangelsk, Fig. 5). Thus, they can be
interpreted as a regional SAT feature restricted to the Barents and Kara seas region. The maximum AN δ 18 O values
during the ETCW were not reached again in the 20th century
and, moreover, represent the highest of the entire AN ice core
record, i.e. about the last three millennia.
4.2

Long-term scale climate interpretation (900–1998)

Our long-term AN δ 18 O record (i.e. 15 yrm values) shows
a slightly decreasing trend (about −0.11 ‰ per century)
from 900 to 1760, characterized by a marked decadal-scale
variability (Fig. 6). This is consistent with a general Late
Holocene cooling in the Arctic linked to decreasing summer
insolation (Kaufman et al., 2009). However, a part of this AN
δ 18 O decrease might also be related to the long-term growth
of the AN ice cap as already indicated by the annual-layer
thickness data and as previously discussed for smaller Arctic ice caps by Koerner and Fisher (2002). A higher ice-cap
elevation should result in lower δ 18 O values (altitude effect).
To our knowledge, there exist no observations of isotope
lapse rates for the AN ice cap. δ 18 O gradients of −0.16 ‰
per 100 m and −0.1 ‰ per 100 m are reported for the windward slope of the nearby Vavilov ice cap at SZ (Klementyev
et al., 1991) and for Lomonosovfonna (Pohjola et al., 2002),
respectively. Using these lapse rates to explain the long-term
decrease of AN δ 18 O (about 1 ‰ between 900 and 1760) by
a growing ice cap only would yield unrealistic elevation increases of 590 m and 950 m, respectively. Both lapse rates
are significantly smaller than the −0.62 ‰ per 100 m reported for Greenland (Dansgaard et al., 1973), which would
be equivalent to a more realistic elevation increase of about
Clim. Past, 9, 2379–2389, 2013

150 m. Therefore, we consider the long-term trend not to be
only growth-related but also to contain a significant climate
component. The modified Nye model for the AN ice core
(Fritzsche et al., 2010) predicts an elevation increase of only
about 72 m between 900 and 1760, which would only explain a δ 18 O decrease of 0.07 ‰ to 0.45 ‰ calculated with
the mentioned gradients. Consequently, we assume the decreasing summer insolation to be the main controlling factor
for the long-term decrease in AN δ 18 O, consistent with most
other Arctic records.
In 1760, the δ 18 O values drop rapidly to the lowest values
of the entire AN ice-core record: a cold period of about one
century with minimum temperatures around 1800 (Fig. 6),
right after the eruption of Laki (Iceland) in 1783, which
might have caused and/or amplified a distinct regional cooling. Moreover, this period coincides with the Dalton minimum of solar activity. After 1800, AN δ 18 O data show a
significant warming trend culminating in the absolute SAT
maximum during the ETCW.
Assuming open water to be the main source of sea salt deposited on the AN ice cap, as first-order approximation seasalt concentrations in the AN ice core would be negatively
correlated with the distance to open water if atmospheric circulation strength and pathways were the same (Abram et al.,
2013, and references therein). The longer the distance to the
open-water source and the higher the ice-cap elevation, the
higher is the amount of sea-salt aerosol loss during transport. Following Abram et al. (2013), this “traditional” interpretation might be applicable in areas where open water
dominates and sea-salt concentrations peak in summer. The
Barents and Kara seas are rather free of sea ice in summer
and autumn, the seasons with the highest precipitation on
SZ ice caps (Opel et al., 2009). Thus, we use this approach
for a long-term interpretation of our AN sodium record, even
though the high-resolution sea-salt (i.e. sodium) record in the
AN ice core is altered by melt, shows peaks in summer as
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Fig. 6. AN δ 18 O record2(including linear trends for 900–1760 and 1800–1998) compared to (from top to bottom) Austfonna and Lomonosovfonna δ 18 O (Isaksson et3 al.,Figure
2005),6.Vetreniy
ice-cap δ 18 O (Henderson, 2002; data from Kinnard et al., 2011), Arctic summer SAT anomalies
AN δ18O record (including linear trends for 900-1760 and 1800-1998) compared to
(Kaufman et al., 2009), Arctic annual SAT anomalies (PAGES 2k Consortium18et al., 2013), AN sodium concentrations, and Arctic sea-ice
O (Isaksson
et al.,
2005),values
Vetreniy
(from
top to bottom)
Austfonna
and values
Lomonosovfonna
extent (Kinnard et al.,42011)
records.
Displayed
are 5 yrm
for AN δδ18 O
(thin line),
15 yrm
for AN δ 18 O, Austfonna and
18
18
Lomonosovfonna δ O, Vetreniy ice-cap δ O, Arctic annual SAT anomalies, AN sodium concentrations and Arctic sea ice (thick lines)
27O 15 yrm record is added in
as well as 10 yr means for Arctic summer SAT (thick line). For easier comparison, to each graph the AN δ 18
light grey in the same scale as above and adjusted for the best fit of the 20th century maximum (except for Arctic sea ice). Abrupt warming
and cooling events exceeding the dominant variability of the AN δ 18 O record are marked by a red asterisk. Note the different scale for the
Lomonosovfonna δ 18 O record.

well as winter layers and represents, therefore, rather a melt
signal than a seasonal deposition signal (Weiler et al., 2005).
The AN sodium record exhibits distinct similarities to the
AN δ 18 O over most of the past 1100 yr (Fig. 6). The longterm decrease supports the assumption of a growing ice cap
(see above). Mostly, warmer (colder) periods exhibit higher
(lower) sodium concentrations, indicating the direct regional
link between temperature and sea-ice dynamics. Less seaice cover and more open water in warmer times might increase the proportion of regional moisture with higher seasalt concentrations and, therefore, lead to a more efficient
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transport and deposition of sea salt onto the AN ice cap. Similar transport and deposition mechanisms were described for
the Lomonosovfonna ice core (Kekonen et al., 2005). On the
contrary, in cold periods with larger sea-ice extent and less
regional open water sources, the transport efficiency is reduced due to a longer transport distance and less sea salt is
deposited on the AN ice cap. Consequently, the coldest period recorded by AN δ 18 O around 1800 also yielded the lowest sodium concentrations for the past 1100 yr. However, as
indicated in Fig. 6 this linkage does not hold over the whole
record. Partly, warmer (colder) periods are characterized
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by lower (higher) sodium concentrations. This implies also
other processes being involved, e.g. changing patterns of atmospheric circulation dynamics and/or pathways of air-mass
advection, whereas ion leaching and run-off seem rather unlikely (Opel et al., 2009). In general, there are only minor
similarities between AN sea salt and the Arctic-wide sea-ice
reconstruction of Kinnard et al. (2011). This implies that AN
sea-salt concentrations are not representative of the whole
Arctic but record a rather regional signal for the Barents and
Kara seas region.
In the early 20th century, about one decade before the first
δ 18 O maximum around 1921/1922, an unprecedented rise in
sodium concentration can be observed (Fig. 6). Even though
this sodium peak might be amplified by meltwater infiltration
(Opel et al., 2009) it distinctly precedes the warming and indicates major shifts in the regional sea-ice dynamics and/or
air-mass advection prior to the ETCW. Correspondingly, the
August sea-ice extent of the Kara Sea shows a strong interannual variability from 1911 to 1915 (Polyakov et al., 2003a),
which might be related to this sea-salt ion peak, whereas
positive sea-ice extent anomalies are reported for the eastern Nordic Seas (Vinje, 2001) as well as for the Barents Sea
(Vinje, 1999). Similar to the Svalbard records of Austfonna
(Watanabe et al., 2001) and Lomonosovfonna (Kekonen et
al., 2005) the AN sodium concentrations remain on a high
level until the middle of the 20th century before they decrease
sharply, although again-increasing AN δ 18 O values indicate
a climate warming and a strongly decreasing sea-ice extent
is reported for the Arctic (Kinnard et al., 2011).
Our AN δ 18 O record exhibits a similar overall pattern
(centennial-scale trend) as the δ 18 O records of Austfonna
(Svalbard) (Isaksson et al., 2005) and the Vetreniy ice
cap (FJL) (Henderson, 2002). Moreover, the spatial significance of the AN δ 18 O record as SAT proxy for the western Eurasian Arctic is also underlined by a marked multidecadal accordance with the Austfonna record for the last
six centuries and with the Vetreniy ice cap record for the
last three centuries (Fig. 6). The detrended AN and Austfonna δ 18 O records are strongly correlated over the time period 1400–1998 (rannual = 0.37, p = 0.01; r5yrm = 0.63, p =
0.01; r15yrm = 0.85, p = 0.1). The corresponding correlation
coefficients for AN and Vetreniy ice cap δ 18 O data over the
time period 1225–1995 are distinctly lower (rannual = 0.23,
p = 0.01; r5yrm = 0.42, p = 0.01; r15yrm = 0.61, p = 0.1)
due to the decreasing similarity before 1800, which is almost
completely lost before 1700. Consequently, for the period
1750–1995 (detrended records), Vetreniy ice cap δ 18 O data
are more strongly correlated to those of AN (rannual = 0.30,
p = 0.01; r5yrm = 0.53, p = 0.05) than Austfonna δ 18 O data
(rannual = 0.23, p = 0.01; r5yrm = 0.48, p = 0.05).
The ice cores from Austfonna and the Vetreniy ice cap
were taken at relative low elevations (750 and 500 m a.s.l.,
respectively) and are, thus, comparable to the AN ice core
(Fig. 6). However, both records are about 3 ‰ less depleted
in δ 18 O due to their more maritime locations in the western
Clim. Past, 9, 2379–2389, 2013

Eurasian Arctic with milder climate conditions compared to
SZ. Some of the slight deviations between AN and Austfonna
δ 18 O records might be caused by the lower sampling resolution (about 25 cm) of the Austfonna ice core and its dating
by a Nye model not taking into account the probable growth
of the ice cap analogously to the AN ice cap. As FJL is situated between Svalbard and SZ the ice core from the Vetreniy
ice cap should reflect the same multidecadal SAT variability also before 1700. We assume that below the Laki reference horizon (1783) the Vetreniy ice-core age model progressively overestimates the age by up to about 100 yr in the
oldest part of the record. A possible offset between different
dating approaches for this core has already been noticed by
Henderson (2002).
The δ 18 O record from the high-elevation Lomonosovfonna (1250 m a.s.l.), the best-studied Svalbard ice core (e.g.
Isaksson et al., 2005), exhibits, conversely, only a minor
long-term accordance with our AN record. However, after
detrending (1400–1998), the record shows some correlation
to our AN δ 18 O data (rannual = 0.25, p = 0.01; r5yrm = 0.44,
p = 0.01; r15yrm = 0.68, p = 0.11), even though significantly weaker as compared to Austfonna. Due to its higher
elevation and a shorter distance to the Atlantic Ocean in comparison to the three other ice-core locations, Lomonosovfonna receives most probably different atmospheric signals.
This is supported by a δ 18 O range that is only about half of
that of the AN, Austfonna and Vetreniy ice cores (Fig. 6).
In summary, with the presented new AN δ 18 O record we
are able to expand the SAT information for the Barents and
Kara seas region back to 900. Our AN δ 18 O record displays
the same overall pattern as the Arctic-wide reconstructions
of Kaufman et al. (2009) and PAGES 2k Consortium (2013),
resulting in a medium correlation to the latter (rannual = 0.23,
p = 0.01; r5yrm = 0.38, p = 0.01; r15yrm = 0.52, p = 0.1)
for detrended data (900–1998). However, there are also several distinct differences, in particular regarding the timing
and peculiarities of several specific events. For instance, the
SAT minimum around 1800 as well as the following warming
(ETCW) occurred distinctly earlier by a couple of decades
and more pronounced in the AN as well as Austfonna and
Vetreniy ice cap δ 18 O records than in the Arctic-wide scale
(Fig. 6). There are mainly two possible explanations for these
differences: spatial and/or seasonal effects.
The reconstructions of Kaufman et al. (2009) and PAGES
2k Consortium (2013) are predominantly based on records
from the North American Arctic and Greenland (see above).
It is therefore likely that they are spatially biased and their
significance is lower for the Eurasian Arctic. This points
again to a particular climate regime of the Barents and
Kara seas region framed by the AN and Austfonna ice-core
sites and indicates that the Eurasian and the North American Arctic have experienced distinctly different SAT patterns over the past centuries. A possible lead of the western
Eurasian Arctic SAT record might indicate that such major
SAT changes could have originated in the Barents and Kara
www.clim-past.net/9/2379/2013/
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seas region and then progressively expanded to the rest of
the Arctic, reaching the North American Arctic only a few
years later. However, this cannot be verified by meteorological data because there do not exist corresponding time series
in the North American Arctic.
On the other hand, the reconstruction of Kaufman et
al. (2009) mainly represents summer SAT and the AN δ 18 O
record instead rather annual SAT. Hence, seasonal effects
might also contribute to the observed differences. This assumption is supported by a recent study of Sidorova et
al. (2013), also showing a lead of AN δ 18 O over tree-ring
proxies from the nearby Taimyr Peninsula as well as northern Yakutia for the 1800 SAT minimum and the subsequent
warming to the ETCW. Moreover, in particular the first part
of the ETCW occurred predominantly in winter (Polyakov
et al., 2003b) and was consequently recorded in our annual
AN δ 18 O record but not in the summer SAT proxies used by
Kaufman et al. (2009) and Sidorova et al. (2013). However,
the reconstruction of annual Arctic SAT (PAGES 2k Consortium, 2013) is quite similar to the summer SAT record of
Kaufman et al. (2009) over the past millennium and shows
only slight deviations. This indicates that spatial effects (i.e.
geographic location of used proxies) might be of more relevance to explain the observed different timings of specific
SAT patterns than seasonal effects (i.e. the time period covered by a proxy).
Although our AN δ 18 O data indicate higher temperatures
around 900 and in the 13th century than in the 17th century,
no distinct long-lasting climate epochs such as the Medieval
Climate Anomaly or the Little Ice Age (LIA) are readily detectable in the AN δ 18 O record (Fig. 6). Only the cold period around 1800 and the subsequent warming could be interpreted as the final stage and termination of the LIA. As the
same is true for the Austfonna δ 18 O record, we conclude that
the Barents and Kara seas region did not experience a pronounced LIA. In contrast, the AN δ 18 O record exhibits several abrupt cooling and warming events, such as in the 15th
and 16th as well as in the 18th and 20th centuries (Fig. 6).
These events are of at least regional significance, as they are
also detectable in the Austfonna and partly in the Vetreniy
ice cap δ 18 O records and are concerning range and change
rates comparable to the SAT rise before 1920 leading to the
ETCW. They exceed the dominant variability of our time series, which is measured by two standard deviations of the
high-pass (400 yr FIR) filtered δ 18 O record. To be consistent
with Fig. 6, and as we don’t interpret single years, we applied
the high-pass filter to the 15 yrm data, but the results are not
sensitive to the details of this process.
These abrupt changes and resulting cool and warm periods might also be triggered by internal climate variability as
assumed for the ETCW, i.e. related to changes in the prevailing wind patterns and air-mass transport caused by shifts
between dominant atmospheric circulation types (stronger
meridional or zonal components) as well as to corresponding sea-ice feedbacks in the Barents and Kara seas region.
www.clim-past.net/9/2379/2013/
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This interpretation is supported by respective changes in the
AN sodium record in the 15th and 16th centuries (Fig. 6) as
well as by model results for the late 15th century (Crespin
et al., 2009). However, the existing regional sea-ice records
are either too short, as in the case of the Barents Sea (Vinje,
1999), or show only slight variations but no similar patterns
for the 15th and 16th centuries (Fig. 6), probably because of
the Arctic scale (Kinnard et al., 2011).
The period with abrupt changes in the AN and Austfonna
δ 18 O records (i.e. the 15th to 20th centuries, Fig. 6) fits well
to reconstructions of significantly increased strengths of the
Icelandic Low and the Siberian High from 1400 to 2000
compared to the preceding centuries (Meeker and Mayewski,
2002). Both atmospheric pressure centres play a major role
for the atmospheric circulation in the high northern latitudes from the North Atlantic to Asia. The joint increased
strength of the Icelandic Low and the Siberian High is assumed to cause higher atmospheric circulation variability
over the Northern Atlantic and in the Eurasian Arctic. This
could, therefore, lead to rapidly changing air-mass advection
patterns (such as more meridional or zonal air-mass transport) and associated sea-ice feedbacks and might be a precondition for the occurrence of such abrupt SAT changes in
the western Eurasian Arctic.
Whereas our AN δ 18 O and the Arctic-wide SAT records
(Kaufman et al., 2009; PAGES 2k Consortium, 2013) display
similar patterns in the 11th and 12th centuries, they show
clearly contrary trends in the 15th and 16th centuries (Fig. 6).
Abrupt cooling events in the Barents and Kara seas region
are accompanied by warming events on the Arctic scale and
vice versa. The causes of these differences may be similar
to those already discussed for the periods around 1800 and
in the early 20th century. This pattern might be interpreted
as a kind of SAT see-saw on a predominantly spatial scale
(Eurasian vs. North American Arctic) but may contain also,
to a lesser extent, seasonal effects (annual vs. summer).

5

Conclusions

The results presented in this paper highlight the potential
of the AN ice core as a high-resolution climate archive for
the Late Holocene, i.e. about the last three millennia. Beside a long-term decrease due to climate cooling and ice-cap
growth the AN δ 18 O record shows evidence of major temperature changes over the last millennium that are representative at least of the western Eurasian Arctic, i.e. the Barents and Kara seas region. Of particular importance are several abrupt cooling and warming events leading e.g. to the
absolute SAT minimum around 1800 and the absolute SAT
maximum in the early 20th century, accompanied by significant changes in sodium concentrations. The ETCW exhibits
a specific double-peaked shape typical of the Barents and
Kara seas region. Abrupt changes in the last centuries might
be caused by internal climate dynamics related to shifts of
Clim. Past, 9, 2379–2389, 2013
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atmospheric circulation patterns and corresponding sea-ice
feedbacks.
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