
Palaeogeography, Palaeoclimatology, Palaeoecology 373 (2013) 152–162

Contents lists available at SciVerse ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

j ourna l homepage: www.e lsev ie r .com/ locate /pa laeo
Climate signatures on decadal to interdecadal time scales as obtained from mollusk
shells (Arctica islandica) from Iceland

Gerrit Lohmann a,⁎, Bernd R. Schöne b

a Alfred Wegener Institute for Polar and Marine Research, Bussestr. 24, 27570 Bremerhaven, Germany
b Institute of Geosciences, Earth System Science Research Center, University of Mainz, Johann-Joachim-Becher-Weg 21, 55128 Mainz, Germany
⁎ Corresponding author. Tel.: +49 471 4831 1758 17
E-mail address: Gerrit.Lohmann@awi.de (G. Lohman

0031-0182/$ – see front matter © 2012 Published by El
http://dx.doi.org/10.1016/j.palaeo.2012.08.006
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 November 2011
Received in revised form 4 August 2012
Accepted 12 August 2012
Available online 13 September 2012

Keywords:
Climate proxy
North Atlantic climate variability
Teleconnections
Proxy data
Atmospheric circulation
Pronounced decadal climate oscillations are detected in a multi-centennial record based on shell growth
rates of the marine bivalve mollusk, Arctica islandica, from Iceland. The corresponding analysis of patterns
in sea level pressure and temperature exhibit large-scale teleconnections with North Atlantic climate quan-
tities. We find that the record projects onto blocking situations in the northern North Atlantic. The associated
circulation shows a low-pressure signature over Greenland and the Labrador Sea and a high-pressure system
over Western Europe associated with northeasterly flow towards Iceland and weakening in the westerly
zonal flow over Europe. It can be speculated that such circulation affects food availability controlling shell
growth. On multidecadal time scales, the record shows a pronounced variability linked to North Atlantic tem-
perature. In our record, we find enhanced variability of the shell growth rates on multidecadal time scales,
and it appears that this oscillation has high amplitudes in the 16th to 18th century also consistent with ma-
rine alkenone data. It is conceivable that these climate oscillations, also linked to sea ice export and enhanced
blocking, are a more pronounced feature during times when the climate was relatively cold.

© 2012 Published by Elsevier B.V.
1. Introduction

In order to attribute recent environmental changes to human in-
fluence knowledge of the background variability is required, particu-
larly for the latest Holocene (Jansen et al., 2007). Instrumental and
proxy data indicate that the climate over the North Atlantic sector
varies largely on quasi-decadal to multi-decadal time scales (Deser
and Blackmon, 1993; Hurrell, 1995; Enfield and Mayer, 1997; Sutton
and Allen, 1997; Dima and Lohmann, 2007). Decadal variability in
the North Atlantic is characterized by a tripole pattern in sea surface
temperature (SST) anomalies and is linked to atmosphere–ocean in-
teractions (Bjerknes, 1964; Deser and Blackmon, 1993; Kushnir,
1994; Dima and Lohmann, 2004). Part of its signature resembles the
North Atlantic Oscillation (NAO) (Hurrell and van Loon, 1997) pat-
tern. Teleconnection patterns are large-scale patterns associated to
atmosphere–ocean dynamics (for a review: Barnston and Livezey,
1987). A primary objective of paleoclimate research is the reconstruc-
tion and characterization of natural climate variability. Based on the re-
lationships between atmospheric teleconnection patterns and different
proxy data during the observational period, valuable information re-
lated to the NAO and its associated climate anomalies during the
pre-instrumental period has been obtained (e.g. Appenzeller et al.,
1998; Trouet et al., 2009; Rimbu and Lohmann, 2011). Teleconnection
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patterns, in particular the NAO and other modes in the North Atlantic
are related to the frequency, intensity and spatial distribution of syn-
optic scale atmospheric phenomena, including atmospheric blocking
(e.g., Shabbar et al., 2001). Therefore, decadal variations of atmospheric
teleconnection pattern indices give information about decadal varia-
tions in the properties of synoptic-scale phenomena.

There is evidence that the global climate system contains modes of
climatic variability operating on multidecadal time scales involving
temperature and circulation (Mann et al., 1995; Delworth and
Mann, 2000). The signature of multidecadal variability has been
detected in observed sea surface temperature (SST) data showing a
monopolar SST signature in the North Atlantic (Deser and
Blackmon, 1993; Kushnir, 1994). The Atlantic Multidecadal Oscilla-
tion (AMO) was firstly detected from the instrumental data
(Schlesinger and Ramankutty, 1994) and later on demonstrated to
exist in both proxies (Mann et al., 1995; Lohmann et al., 2004;
Grosfeld et al., 2007; Hetzinger et al., 2008; Poore et al., 2009;
Knudsen et al., 2011) and climate models (Timmermann et al.,
1998; Delworth and Mann, 2000; Latif et al., 2004; Knight et al.,
2005). In control experiments of long-term simulations, the AMO
has been considered as an internal mode of variability linked to
reorganizations of the ocean meridional overturning circulation
(e.g. Delworth andMann, 2000;Wei et al., 2012). However, the temper-
ature in the North Atlantic is additionally affected by external forcing
through greenhouse gases, solar irradiance and volcanoes. It is worth
noting that AMO also affects structures like NAO and blocking (Eden
and Jung, 2001; Grosfeld et al., 2007; Häkkinen et al., 2011).
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Ocean-based reconstructions of climate variability can be vital in
verifying, comparing and linking various climate proxies (e.g., Kim
et al., 2004). In addition, marine records are less affected by very re-
gional features and small-scale noise in the system. As compared to
terrestrial archives, oceans provide a long-term memory of the cli-
mate system (Hasselmann, 1974; Frankignoul and Hasselmann,
1977) and can act as a natural filter to detect large-scale climate var-
iability modes.

Here, we present a proxy record of decadal climate oscillations
over the last five centuries based on shell growth rates of the marine
bivalve mollusk, Arctica islandica from Iceland (Schöne et al., 2005a).
A. islandica is an extremely long-lived species (225 to over 500 years:
Ropes and Murawski, 1983; Schöne et al., 2005a; Wanamaker et al.,
2008) and exhibits a broad biogeographic distribution in the northern
North Atlantic (Nicol, 1951; Dahlgren et al., 2000). More than any-
thing, what makes Arctica an ideal paleoclimate archive is the fact
that specimens of the same population grow at similar rates. This
means that (a) shell growth is responding to a common signal and
(b) annual growth increment time-series of specimens with
overlapping life-spans can be crossdated and combined to a longer
composite (or master) chronology that covers numerous generations
and many centuries. Distinct growth lines form during fall (e.g., Jones,
1980; Weidman et al., 1994; Schöne, 2008) and separate the growth
pattern into time slices of equal duration, so-called growth incre-
ments. Growth increments and lines enable precise calendar dating.
Variation in increment width reflects environmental change. Usually,
higher food availability results in faster shell growth (Gunter, 1957;
Witbaard et al., 1997). The development of A. islandica as a climate ar-
chive has been discussed extensively (e.g., Butler et al., 2010;
Marchitto et al., 2000; Schöne et al., 2005b; Wanamaker et al., 2009,
2011, 2012; Weidman et al., 1994).
2. Data and methods

Eleven specimens of A. islandica were collected alive by dredging
from ~30 m water depth around Iceland (Table 1). Specimen
M071868-A3 was used in Schöne et al. (2005a). To analyze internal
annual growth patterns, digital images were taken from the
Mutvei-stained (Schöne et al., 2005c) cross-sections of the shells
using a Canon EOS 600D camera attached to an Olympus SZX16 bin-
ocular microscope equipped with sectoral dark field illumination
(Schott VisiLED MC 1000). Annual increment widths were measured
in the outer shell layer of the ventral margin and – to double-check
the results – in the cardinal tooth portion in the direction of growth
to the nearest 2 μm using the image analysis software Panopea
(©Peinl and Schöne).
Table 1
List of shell used in the present study. All specimens were collected alive.

Specimen ID Date of collection Sample locality

Möller-A1 26 Nov 2003 N66°16′, W014°55.20′;
Eiðisvík in Bakkafjörður,
NE coast of Iceland

Möller-A2
Möller-A3
Möller-A4
Möller-A5
Möller-A6
Möller-A7
Möller-A9
HM-Fla86-A1 Summer 1986 Unspecified (museum collection),

near Flatey, North Iceland
M071868-A3 July 1868 Unspecified (museum collection),

East IcelandM071868-A4
2.1. Age-detrending, crossdating, isolation of climate signals,
composite chronology

For crossdating purposes and in order to isolate common climate
signals from annual increment time-series growth trends related to
ontogenetic age must be removed. As the bivalve grows older, the
rate of calcium carbonate production and the year-to-year variance
of the annual increment widths decrease (e.g. Jones, 1980; Jones et
al., 1989). Such age-related trends were removed from measured an-
nual increment width chronologies with statistical methods devel-
oped by dendrochronologists (Cook and Kairiukstis, 1990; Fritts,
1976).

The precise temporal alignment of the time-series (crossdating)
was assessed with the COFECHA (Grissino-Mayer, 2001). This soft-
ware preserves the high frequency variability of each chronology by
using flexible cubic spline functions for detrending that closely ap-
proximate the measured data (high-pass filtering).

To isolate the common signal in contemporaneous specimens,
however, two different low-pass filtering techniques were applied
to estimate age-related growth trends (predicted growth values): a
deterministic technique (power function) and a more flexible tech-
nique (cubic splines). Negative exponential functions turned out to
be less useful as they do not faithfully capture the age-related growth
trends of A. islandica from the studied localities. Regional curve stan-
dardization (RCS) (e.g., Esper et al., 2003) was not applied because
this would require a much larger number of series.

We computed growth indices (GI) by dividing measured by
predicted growth values for each year. The GI data were then
(mathematically) standardized by subtracting the mean and divid-
ing by the standard deviation of the GI time-series. This removes
the high correlation between the mean and the variance from the
Fig. 1. Composite series of shell growth increments of the marine bivalve mollusk,
Arctica islandica from northeast Iceland covering the last 150 years (based on Möller
shells, NE Iceland, Table 1). A deterministic power function (a) and spline detrending
(b) were applied as low-pass filtering techniques to estimate age-related growth
trends. The composite chronologies are shown as the black line, the individual series
in gray. EPS measures the appropriate inter-series correlation in running 50-year win-
dows, i.e. the EPS value for 1950 is representative for 1900–1950. High EPS values in-
dicate that the variance of a single SGI chronology sufficiently expresses the common
variance of all SGI chronologies.



Fig. 2. As Fig. 1, but for ‘All Iceland’ covering the last 500 years (Table 1).

Fig. 3. a) Time series of master chronology shell growth increments of the marine bivalve
Möller shells, NE Iceland, Table 1). The dotted lines indicate the ±0.2 standard deviation
NCEP/NCAR with respect to SGI and threshold 0.2, i.e. all SLP maps are averaged when th
flow goes from southeast to northeast of Iceland (arrows).
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data (=heteroscedasticity). The standardized growth index (SGI)
represents a dimensionless measure of how shell growth deviates
from the estimated growth. Prior to further analyses, autocorrelation
(lag-1) was removed from each of the SGI series (pre-whitening).

Finally, individual SGI series were combined in regional “composite”
chronologies by calculating the arithmetic mean of the SGI values at
each year. Fig. 1 shows “NE Iceland” based only on “Möller” shells
(Table 1), Fig. 2 “All Iceland” are based on all specimens listed in
Table 1. The strength of the composite chronology was assessed with
the expressed population strength (EPS) value (Wigley et al., 1984):

EPS ¼ n⋅Rbar= n⋅Rbar þ 1−Rbarð Þð Þ; ð1Þ

where Rbar is the average of all correlations between pairs of SGI time
series and n is the number of specimens used to built the chronology.
The EPS value quantifies the similarity between the averaged chronolo-
gy and the theoretical ‘infinitely replicated’ chronology for the appro-
priate inter-series correlation (Briffa and Jones, 1990; Wigley et al.,
1984). According toWigley et al. (1984) EPS values greater than0.85 in-
dicate that the variance of a single SGI chronology sufficiently expresses
the common variance of all SGI series. To demonstrate how the agree-
ment between the SGI series changed through time, we computed EPS
values in running 50-year windows (Fig. 1).

Possible climate impacts are investigated by analyzing the relation
between SGI and gridded climate data sets. The spatial and temporal
mollusk, Arctica islandica from northeast Iceland covering the last 150 years (based on
which is used as threshold for our composite map analysis. Composite maps of SLP
e SGI>0.2 and are subtracted from the mean. b) Power, c) spline. Units are hPa. The
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variability of the surface air temperature and sea level pressure (SLP)
are represented by NCEP/NCAR reanalysis monthly mean data set,
which uses a state-of-the-art analysis/forecast system to perform
data assimilation using past data from 1948 to the present (Kalnay
et al., 1996). The spatial resolution of the data set is 2.5°×2.5°. Fur-
thermore, we make use of the updated SLP data set over the Northern
Hemisphere for the period 1899–2003 (Trenberth and Paolino, 1980),
as well as the Luterbacher et al. (2002) SLP fields over the eastern
North Atlantic and Europe back to 1500. SLP is also taken from the
20th century reanalysis project (Compo et al., 2011) covering the
period 1908–2008.

The Hadley Center Sea Ice and Sea Surface Temperature data set
(HadISST2) (Rayner et al., 2006), taken from the Met Office Marine
Data Bank (MDB), is analyzed to characterize the SST variability,
and is a unique combination of monthly fields of SST and sea ice
concentration on a 1°×1° latitude–longitude grid from 1870 to
2010.

Point correlation maps of the time series and climate fields are
computed to investigate the spatial range of the relationships. To
test the local significance of the correlations, we apply a double-
sided significance test based on a t-distribution (von Storch and
Zwiers, 1999) with p=0.05. The significance of the correlation is
a) 

b) 

Fig. 4. Composite maps of surface temperature NCEP/NCAR with respect to SGI with thresho
are °C. High SGI is associated to anomalous warm temperatures north of Iceland and anom
established by using Monte Carlo experiments in which the same
filter is applied to surrogate data (N=10,000). In the correlation
maps, areas of locally significant correlation are shaded.

To analyze relationships on multidecadal time scales, we apply a
low-pass filter to the data prior to the correlation analyses. We use
a finite response filter (cutoff frequency 1/30 years, length=
31 years; or 1/10 years, length=11 years) with the boundary con-
straint of minimizing the first derivative (Mann, 2004). To assess
the relationship between temperature, blocking and SGI, we calculate
composite maps (von Storch and Zwiers, 1999). Here, all the compos-
ite maps are calculated by collecting the composite fields that are re-
lated to higher/lower SGI than a given threshold (±0.2) as indicated
in Fig. 3a.

In the frequency domain, we apply a continuous wavelet analysis
which intrinsically adjusts the time resolution to the analyzed scale
(e.g., Torrence and Compo, 1998). Significance testing of wavelet
spectra can be either through pointwise or areawise significance
tests against reasonable background spectra (Maraun and Kurths,
2004; Torrence and Compo, 1998). The red noise background spec-
trum is calculated from an autoregressive process of first order
autoregressive process AR(1) as null hypothesis (Hasselmann, 1976;
von Storch and Zwiers, 1999).
ld 0.2 in SGI, i.e. all SLP maps are averaged when the SGI>0.2. a) Power, b) spline. Units
alous cold temperatures in the Baffin Bay and central Labrador Sea.

image of Fig.�4
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3. Results

The regional “NE Iceland” (Fig. 1) and multi-regional “All Iceland”
(Fig. 2) composite chronologies cover the time intervals 1849 to
2003 AD and 1495 to 2003 AD, respectively. In case of the NE Iceland
chronology, EPS values typically exceeded the threshold of 0.85 (or are
close to 0.85)when at least three SGI series were available (Fig. 1). The
EPS values are calculated for the period 1850 to 2003 AD, the value for
1950 is representative for the period 1900–1950. The two techniques
(power and spline) provide similar results on decadal time scales
(Fig. 1a, b). However, the EPS values are higher for the power than
for the spline technique for the 50-year chunks prior to 1950. It will
be seen later that the differences are of minor importance when ana-
lyzing the teleconnections. Fig. 2 shows the “All Iceland” chronology
where both techniques retain most of the low frequency data
(Figs. 2a, b). The concept of EPS values is not well suited before 1850
due to limited amount of data. Therefore, the SGI series shall be
interpreted with caution as true master chronologies prior to 1850.

In order to understand the possible mechanisms behind the SGI
record, we evaluate composite maps of SLP, SST, and sea ice fields.
For the composite maps of SLP NCEP/NCAR with respect to SGI, we
chose a threshold 0.2 (Fig. 3a), i.e. all SLP maps are averaged when
the SGI>0.2. Fig. 3b is related to the power, Fig. 3c to the spline con-
struction of the index. This pattern is furthermore robust when
changing the threshold. The flow pattern shows a typical blocking
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Fig. 5. a) Time series of SGI based on the power reconstruction of Fig. 2a. b) Morlet-6 wave
pronounced for 1500–1610), and interdecadal (1510–1770; 1860–1970) bands. Amplitudes
periods. The 90% confidence limits (based on the global wavelet in c) are given in thick co
peaks. The red noise background spectrum is calculated from an AR(1) process and lag-1 a
time scales for the period 1520 to 1770.
situation with a low pressure above eastern Greenland and a
high-pressure center over Europe. Notice that the flow is along the
pressure isobars: clockwise around a high, anti-clockwise around a
low-pressure system. Regionally, the atmospheric circulation goes
from southeast to northeast of Iceland (black arrows). A reverse pat-
tern occurs during years with low increments in the shell, with the
negative center displaced eastward (not shown). The results are
also robust when taking other SLP data sets (Luterbacher et al.,
2002; Trenberth and Paolino, 1980).

The associated wind field has a strong projection onto the Green-
land Sea affecting temperature and other climate variables in the
North Atlantic. For such circulation (SGI>0.2), higher temperatures
found north of Iceland and colder conditions are found in the Labrador
Sea (Fig. 4). Consistent with higher temperatures (SGI>0.2) north of
Iceland, the sea ice cover is reduced by 5%. The correlation of SGI
with sea ice cover is −0.5 north of Iceland.

The time series of SGI over the last five centuries based on shell
growth rates of the marine bivalve mollusk “All Iceland” (Fig. 2) are
analyzed. In our analysis we concentrate on the power technique
since it gave more consistent results linked to higher EPS values for
the last 150 years (Fig. 1a). We note that the spline technique pro-
vides for more variability in the decadal band without changing the
general structure (not shown). Our wavelet analysis indicates prom-
inent oscillations around 12 to 20, around 20, and between 30 and
100 years, and weaker oscillations of 4 to 8 years (Fig. 5a,b,c). During
1850 1900 1950 2000
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trum
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Time Series
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are scaled with variance of the index. The logarithmic vertical axis indicates equivalent
ntour lines. c) The power spectrum shows significant quasi-decadal and interdecadal
utocorrelation of SGI. d) The panel indicates strong level of variations on interdecadal
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the 16th century, quasi-decadal (12 to 16 years) variability in shell
growth was on the order of twice that measured over the following
four centuries (Fig. 5b). The strongest multidecadal variability is ob-
served between 1550 and 1750 (Fig. 5d).

For decadal and multidecadal time scales, we calculated the
10-year (Fig. 6a) and 30-year (Fig. 6b) low-pass filtered values and
calculated the correlation with SLP fields. The associated SLP map em-
phasizes a pattern with low pressure center above Greenland and a
high pressure over Western Europe and the eastern North Atlantic
Ocean (Fig. 6). Consistent with this, we find high values over Europe
based on the Luterbacher et al. (2002) data in the multidecadal com-
ponent (not shown). In order to determine the SLP variability modes
on decadal time scales, we calculate the dominant empirical orthogo-
nal functions (EOFs). The first mode (29% of the variance) represents
an NAO-like pattern, whereas the second mode is a more blocking-
like mode similar to the pattern shown in Fig. 6 explaining 16% of
the variance. Performing an EOF analysis for long-term 30-year
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Fig. 6. Correlation of (a) 10-year and (b) 30-year low-pass filtered SGI with SLP when ta
low-pass filtered SLP data (Luterbacher et al., 2002), the second
modes become the dominating EOF (40% of the variance). A similar
SLP structure was associated with the Atlantic Multidecadal Oscilla-
tion (Dima and Lohmann, 2007).

The multidecadal SST correlation field indicates a characteristic
quasi-monopolar structure in the North Atlantic and regions of oppo-
site sign in the Southern Hemisphere (Fig. 7). Significant areas are
mainly in the northern North Atlantic Ocean. As indicated by several
numerical experiments (e.g., Knight et al., 2005; Latif et al., 2004;
Lohmann, 2003), such an SST structure can be associated with large-
scale ocean circulation variations.

Long-term instrumental records are rare to establish our finding that
the multidecadal variability is higher for the first part of the SGI record.
Therefore, we display the variability of a long-term SST record based
on alkenones (Sicre et al., 2002) covering the latest Holocene. Fig. 8 indi-
cates enhanced SST variability in the multidecadal (30–100 years) band
for 1500–1780 consistent with our record.
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4. Discussion

The observed correlation between shell growth of A. islandica and
climate parameters underscores previous findings on the link between
climate variability and ecological dynamics.We concentrate here on the
decadal and multi-decadal variability. Fluctuations in circulation pat-
terns are concurrent with changes in sea level pressure, temperature
and sea ice. In turn, these environmental variables likely exert a great
influence on growth of bivalve mollusks (Gunter, 1957). Less sea ice,
and a tendency for stronger blocking of the atmosphere (favoring
higher food supply) re-occur at decadal time periods and increase
shell growth of A. islandica. Other hypotheses are related to wind,
ocean circulation and food dynamics on shell growth (Ambrose et al.,
2012; Carroll et al., 2011) which is probably also modulated on these
time scales.

We tested several climate pattern and found robust results when
shifting the months (not shown). It is likely that this robustness on
long time scales is due to the memory in the system during colder
months because the winter and early spring signal can survive in
the subsurface layers.

As seen in the wavelet spectrum (Fig. 5b), cycle strength and fre-
quency of shell growth vary through time. We observed a progressive
shift from quasi- (12 to 16 years) to multi-decadal (20, 30 and
50 years) modes from the 16th to the late 18th century and from
the early 19th century to modern times. At ~1820, the time interval
dominated by the low frequency mode was abruptly followed by
the 12- to 16-year mode. Quasi-decadal oscillations prevail during
the 16th and 19th centuries, whereas multidecadal cycles occur
predominantly 1600–1800 AD and during the 20th century. Quasi-
decadal variability is followed by multidecadal variability (~1600 and
~1860). The methods provide an inherent uncertainty related to long
time scales. However, as seen in independent SST data from the same
area (Fig. 8), the change in variance over time seems to be a robust
feature when looking for the last 500 years.

Pronounced variability in the 12 to 16 and 20-year bands has been
documented in detail for the instrumental period (Deser and
Blackmon, 1993; Dima and Lohmann, 2004). Deser and Blackmon
(1993) demonstrated that the wintertime SSTs, the sea-ice and the
atmospheric fluctuations over the subpolar gyre, change synchro-
nously on the decadal time scale (10–15 years). The sign of anomalies
indicates that quasi-decadal changes in SST and SLP over the subpolar
and subtropical Atlantic gyres mark coupled ocean–atmosphere in-
teractions (Kushnir, 1994; Park and Latif, 2005). According to the
509-year shell record, quasi-decadal climate variability was most pro-
nounced during the 16th century. This observation is corroborated by
historical documents (Ogilvie and Jónsson, 2001) and other climate
proxies which indicate an extraordinarily variable climate and a
significant increase in wind stress (Christiansen, 1998) in northern
latitudes near the beginning of the Little Ice Age (Lamb, 1965;
Trouet et al., 2012).

It is likely that themean climate during the 16th century has resulted
in a more vigorous quasi-decadal ocean, atmospheric circulation and sea
ice export, which may explain the prevalence of 12 to 16 and 20-year
modes in the shell record. Alternatively, this quasi-decadal mode might
be associated to a newmode of operation related to the background cli-
mate. Yoshimori et al. (2010) present a persistent, decadal oscillation in a
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coupled atmosphere–ocean general circulation model under cold
conditions, which is linked to anomalous subpolar gyre circulation
and sea ice. While the exact mechanisms of this mode may be
model dependent, it shows the possibility of a stronger oscillatory
mode under different background conditions. It is conceivable that
the documented highly variable climate as shown here is related to
a transition from the warm to the cold climate of the Little Ice Age,
in a similar way to that described by Hyde and Crowley (2002) in a
context of multi-millennial climate variability.

One drawback of our “All Iceland” chronology is that we have just
2–3 chronologies and we have to be careful with the discussion of
variance. Variance stabilization methods (Osborn et al., 1997) could
be applied to adjust for bias in variance caused by changes in sample
depth through time. However, this method is only applicable to time
intervals where a sufficient number of SGI series is available, i.e. in the
20th century. Therefore, it has to remain unanswered if the observed
larger year-to-year variance in time of major regime shifts (e.g., 16th
century) is true or result of low sample number. Butler et al. (2012,
this issue) also noted an increased year-to-year variance between
the Medieval Climate Anomaly and the Little Ice Age. Here, we show
independent evidence of increased multi-decadal variability in the
early part of the “All Iceland” chronology and the analysis of SST re-
constructions (Sicre et al., 2002). Consistent with the increased vari-
ability with cold climate, Wei and Lohmann (2012) found in a
modeling study that the amplitude of the multidecadal oscillation in-
creases when the mean overturning strength is reduced and when
the system is more vulnerable. It is likely that the wind stress and
storminess is largely affected in colder states (Lohmann, 2003;
Trouet et al., 2012) possibly affecting SGI.

The dynamics of the variability mode in SGI can be related to re-
gional temperature and sea ice characteristics, and are possibly relat-
ed to an atmosphere–ocean feedback in the North Atlantic (Wanner
et al., 2001, and references therein). Interestingly, it has been docu-
mented that anomalous SSTs near the coast of Newfoundland (as
seen in Fig. 7) can significantly affect the atmospheric circulation in
winter and spring (Barnston and Livezey, 1987; Palmer and Sun,
1985; Ratcliffe and Murray, 1970). Indeed, a positive SLP anomaly
over the North Atlantic for winter and spring is consistent with earlier
findings (Peng and Mysak, 1993; Peng et al., 1995). This circulation in
turn provides for a northward displacement of the Gulf Stream
(Frankignoul et al., 2001). An EOF analysis shows that the signature
of SGI is related to the second EOF in SLP. Skeje (2000) found that
the second EOF has a high temporal correlation with the sensible
heat loss of the Nordic Seas. This in turn correlates well with the sea
ice and Eurasian surface air temperature anomalies.

SGI variability on multidecadal time scales is strongly pronounced
during 1600–1800, a period of equatorward expansion of sea ice
(Ogilvie and Jónsson, 2001) which is most likely linked to enhanced
southward sea ice export and more vigorous variability (Fig. 5). This
is also consistent with Massé et al. (2008) indicating increased sea
ice off north Iceland after 1600 is clearly shown by paleoceanographic
data. A retreat of sea ice, associatedwithmild climates north of Iceland
is consistent with the lower frequency mode of SGI (Fig. 5). The
low-frequency variations of the Iceland sea ice extent anomaly are
also consistent with a recent reconstruction of the Fram Strait sea ice
export (Schmith and Hansen, 2003). Due to its prominence and
spreading path along east Greenland, the Great Salinity Anomaly in
the late 1960s represented a significant forcing reaching the Labrador
Sea convection region (Dickson et al., 1988). It was the first event in a
series of several significant salinity anomalies with decreasing ampli-
tudes ending in the late 1990s. Anomalous strong sea-ice export from
the Arctic through Fram Strait, associated with the Great Salinity
Anomalies (Schmith and Hansen, 2003), would increase the freshwa-
ter fluxes in the North Atlantic (Hilmer et al., 1998) and can modulate
the North Atlantic deep water formation (Häkkinen, 1999; Mauritzen
and Häkkinen, 1997).
Besides internal variability as discussed here, there might be ex-
ternal influences on SGI. Schöne et al. (2005a) mention extremely
low shell growth rates during 1816–1818 which are possibly the re-
sult of the environmental disturbances and reduced food supply
caused by a volcanic eruption of Mount Tambora in 1815 (Robock,
2001). A similar relation is found for several major tropical eruptions
between 1580 and 1600, falling within a period of extraordinarily
harsh and highly variable climate in Iceland (Ogilvie and Jónsson,
2001). More frequent shifts between temperature extremes during
this period may have also influenced primary productivity. The
exact synoptic view for these events will be subject of a future study.

5. Conclusions

We show that variations in annual shell growth around northeast-
ern Iceland are significantly related to several climate variables. In
order to understand the physical mechanisms behind SGI variability,
we evaluate composite maps of sea level pressure fields. Negative
SLP anomalies dominate around Greenland while positive SLP anom-
alies prevail over Europe during high values of increments (a blocking
situation). A reverse pattern occurs during years with low increments
in the shell. Along with high SGI, we find less sea ice and increased
temperatures north of Iceland. We suppose that under such condi-
tions, food levels are higher, supporting faster shell growth. The com-
posite map of SLP emphasizes a regional circulation pattern over the
North Atlantic realm. For relative high values of SGI, enhanced
blocking over Europe and advection from southwest is detected
(arrows). We evaluated the statistical link between SGI and climate
and therefore cannot explore the exact mechanism because of the
lack of a sufficiently detailed coupled model linking climate with
biology/ecology.

Compared to the NAO pattern, the SLP main pressure centers are
tilted with an axis of the dipolar pattern inclined northeast to south-
west. This structure represents a breakdown in the westerly zonal
flow through a region. Such blocking-like structures impede the
zonal flow in a limited sector of the atmosphere. Often, however,
such blocks will eventually spread across large areas of the hemi-
sphere. Atmospheric blocking is a large-scale mid-latitude atmo-
spheric phenomenon that induces significant climate anomalies
over various regions of the North Atlantic realm. Several studies
(Barriopedro et al., 2006; Luo and Wan, 2005; Rimbu and Lohmann,
2011; Shabbar et al., 2001) detected pronounced decadal variability
in atmospheric blocking frequency with imprints of the upper ocean
structure in winter and spring (e.g., Barnston and Livezey, 1987;
Palmer and Sun, 1985; Ratcliffe and Murray, 1970).

Observed surface temperature data over the last century shows
strong variability at multidecadal time scales. In our record, we find
enhanced variability of the proxy at the same time scales, and it ap-
pears that this oscillation had high amplitudes when the climate
was relatively cold. The link between SGI and climate might be relat-
ed to sea ice. Changes in food supply may result from variations in
primary productivity (Dickson, 1999). Interestingly, the SLP signature
is in phase with a wave structure that favors ice export variance in
dynamic–thermodynamic sea ice models (Cavalieri, 2002). This con-
nection on longer time scales is examined in instrumental data
(Dima and Lohmann, 2007) indicating that the climate shift in the
1970s can be part of a quasi-periodic behavior on multidecadal time
scales. Grosfeld et al. (2007) found an analog SLP response to Atlantic
multidecadal SST forcing in a twenty ensemble member integration,
indicating a deterministic response to SST anomalies. One can specu-
late that this circulation change supports increased sea ice export
from the Arctic to the North Atlantic in a similar way to that
suggested by Hilmer and Jung (2000). The sea ice export can influ-
ence the freshwater budget in the northern North Atlantic affecting
salinity and ocean circulation (Dickson et al., 1988). It is conceivable
that these climate oscillations linked to sea-ice export were a more
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pronounced feature during times when the climate was relatively
cold. The reduced influence of warm and moist air from the sea dur-
ing periods when the winters were relatively severe in Europe indi-
cates that blocking was a prominent feature of North Atlantic
climate. A. islandica records this phenomenon over centuries. As a log-
ical next step, we will analyzemore high-resolution proxy data cover-
ing the last millennium to identify decadal to multidecadal variability
as recorded here.
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