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in the Western Nordic Seas since A.D. 1200

M. Macias Fauria - A. Grinsted - S. Helama -
J. Moore - M. Timonen - T. Martma -
E. Isaksson - M. Eronen

Received: 1 October 2008/ Accepted: 9 June 2009
© Springer-Verlag 2009

Abstract We reconstructed decadal to centennial vari-
ability of maximum sea ice extent in the Western Nordic
Seas for A.D. 1200-1997 using a combination of a
regional tree-ring chronology from the timberline area
in Fennoscandia and 6'®0 from the Lomonosovfonna
ice core in Svalbard. The reconstruction successfully
explained 59% of the variance in sea ice extent based on
the calibration period 1864—1997. The significance of the
reconstruction statistics (reduction of error, coefficient of
efficiency) is computed for the first time against a realistic
noise background. The twentieth century sustained the
lowest sea ice extent values since A.D. 1200: low sea ice
extent also occurred before (mid-seventeenth and mid-
eighteenth centuries, early fifteenth and late thirteenth
centuries), but these periods were in no case as persistent
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as in the twentieth century. Largest sea ice extent values
occurred from the seventeenth to the nineteenth centuries,
during the Little Ice Age (LIA), with relatively smaller
sea ice-covered area during the sixteenth century. Mod-
erate sea ice extent occurred during thirteenth—fifteenth
centuries. Reconstructed sea ice extent variability is
dominated by decadal oscillations, frequently associated
with decadal components of the North Atlantic Oscilla-
tion/Arctic  Oscillation (NAO/AQO), and multi-decadal
lower frequency oscillations operating at ~50-120 year.
Sea ice extent and NAO showed a non-stationary rela-
tionship during the observational period. The present low
sea ice extent is unique over the last 800 years, and
results from a decline started in late-nineteenth century
after the LIA.
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1 Introduction

Arctic sea ice is a fundamental actor in the global climate
system. The inhibition of heat exchange between the cold
atmosphere and the warmer but ice-covered ocean in winter
(Randall et al. 1998), together with its elevated albedo—
typically ~80% in March and ~50% during summer melt
(Robinson et al. 1992)—Iead both to the Arctic Ocean being
an important and highly variable component of the global
heat budget. Moreover, changes in the flux of sea ice from
the Arctic Ocean can have consequences for the global
thermohaline circulation (Dickson et al. 1988). Sea ice
affects atmospheric conditions by cold air mass formation
above it (e.g., Deser et al. 2000). The climatic impacts of
sea ice extent can reach systems located a long distance
from the sea ice area (Serreze et al. 2007): Magnusdottir
et al. (2004) and Alexander et al. (2004) suggested that sea
ice extent in the North Atlantic can influence the mode of
the North Atlantic Oscillation (NAO) and Singarayer et al.
(2006) reported that changes in sea ice extent promote
alterations in atmospheric circulation and precipitation
patterns that extend to mid-latitude storm tracks.

Large changes have occurred in the Arctic during the last
four decades (Serreze et al. 2000; Morison et al. 2000;
ACIA 2004; Serreze and Francis 2006b). These include (a)
increases of surface air temperatures (SAT) over most of
Eurasia and North America; (b) extended periods of low sea
level pressure (SLP) over the Arctic Ocean; (c) increase of
the inflow and temperature of warm and saline Atlantic
water into the Arctic Ocean; (d) thinning of the cold halo-
cline layer that insulates the cold- and low-salinity surface
water of the Arctic Ocean from the warm and saline Atlantic
water underneath (Grotefendt et al. 1998); (e) increase of
Siberian rivers discharge (Peterson et al. 2002); (f) general
warming of the Arctic soils and permafrost (Lemke et al.
2007; although the short length of the timeseries suggests
caution in this respect); (g) decreases of sea ice thickness
(Rothrock et al. 1999, 2008; Tucker et al. 2001; Lindsay and
Zhang 2005; Maslanik et al. 2007a), and (h) reductions of
sea ice area and extent, both in summer (e.g., Serreze et al.
2003, 2007; Stroeve et al. 2008) and in winter (e.g., Comiso
2006; Comiso and Nishio 2008; Comiso et al. 2008; Deser
and Teng 2008; Parkinson and Cavalieri 2008).

Changes in sea ice thickness and extent have been
attributed to both (1) intrinsic strong decadal to interdecadal
oscillations in the Arctic climate system linked with
the North Atlantic Oscillation/Arctic Oscillation (NAO/AO;
Hurrell 1995; Thompson and Wallace 1998, 2000;
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Thompson et al. 2000; Deser et al. 2000) together with the
dynamics of the thermohaline circulation (e.g., Dickson
et al. 2000; Polyakov and Johnson 2000; Deser et al. 2000;
Polyakov et al. 2002, 2003a, b, 2004; Rigor et al. 2002), and
(2) external forcing from enhanced greenhouse gas-caused
global warming in the Arctic (e.g., Vinnikov et al. 1999;
Rothrock and Zhang 2005; Comiso 2006; Winton 2006;
Serreze and Francis 2006a; Stroeve et al. 2007; Serreze et al.
2007). The extremely low values of sea ice extent (especially
in summer minimum sea ice but also in winter maximum sea
ice) in recent years have led to a consensus that the cause is a
combination of natural variability in the coupled ice—ocean—
atmosphere system and growing radiative forcing associated
with rising concentrations of atmospheric greenhouse gases
(Serreze et al. 2007; Maslanik et al. 2007a; Stroeve et al.
2008). According to this view, sea ice extent during the late
1980s and early 1990 was largely governed by extreme and
persistent positive NAO/AO situations, which replaced
previously large areas of thick multiyear ice with thin young
(and hence more vulnerable) ice and also created larger
regions of open water (e.g., Zhang et al. 2008; Stroeve et al.
2008). The return of the NAO/AO to a neutral state in the late
1990s did not stop or slow down the decline in sea ice during
the early twenty-first-century (e.g., Overland and Wang
2005; Comiso 2006; Serreze and Francis 2006a, b), sug-
gesting that sea ice might have reached a tipping point where
strong positive feedback mechanisms such as those associ-
ated with ice-albedo and open water formation efficiency are
accelerating the thinning and retreat of pre-conditioned
vulnerable Arctic sea ice (Comiso et al. 2008; Deser and
Teng 2008; Parkinson and Cavalieri 2008; Zhang et al.
2008). Nonetheless, most environmental records in the
Arctic are short and cover just a few decades, making it
difficult to assess the present in terms of long-term vari-
ability. For example, observations of Arctic sea ice from
satellite passive microwave radiometer data on which most
of these studies are based started in 1979.

The Western Nordic Seas—Greenland, Norway and
Iceland Seas, i.e., roughly the sea region between Green-
land and 10°E, Fig. 1—are of major importance for the
oceanography of the Arctic region, as they constitute the
area with the greatest sea ice variability, coinciding with
the sea ice feature known as ‘Odden’, a tongue of sea ice
that episodically advances rapidly northeastward into the
Greenland sea from the edge of the ice pack near 10°W
between 72° and 74°N. At least one such advance occurs
during most winters (Deser et al. 2000). The largest oce-
anic and atmospheric heat inputs to the Arctic Ocean arise
via the warm and saline North Atlantic current, which
enters the Nordic Seas and splits, becoming the West
Spitsbergen Current towards Fram Strait and the Barents
Sea branch (Grotefendt et al. 1998; Dickson et al. 2000;
Fig. 1). Part of the ice formed in the Arctic Ocean is
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Fig. 1 Map of the Nordic Seas, which comprise the Iceland,
Greenland, Norwegian, Barents, and Western Kara Seas. April or
maximum sea ice extent was reconstructed for the Western Nordic
Seas, i.e., the area west of 10°E (Vinje 2001; dashed black line),
comprising the Iceland, Greenland and Norwegian Seas. Ice edge
locations are shown to give a measure of sea ice variability for the
northernmost (red continuous line, 1995) and the southernmost (blue
continuous line, 1866) years in the historical record (1864-1998,
Vinje 2001). Ice core record location (Lomonosovfonna) is displayed
as a black square in the Svalbard Archipelago. Forest-tundra ecotone
area where the locations for the tree-ring chronology are is displayed
as an empty polygon in Fennoscandia. The inflow of warm and saline
Atlantic water into the Arctic Ocean from the North Atlantic Ocean is
indicated by continuous grey thick arrows, whereas sea ice export
routes through Fram Strait into the Greenland Sea are depicted as
continuous black arrows (according to Grotefendt et al. 1998)

exported through Fram Strait into the Greenland Sea and to
the North Atlantic, where the ice and freshwater play a role
in the global thermohaline circulation (Rigor et al. 2002)
via deep water formation (Manabe et al. 1992; Schaeffer
et al. 2004; Moore 2006).

A useful and robust measure of winter season severity is
the maximum ice extent, which reflects the net effect of
winter dynamics and the northbound warmer currents (Vinje
2001). In practice, before the satellite era, this was impos-
sible to determine as the date of maximum ice extent varies
from year to year. An excellent proxy for maximum extent is
the sea ice extent in April, when sea ice is very close to its
maximum and varying rather slowly compared with other
months of the winter and spring (e.g., Parkinson et al. 1999).
A yearly timeseries of historical April sea ice extent in the
Western Nordic Seas for the period 1864—1998 was obtained
by using a combination of ship, aircraft reconnaissance
flights and satellite observation data (Vinje 2001; Shapiro
et al. 2003; Fig. 2a). The data shows a 46% reduction of ice
extent in the Western Nordic Seas over the whole period,
largely attributed to a decreased frequency of the Odden ice
feature in the Greenland Sea (Vinje 1976, 2001). The largest
sea ice reduction occurred before 1900, that is, prior to the
early twentieth century warming of land surface stations
around the Arctic Ocean ( ~ 1900-1940) and coincident with
increased sea surface temperatures (SSTs) (e.g., Vinje
2001). Earlier records of sea ice extent in the area are dis-
continuous (e.g., Vinje 1999; Divine and Dick 2006).

In this paper we present a reconstruction of the decadal
to centennial variability of maximum sea ice extent in the
Western Nordic Seas for the period 1200-1997 obtained by
combining ice core §'*0 records from Svalbard and tree-
ring width chronologies from the timberline in northern
Fennoscandia (Fig. 1). We show that the reduced twentieth
century sea ice extent is uniquely persistent compared to
the last eight centuries. Reconstructed sea ice extent vari-
ability is dominated by decadal and multidecadal oscilla-
tions resembling the poorly defined low frequency
oscillation (LFO), and a NAO-decadal component previ-
ously reported to control sea ice variability in Russian
Arctic Seas—Kara, Laptev, East Siberian and Chukchi
Seas (Polyakov et al. 2003b).

2 Data and methods

In 1997, a 121-m ice core was retrieved from Lom-
onosovfonna, the highest ice field in Spitsbergen, Svalbard
(1,250 m.a.s.1.). The core was sampled for 5'80 with 5 cm
resolution (Isaksson et al. 2001), and dated using a com-
bination of known reference horizons and glacial model-
ling (Kekonen et al. 2005). The period covered by the ice
core is A.D. 1200-1997. This ice core has been previously
reported to exhibit significant low frequency variability and
links with climate and sea ice over the last 400 years (e.g.,
Isaksson et al. 2005). The records of 5180 were found to be
consistent with the temperature record from Longyearbyen
(Svalbard; Isaksson et al. 2001, 2003, 2005) and the his-
torical sea ice record from the Western Nordic Seas over
the last 150 years at multiyear resolution (Table 1). All
series were standardized by subtracting the average value
of the series from each value and dividing it by the series
standard deviation. A 5-year cubic spline smoothing
function (Cook and Peters 1981) was applied to the stan-
dardized timeseries in order to eliminate high-frequency
information that may be corrupted by dating errors in the
ice core—especially in the early part of the record—and by
complications caused by the limited summer melting
(Virkkunen et al. 2007), which does not penetrate deeper
than 5 years from the surface of the snow pack (Pohjola
et al. 2002, Moore et al. 2005). Comparison of the sulphate
record in the core with dates of known volcanic eruptions
shows that the dating is accurate within a range of 2-5%
between 1250 and 1991 (Moore et al. 2006). For this rea-
son, our reconstruction does not attempt to reproduce
interannual changes (high-frequency variability) and is
mainly restricted to the decadal to interdecadal variability.

The long ring width chronology of Scots pine (Pinus
sylvestris L.) from the forest-tundra ecotone in northern
Finnish Lapland has been described in Eronen et al. (2002)
and Helama et al. (2002). The whole chronology consists of
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Fig. 2 a Blue line: 5 year smoothed historical maximum sea ice
extent in the Western Nordic Seas (Norway, Iceland and Greenland
Seas; Vinje 2001) during 1864-1997. The period 1940-1959,
obtained mainly from interpolation due to abundant missing data
(see “Data and methods™), is highlighted by a grey shaded rectangle;
black line: multiproxy reconstruction of sea ice extent in the Western
Nordic Seas during 1200-1997; grey shaded area: area within the

more than 250 samples from living pines and over 1,700
samples of sub-fossil pines that form an unbroken pine
chronology about 7,500 years long, dated to an accuracy of
1 year, and has been extensively used in temperature
reconstructions of Northern Fennoscandia (e.g., Eronen
et al. 2002; Helama et al. 2002). For this study, we limited
our chronology to the period A.D. 1200-1997, which totals
225 trees, both living and sub-fossil (sample depth =
30 £ 14 trees per year; Fig. 2b). Cross-dating of the ring
width samples was verified using the computer program
COFECHA (Holmes 1983). The individual tree-ring mea-
surement series were detrended using the regional curve
standardization (RCS) procedure (Erlandsson 1936; Fritts
1976; Briffa et al. 1992, 1996), specifically designed to
preserve low frequency variability in tree-growth chronol-
ogies. The expressed population signal (EPS) statistic
quantifies the similarity between the averaged chronology
(the mean of a finite number of sample indices) and the
theoretical population chronology (Wigley et al. 1984). A
threshold EPS value of 0.85 has been widely accepted in
tree-ring studies as indicative of good reliability in chro-
nology replication and good signal strength (Wigley et al.
1984). Given a mean inter-series correlation of the RCS-
indices (series length = 185 &+ 53 year) of 0.34, a
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95% confidence interval of the reconstruction (see “Data and
methods” for computation); b red thick line expressed population
signal (EPS; Wigley et al. 1984) statistics of the tree-ring chronology
averaged over 50 year periods; black dashed line threshold EPS value
of 0.85, indicative of good reliability in chronology replication
(Wigley et al. 1984); grey shaded area number of trees per year used
in the tree-ring chronology

minimum of 12 trees was needed for EPS statistics >0.85.
This requirement is satisfied in the full chronology period,
with a minor exception in a short period in mid-seventeenth
century, when 9-11 trees per year were available, with a
resulting EPS statistic of 0.74 (Fig. 2b). The resulting
chronology showed strong correlation with the historical
sea ice record of the Western Nordic Seas (Table 1),
especially at multiyear resolution. As with the 6'*0 time-
series, the tree-ring chronology was smoothed with a 5-year
cubic spline smoothing function.

A number of studies have demonstrated that both ice
cores and tree-rings can capture climate on very large spatial
scales (e.g., Moberg et al. 2005; Jones and Mann 2004;
Vinther et al. 2003). Sea ice extent in the Western Nordic
Seas, the timberline area in northern Fennoscandia, and
Svalbard climate are largely forced by the same large-scale
climate variations. Svalbard and the Nordic Seas ice edges
are in a key region for the Atlantic overturning (Fig. 1). The
warm mild climate in northern Scandinavia is a direct con-
sequence of this overturning. Furthermore, historical maxi-
mum sea ice extent in the Western Nordic Seas and the proxy
data used in the reconstruction display a strong and spatially
coherent relationship with annual SSTs in the region
(Fig. 3): whereas the tree-ring chronology shows high
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Table 1 Reconstruction statistics

Period Proxy data Unfiltered 5 year smoothed High-pass filtered

r P r P r P
1864-1997* 8'%0 ice core chronology 0.36%* 0.13%* 0.48%* 0.23%* 0.14 0.02
1864-1997° Tree-ring chronology 0.60%** 0.36%** 0.73%%% 0.537%%%* 0.10 0.01

Full calibration period Full calibration statistics Verification statistics®

R? RE CE R? 7

1864-1997 0.59%%** 0.70%** 0.25%* 0.62%* 0.58%*

Upper correlation coefficient (r) and explained variance (rz) between the historical maximum sea ice extent in the Western Nordic Seas
Correlations are shown for unfiltered (yearly resolution), 5 year smoothed, and High-pass filtered timeseries

High-pass filtered series were calculated by subtracting the unfiltered from the smoothed timeseries, and give a measure of the high-frequency
agreement between the series

Significance of all statistics was calculated taking into account autocorrelation in the timeseries (see “Data and methods™)

Lower calibration-verification statistics for the multiproxy reconstruction: full calibration R refers to the variance explained by the model over
the period 1864—1997: SI,, = 0.33 — 0.58TR,_, — 0.276'%0,_,, (see “Data and methods”)

Verification statistics: RE reduction of error; CE coefficient of efficiency; R* variance explained by the model obtained from the calibration
period 1960-1997 over the observed values for the calibration period 1960-1997; r* variance explained by the model obtained from the

calibration period 1960—1997 over the observed values for the verification period 1864-1939

** p < 0.01

% p < 0.001

2 The §'®0 ice core chronology

° Northern Fennoscandia tree-ring chronology

¢ Calibrated: 1960-1997; verified against 1864—1939

correlations with SST over the whole reconstructed area, the
correlations between the ice core 6'0 timeseries and SST
are high right along the typical location of the sea ice edge.
Such spatially coherent patterns provide further indirect
evidence of the strong coupling between the timeseries of
proxy data used in the reconstruction and the historical
record of sea ice extent in the Western Nordic Seas.

As we were dealing with autocorrelated data—5 year
smoothed timeseries—we computed the significance of
Pearson correlation and of the climate reconstruction sta-
tistics (reduction of error, RE; and coefficient of efficiency,
CE; Lorenz 1956; Fritts 1976; Briffa et al. 1988) using a
combination of autoregressive (AR) modelling and Monte-
Carlo methods. For any given pair of series, the AR model
parameters of both were calculated using Burg’s method
(Burg 1978). The best AR model (i.e., the best model
order) for each timeseries was selected using the Akaike
Information Criterion (Akaike 1974). Once an AR model
of each series was estimated, 10,000 pairs of surrogate
series with the same AR characteristics were generated and
their corresponding statistics (Pearson correlation, RE, or
CE) calculated: the empirical probability distribution of the
statistic value was then easily calculated and, hence, its
significance. This method is robust as it accounts for per-
sistence in the timeseries. Table 2 shows the order of the
AR model used for each timeseries.

The high autocorrelation of proxy data can be exploited
by considering the maximum sea ice extent in year # to be a
function of tree-growth and §'®0 values in both the year
concurrent with the proxy series, and also potentially up to n
years prior and after the concurrent year (Fritts 1962; Briffa
et al. 1988). Physically speaking, albedo feedback and ice
thickness can largely delay the effects of climate on sea ice
extent, delaying in turn the relationship between proxy and
reconstructed variables. Further, although pines’ growth
starts and ends during the growing season of year f, the
influence of climate in previous years modifies the trees’
response to climate in later years due to arboreal physiol-
ogy, a phenomenon known as physiological precondition-
ing (Fritts 1976). We thus applied a model structure
including 2-year lagging (t + n) and 2-year leading (r — n)
predictors in the linear multiple regression used to estimate
this relationship. That is, there were ten candidate predic-
tors: five corresponding to the tree-ring width chronology
and five to the ice core 5'%0 record t—-2,t—1,t=0,
t 4+ 1, and t 4+ 2 for each proxy variable). The final model
was chosen using a stepwise selection procedure with entry
and removal criteria for retention of predictors set at an
F-statistic probability of less than 0.05 and 0.10, respec-
tively (e.g., Lindholm 1996; Helama et al. 2002).

According to uniformitarian principle, the relationship
between environmental and proxy data characteristics
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Fig. 3 a Correlation between
maximum sea ice extent in the
Western Nordic Seas and annual
sea surface temperatures (SST);
1 Greenland Sea, 2 Iceland Sea, 3
Norwegian Sea, 4 Fram Strait.
Sea ice was reconstructed for the
region lying west of 10°E
(dashed black line); b correlation
between the §'%0 (r — 2) ice
core record from
Lomonosovfonna (Svalbard)
and annual SST; red square
location of the ice core;

¢ correlation between the
timberline tree-ring width
chronology (¢ — 1) and annual
SST; red empty polygon displays
the Northern Fennoscandia
timberline area. Data and
software for the figure obtained
from the NCEP/NCAR
Reanalysis Project (Kalnay et al.
1996). Period: 1948-1997.

The use of lag comes from the
model used in the reconstruction:
SI(,) = 033 - O.SSTRU,])

— 0.270,_»), where SIis Sea Ice
extent, TR are tree-ring indices,
and O is 6"%0 ice core record (see
“Data and methods™)

(a)

(tree-ring width and ice core §'®0 records in this study)
should have been the same in the past as in the present
(Fritts and Swetnam 1989). If this principle does not hold,
conclusions concerning the past cannot be made. This is
why multiple linear regression is generally computed for a
calibration period with some of the observational values
(sea ice extent in this study) withheld to assess the veracity
of the relationship with independent data (the verification
period; e.g., Fritts 1976; Jones et al. 1998). Once the sta-
tistics (#*, RE and CE) were tested and found to be sig-
nificant (p < 0.05), sea ice extent was reconstructed using
the whole period of observed values as a final calibration
period. Successful verification supports the validity of
uniformitarian principle and therefore the validity of the
reconstruction (Fritts 1976). Further, confidence intervals
for the reconstruction were then calculated from the

@ Springer

-0.2 0 0.2 0.4 0.6 0.8
Pearson Correlation Coefficient

autoregressive structure of the residuals of the multiple
regression computed over the calibration period 1864—
1997, and were based on generating 10,000 surrogate series
of residuals with the same AR structure as the residuals
from the reconstruction regression. This method gave more
conservative results than the use of resampling with
replacement in the calculation of the confidence intervals.

The period of observed sea ice extent covering 1940—
1959 includes some gaps in the data due to World War II
(Divine and Dick 2006) and much of it is largely based on
interpolation of the few available observations (L@yning
et al. 2003; Divine, personal communication). For this
reason, we did not include it in the calibration-verification
procedure. We thus calibrated a multiple linear regression
model on the period 1960-1997 that was verified against
1864—-1939 data (e.g., Mann et al. 2005). On the basis of



M. Macias Fauria et al.: Unprecedented low twentieth century winter sea ice extent in the Western Nordic Seas

Table 2 Autoregressive/Monte-Carlo modelling

Timeseries AR order

0 1 2 3 4 5 6
TR 1.000 —2.054 2.109 —1.744 1.187 —0.605 0.135
5180 1.000 —1.872 1.779 —1.328 0.848 —0.347 —
SI 1.000 —2.128 2242 —1.640 0.812 —0.241 —
CI 1.000 —1.926 2.056 —1.620 0.917 —0.272 —

mc iterations 10

Max AR 30
order

Autoregressive coefficients and stochastic terms used in the modelling
of the significance of the reconstruction statistics for each timeseries
used in the study

TR tree-ring width from northern Fennoscandia; 8'%0 ice core record
from Lomonosovfonna; S/ sea ice extent records in the Western
Nordic Seas (Vinje 2001); CI confidence intervals of the recon-
struction, i.e., autoregressive structure of the residuals of the multiple
regression (see “Data and methods”); mc iterations number of
Monte-Carlo surrogate series for the calculation of the significance;
max AR order: maximum autoregressive order allowed in the AR
modelling

these calibrations, the model using tree-ring width at ¢ — 1
and ice core 0'%0 at r — 2 was selected. Output from this
model using the period 1960-1997 was significantly cor-
related with observed values during the verification period
1864-1939 (+* = 0.58, p < 0.01; Table 1). RE and CE
statistics were positive and significant at p < 0.001 and
p < 0.01, respectively (Table 1), indicating skill of the
model in estimating sea ice extent outside the calibration
period. The significance of both RE and CE shows that the
quality of the reconstruction is high and cannot be simply
due to similarity of trend. To further test this possibility,
the regression was repeated after linear detrending of the
timeseries, being significant (r2 = 0.30, p < 0.0001), as
well as the RE and CE statistics (RE = 0.42, p < 0.001
and CE = 0.31, p < 0.0001). We then used the whole
period 1864-1997 to produce:

SI(t) = 0.33 — 0.58TR(,_1) — 0.270;_») (1)

where SI (¢) are the standardized (mean = 0, standard
deviation = 1) historical Western Nordic Seas April sea ice
extent, TR_;) are the 1-year previous tree-ring width
index, and O (,_», are the 2-year previous standardized 6'%0
ice core values. As previously suggested, there are physi-
cally plausible mechanisms that can lead to temporal lags in
the relationship between the variables and climate that
result in Eq. 1: while '®0 in ice cores most likely records
temperature occurring in the current year, physiological
pre-conditioning in trees can easily delay the effect of cli-
mate on tree-growth by 1 year (e.g., Fritts 1976), whereas
albedo and sea ice thickness feedbacks may further delay
the effects of climate on sea ice another year. However,

given the fact that 5 year smoothed timeseries were used,
the selection of these particular lags can also be considered
arbitrary as they are out of the series’ time resolution. SI
values were then scaled to km?* according to the mean and
standard deviation of the observed sea ice extent during the
full period 1864-1997 to give the reconstructed sea ice
extent. Output from this model was highly correlated with
the observed data for 1864—-1997 (r2 = 0.59; p < 0.001;
Table 1) and for both early (1864-1939) and late (1960—
1997) periods (#* = 0.64 and r* = 0.59, respectively).

We used a Morlet wavelet approach (Torrence and
Compo 1998; Jevrejeva et al. 2003; Grinsted et al. 2004) to
evaluate the stationarity of the reconstructed sea ice vari-
ability in the time—frequency domain and to find out if
dominant low-frequency modes of variability control or
have controlled sea ice variability in the region. The
wavelet transform expands a timeseries into time—fre-
quency space, representing its frequency content while still
keeping the time description parameter. Our analysis
involved Continuous Wavelet Transform (CWT), a com-
mon and powerful tool for analyzing intermittent oscilla-
tions in a timeseries. Such analysis has data-boundary edge
artifacts that are accounted for by defining a cone of
influence (COI), outside which edge effects can be ignored.
Spectral characteristics of the reconstructed sea ice vari-
ability were also estimated using the multi-taper approach
(MTM; Ghil et al. 2002).

3 Results and discussion

The Western Nordic Seas maximum sea ice extent recon-
struction (Eq. 1) explained 59% of the variance in sea ice
extent in the Western Nordic Seas (Table 1), successfully
capturing the main features of historical sea ice extent
variability since 1864 (Fig. 2a; Vinje 2001; Shapiro et al.
2003), namely:

(1) A sharp decrease in late nineteenth and early twen-
tieth centuries. Such a reduction corresponds to the
end of the Little Ice Age (e.g., Overpeck et al. 1997)
and has been related to changes in SSTs before 1900
(Vinje 2001) and atmospheric warming driven by
enhanced atmospheric and ocean heat transport from
the North Atlantic into the region from 1900 to 1940
(Vinje 2001; Bengtsson et al. 2004).

(2) Minima in sea ice extent in the 1920s and 1930s,
coincident with high recorded temperatures in the
Arctic (Nordli and Kohler 2003; Polyakov et al.
2003a; ACIA 2004).

(3) A recovery from the 1940s to late 1960s, coinciding
with a general cooling in the region (Polyakov et al.
2003a; ACIA 2004). This increase in sea ice extent
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was partly masked in the sparse observations during
the period 1940-1959 but appears clearly in the
reconstruction (Fig. 2a).

(4) A decrease in sea ice extent from then until the end of
the twentieth century, widely reported to be the
general trend in sea ice extent over the whole Arctic
Ocean and Arctic marginal seas (Serreze et al. 2000,
2007; Dickson et al. 2000; Deser et al. 2000; Rigor
et al. 2002; Polyakov et al. 2003b; Nghiem et al.
2006; Comiso 2006).

3.1 Comparison with other sea ice records

The twentieth century supported the smallest sea ice extent
in the Western Nordic Seas of the whole reconstructed
period (Fig. 2a): moreover, the local maximum of sea ice
extent reached in the 1960s is not especially high when
compared with sea ice over the last eight centuries.
Although proxy versus sea ice extent relationships proved
to be stable over the observational period, it is still possible
that this assumed stationarity did not hold constant over the
reconstruction period. Such a limitation is common to most
paleo-reconstructions but the likelihood of this can be
further minimized through the comparison of the recon-
structed timeseries with other related datasets of indepen-
dent origin. Occasional observations of minimum (August)
sea ice extent between ~ 1600 and 1850 (Vinje 1999) are

consistent with our maximum sea ice extent reconstruction
(Fig. 4b). Overall, sea ice extent was large from the sev-
enteenth to the nineteenth centuries, which agrees well
with the occurrence of the Little Ice Age (LIA) in the area
(e.g., Fischer et al. 1998; Hammer et al. 2001). Several
short duration warm events occurred during this period: the
mid-eighteenth century contains a decade and a half with
low sea ice extent. Mid-eighteenth century warmth has
been reported before (Overpeck et al. 1997; Vinje 2001;
Isaksson et al. 2005; Divine and Dick 2006). A rapid
cooling followed that led to very large ice extent at the end
of the eighteenth and during the nineteenth centuries. This
increase in sea ice extent was sufficiently widespread to be
recorded in the Icelandic sea ice (e.g., Lamb 1977; Ogilvie
1992), which shows high agreement with our reconstruc-
tion (Fig. 4a). Another warm spell occurred in mid-sev-
enteenth century, with values as low as those in the
twentieth century, but not as long lasting. This particular
event should, however, be treated with caution, as it cor-
responds to the period with low replication in the tree-ring
chronology (Fig. 2b). Sea ice extent was smaller before the
LIA: the sixteenth century was a period of sustained low
sea ice extent, agreeing with reported warm temperatures
in Europe (e.g., Briffa et al. 2004), whereas the period
covering the thirteenth to the fifteenth centuries exhibited
larger sea ice areas, but with overall lower values than
during the LIA, and with some periods of lower sea ice
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extent spanning a few decades during A.D. 1270-1300 and
A.D. 1400-1430.

Further, Fig. 4 illustrates delayed dynamics between sea
ice extent and climate: the post-LIA decline in sea ice
coverage started earlier in the Icelandic record (~ 1880;
Fig. 4a), followed by the decline in maximum sea ice
extent in the Western Nordic Seas (late nineteenth—early
twentieth century). The decline in August (minimum) sea
ice extent in the Western Nordic seas occurred later
(~1930s; Fig. 4b). The Iceland Sea is located at the
southernmost sea ice limit and is therefore mostly com-
posed of very young ice, which rapidly responds to changes
in climate. April (maximum) sea ice extent is a mixture of
both multi-year ice and the ice formed in that particular
winter. Multiyear ice can in general better survive warming
than young ice and therefore has a longer response time.
We speculate that the relative lags in sea ice decline at the
end of the LIA can be explained by the different degrees of
multiyear ice present at these locations and times.

3.2 Wavelet decomposition and MTM spectrum

The wavelet spectrum of the full reconstruction (Fig. 5)
showed significant energy spread over a wide band from
~7 to 32 years, with strong persistence and power at
~16-32 years, especially from the seventeenth to mid-
nineteenth century. The ~50-120 year band also showed
high variability and power, centred at ~70-90 years from
late sixteenth century to the present. Power in the ~ 50—
120 year band separated into two main centres of vari-
ability before then (although not significant) with the main
one at somewhat lower frequencies (~ 128 year) and high
power also at the ~70 year band. MTM spectrum further
confirmed these results: when computed over the whole
reconstructed period (1200-1997; Fig. 6a), several spectral

Fig. 5 Continuous wavelet

peaks were found at frequencies ranging from 13 to
32 years, plus a significant peak centred at 93 year, coin-
cident with the ~70-90 year range of high variability
found in the wavelet analysis. MTM spectrum post-late
sixteenth century (1561-1997; Fig. 6¢) showed significant
peaks within both the ~7-32 year and ~70-90 year
bands previously identified in Fig. 5, whereas significant
peaks were found only at the higher frequency band in the
pre-late sixteenth century MTM (1200-1560; Fig. 6b). The
two main centres of low frequency variability in Fig. 5
were not significant in this case, in agreement with the
wavelet analysis. Our results are consistent with those
reported by Divine and Dick (2006) for documentary
evidence on sea ice in the same region since 1750. The
~50-120 year oscillation accounts for most of the main
interdecadal sea ice extent oscillations seen in the historical
record, that is: (1) large extent in mid-late nineteenth
century, (2) drop to low values towards the 1930s, (3)
higher values in the 1960s and (4) drop again thereafter.
However, caution is advised in this respect, as the twentieth
century power at these low frequency scales is inside the
COI and thus affected by edge effects. Finally, and also
inside the COI, spectral power is seen at centennial scales
(~256 year) that accounts for the generalized large sea ice
extent of the late eighteenth and the nineteenth centuries
(peak of the LIA) and the overall downward trend observed
since late nineteenth and during the twentieth centuries
(current Arctic warming).

3.3 Low frequency variability

Low-frequency interdecadal variability (~50-80 year),
previously defined as LFO, is seen in a large part of the
observed environmental variability in the Arctic during the
last century and a half, including sea ice variability (e.g.,

power spectrum of the
normalized timeseries of
reconstructed maximum sea ice
extent in the Western Nordic
Seas for the period 1200-1997.
The thick black contour
designates the 5% significance
level against red-noise. The
cone of influence, which defines
where edge effects are
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shade. Red areas indicate large

sea ice extent at a given

frequency and blue areas 128 |
indicate low sea ice extent at a

given frequency
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Fig. 6 Spectral characteristics of reconstructed sea ice variability,
estimated as spectrum by multi-taper method (Ghil et al. 2002) for the
periods 1200-1997 (a), 1200-1560 (b), and 1561-1997 (c). The
estimated red-noise background and the associated significance levels

Polyakov et al. 2003a; Divine and Dick 2006), and has
been linked to the thermohaline circulation in the North
Atlantic (Polyakov and Johnson 2000) and to multidecadal
variability in Atlantic Ocean SSTs (Atlantic Multidecadal
Oscillation—AMO; Delworth and Mann 2000; Polyakov
et al. 2004). However, direct observational evidence on
these long cycles is very limited, and modelling using
coupled GCMs shows rather ill-defined power on these
timescales (Knight et al. 2005). It has been suggested that
the AMO is in fact an insignificant player in Atlantic SST
and the well-documented apparent cycle over the last
century and a half is actually a superposition of globally
warming temperatures and regional cooling due to mid-
twentieth century anthropogenic aerosols (Mann and
Emanuel 2006). However, our results (Figs. 5, 6a) suggest
that sea ice variability has exhibited oscillations in the band
defined as the LFO or AMO during the last eight centuries.
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are shown by the smooth curves. Spectral peaks found significant at
the 99% level are shown as their estimated periodicities in years. The
term ‘trend’ refers to wavelengths approaching the length of the study
interval

Results also suggest that low frequency variability was
centred at lower frequencies before the seventeenth century
(~128 year, albeit non-significant) than after it (~70-
90 year), which again raises the issue of whether the low
frequency signal is a true oscillation caused by a simple
physical mechanism or is some combination of different
forcing factors.

Variability at these low frequency bands also coincides
with long-term variations in solar activity (Gleissberg
cycles; Gleissberg 1944; Ogurtsov et al. 2002). However,
the physical mechanisms of solar influence on Earth’s
climate are not yet fully explained, and GCM simulations
suggest that the influence of solar activity on tropospheric
temperature, while accounting for some variability, does
not account for the magnitude of the observed variability,
especially on a global scale and in the presence of large
anthropogenic trends (Cubasch et al. 1997; Lockwood and
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Frohlich 2007). Thus, it seems plausible to attribute sea ice
low frequency variability to a (likely non-linear) combi-
nation of extrinsic (that is mainly solar forcing and vol-
canic aerosol cooling) and intrinsic Atlantic thermohaline
circulation variability, which together act on the large-scale
atmospheric circulation patterns.

3.4 Multi-year and decadal variability

This section will first extend on the correlation between the
reconstructed sea ice extent in the Western Nordic Seas and
the North Atlantic Oscillation/Arctic Oscillation system,
and close with evidence of the non-stationary nature of this
relationship. Decadal-scale variability in sea ice extent
(~7-32 year; Figs. 5, 6) has been linked to the low-fre-
quency component of the NAO/AO in the Arctic Ocean
and Arctic Eurasian seas close to the North Atlantic Ocean
(Dickson et al. 2000; Deser et al. 2000; Polyakov et al.
2003b). Positive NAO/AO situations are related to
decreased SLPs over the Arctic region—with a minimum
over Iceland—and a northeastward extension of the
Atlantic storm track to Greenland, Iceland, Norway and
Barents Seas, causing major increases in cyclone activity in
the area and thus increased heat flux over the region
(Serreze et al. 1997; Alexandersson et al. 1998). As men-
tioned in the “Introduction”, the decadal variability of the
NAO/AO strongly affected Arctic sea ice variability in the
second half of the twentieth century, especially in the
1980s and early 1990s (Deser et al. 2000; Dickson et al.
2000; Polyakov and Johnson 2000; Rigor et al. 2002). In
the mid-1990s the effects of greenhouse gas-induced global
warming and the ice-albedo feedback started to override
the effects of these oscillations (Serreze et al. 2007,
Comiso et al. 2008; Deser and Teng 2008; Stroeve et al.
2008). Annual records of Icelandic SLP back to 1820
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Fig. 7 Reconstructed maximum sea ice extent in the Western Nordic
Seas (grey line) versus annual Iceland sea level pressure record since
1820 (black line; Jones et al. 1999). Significance level was calculated
taking into account autocorrelation in the timeseries (see “Data and
methods™)

(Jones et al. 1999) are indeed significantly correlated with
our reconstruction (Fig. 7). Such situations enhance
southerly warm winds over the Western Nordic Seas,
causing: (1) compaction and reduced freezing in the ice
margin (Vinje 2001), (2) warm air advection (Deser et al.
2000), and (3) enhanced flow of warm and saline Atlantic
water (Grotefendt et al. 1998; Morison et al. 2000;
Polyakov et al. 2004).

However, NAO/AO relationships with Arctic environ-
ment have been found to be far from stationary. Running
correlation analyses showed near zero values between ice
extent in the Western Nordic Seas and NAO winter index
(Hurrell 1995; period 1864-1997) during 1860-1910s,
negative and nearly significant correlations for 1920s—
1950s (p ~ 0.1), and significant negative correlations
(p < 0.01) since the 1950s (Fig. 8). This is also seen when
comparing Iceland SLP and our sea ice reconstruction in
the late nineteenth century—early twentieth (Fig. 7). Our
finding agrees with previous reports on NAO-sea ice non-
stationary relationships: whereas Nordic Seas sea ice has
been reported to have strong negative correlation with
NAO for the period 1957-1997 (Dickson et al. 2000) and
significant correlations are reported between sea ice export
in Fram Strait and AO or NAO since the late 1970s (e.g.,
Hilmer and Jung 2000), such relationships decay when
analyzed over longer periods (e.g., Cavalieri 2002). For
example, the rise of temperatures in the Arctic during the
1920-1940s was not related to the NAO (Bengtsson et al.
2004): AO and NAO were uncorrelated during this period,
suggesting that atmospheric circulation patterns were in a
reorganization phase then, possibly as a result of the sea ice
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Fig. 8 Thin black line 30 year running correlation analysis of the
relationship between winter NAO (Hurrell 1995) and sea ice extent in
the Western Nordic Seas for the period 1864-1997, for which there is
common data. Thick black line indicates significance at p < 0.01;
discontinuous thick grey line indicates significance at p < 0.05, and
discontinuous thin grey line indicates significance at p <0.1.
Significance levels were calculated taking into account autocorrela-
tion in the timeseries (see “Data and methods”)
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decrease (Jevrejeva and Moore 2001). This post-LIA
reorganization hypothesis is supported by the good rela-
tionship between Iceland SLP and reconstructed sea ice
extent in the early nineteenth century (Fig. 7). SATs,
SSTs, and SLP over the North Atlantic during the period
1873-2000 have alternated decades of strong negative
with decades of strong positive correlations with NAO
(Polyakova et al. 2006). Likewise, NAO versus SAT long
records from Europe showed evident non-stationarities on
decadal time-scales (Slonosky et al. 2001). Suggested
mechanisms for such non-stationarities are the co-occur-
rence or otherwise of several AO/NAO-related SLP pat-
terns (Maslanik et al. 2007b), or the planetary-scale SLP
wave (Cavalieri 2002), which explain features important
for sea ice in the Nordic Seas that are only partly linked to
NAO/AO. The mechanisms driving decadal AO/NAO
variability are yet to be understood (Polyakov et al. 2004).

For completeness we also examined relationships with
sunspot and total solar irradiance, finding that the decadal
variability in the reconstructed sea ice extent showed no
agreement with these solar forcing series (results not
shown).

4 Conclusions

1. Long-term variability of maximum sea ice extent in the
Western Nordic Seas—Iceland, Norway and Greenland
seas—was successfully reconstructed since A.D. 1200
using a combination of a regional tree-ring chronology
from the timberline area in northern Fennoscandia and
6'%0 from the Lomonosovfonna ice core in Svalbard.
The reconstruction explained 59% of the variance in
sea ice extent variability based on the calibration period
1864-1997 and was validated against independent
records of sea ice extent in the region.

2. We calculated for the first time the significance of the
reconstruction statistics (RE, CE), as well as correla-
tion coefficients, using a method based on bootstrap-
ping confidence intervals for a given statistic by
simulating data from a parsimonious AR model.

3. The twentieth century sustained the lowest maximum
sea ice extent values since A.D. 1200.

4. Low maximum sea ice extent also occurred over
periods of some decades (e.g., mid-seventeenth and
mid-eighteenth centuries, early fifteenth and late thir-
teenth centuries), with absolute values in some cases as
low as the twentieth century ones, but these periods
were in no case as persistent as in the twentieth century.

5. Largest maximum sea ice extent values occurred from
the seventeenth to the nineteenth centuries, during the
Little Ice Age, whereas relatively small areas were
covered by sea ice during the sixteenth century.
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Overall moderate sea ice extent occurred during
thirteenth to fifteenth centuries.

6. Low frequency variability (probably linked to the non-
linear interaction of the thermohaline circulation and
extrinsic forcing) and NAO/AO dominated decadal
and interdecadal variability in sea ice extent at ~50-
120 year (centred at ~70-90 year) and ~7-32 year
frequency bands, respectively.

7. Both oscillations have occurred repeatedly during the
reconstructed period A.D. 1200-1997.

8. Sea ice extent and NAO showed a non-stationary
relationship: significant negative correlations occurred
since 1920s and especially during the second half of
the twentieth century, whereas no relationship was
found during the period 1860-1910s.

9. Variability at centennial scales was also observed, but
the length of the reconstructed series did not allow
quantifying its overall importance on sea ice extent
variability.

10. The presently low maximum sea ice extent in the

Western Nordic Seas is unique over the last
800 years, and results from a sea ice decline started
in late-nineteenth century after the Little Ice Age.

11. The Western Nordic Seas sea ice reconstruction can

be downloaded from the website http://www.helsinki.
fi/science/dendro/.
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