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[1] We report on a 1000 year long oxygen isotope record in sediments of the eastern
Norwegian Sea which, we argue, represents the temperature and transport of warm
Atlantic waters entering the Nordic Sea basin via the North Atlantic Drift and the large‐
scale Meridional Overturning Circulation. The single‐sample resolution of the record
is 2.5–10 years and age control is provided by 210Pb and 137Cs dating, identification
of historic tephra, and a 14C “wiggle‐match” dating method in which the surface reservoir
14C age in the past is constrained rather than assumed, thereby eliminating a large
source of chronological uncertainty. The oxygen isotope results indicate decade‐ to
century‐scale temperature variations of 1–2°C in the shallow (∼50 m deep) subsurface
which we find to be strongly correlated with various proxies of past solar activity.
The correlations are synchronous to within the timescale uncertainties of the ocean
and solar proxy records, which vary among the records and in time with a range of about
5–30 years. The observed ocean temperature response is larger than expected based on
simple thermodynamic considerations, indicating that there is dynamical response of
the high‐latitude ocean to the Sun. Correlations of our results with a gridded temperature
reconstruction for Europe are greater in central Europe than in coastal regions, suggesting
that the temperature and transport of warm Atlantic waters entering the Nordic Basin
and the pattern of temperature variability over Europe are both the proximate responses to
a change in the atmospheric circulation, consistent with a forced shift in the primary modes
of high‐latitude atmospheric variability.
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1. Introduction

[2] The proxy record of solar variability from cosmogenic
nuclides and telescopic observations of sunspots explains a
substantial fraction of reconstructed Northern Hemisphere
temperature variability during the pre‐Industrial portion of
the last millennium [e.g., Mann et al., 1998], with a simu-
lated range of up to 0.4°C for plausible irradiance scaling
and climate sensitivity [Crowley, 2000; Ammann et al.,
2007]. In the satellite era, the variation in Total Solar Irra-
diance (TSI) during recent ∼11 year “sun spot” cycles has
been 0.08–0.1%, with a global average surface temperature
response of 0.1 to 0.2°C [Lean et al., 2005]. At both the

intra‐ and supradecadal timescales there appear to be regional
responses to solar forcing that are significantly larger than the
global or hemisphere‐scale response [Woods and Lean, 2007;
Tung and Camp, 2008; Shindell et al., 2001], suggesting that
solar variations influence the atmospheric dynamics in addi-
tion to the planetary energy balance. The dynamical response
may also be expected to include the ocean [cf. White et al.,
1998; Mann et al., 2005], but the evidence of a sustained
solar influence on ocean temperature and circulation at high
latitudes remains in question [Bond et al., 2001; Turney et al.,
2005; Andrews et al., 2009]. Here we present an excep-
tionally well‐dated marine sediment sequence in the eastern
Norwegian Sea which records 1–2°C variations of temper-
ature in northward flowing Atlantic waters that are robustly
correlated with various estimates of solar activity spanning
the last 1000 years. The temperature and solar proxy varia-
tions appear to be synchronous within dating errors, which,
together with the large amplitude of the temperature signal
and its correlation into central Europe, suggests strong cou-
pling of the regional atmospheric and oceanic responses to
the Sun. We surmise that this may arise from a forced shift
in one or more modes of the high‐latitude atmospheric
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variability [cf. Shindell et al., 2001] that, in turn, influence
the transport of warm Atlantic water into the eastern Nor-
wegian Sea.

2. Materials, Setting, and Methods

[3] Our results come from paired sediment cores (multi-
core P1‐003MC and piston core P1‐003SC) located beneath
the axis of the warm Norwegian Atlantic Slope Current
(NwASC) in the eastern Norwegian Sea (Figure 1). The
core sites lie within the Storegga trough, formed by a large
submarine landslide that traversed the continental slope
∼8200 years B.P., creating a bathymetric catchment for sub-
sequent sediment infill of up 25 m in thickness [Sejrup
et al., 2004; Haflidason et al., 2004]. Recent rates of sedi-
mentation within the slide area are thus up to several mil-
limeters per year, providing for resolution of 2.5–10 years
in single 0.5 cm to 1.0 cm thick samples.
[4] The NwASC enters the Nordic Sea basin through the

Faroe‐Shetland Channel and its counterpart, the Norwegian
Sea Atlantic Current (NwAC), enters the basin east of Ice-
land (Figure 1). Together they comprise both the poleward
extension of the North Atlantic Drift Current and the northern
limb of the large‐scale Meriodional Overturning Circulation
(MOC). Locally the two branches of the Atlantic inflow are
relatively close together and appear in hydrographic sections
as an approximately 500 m thick, 200 km wide near‐surface

slab of warm (>5°C) and saline (>35 practical salinity units)
water [Orvik et al., 2001]. The Atlantic waters constitute the
principle reservoir of heat within the Nordic Sea basin,
influencing Sea Surface Temperature (SST), sea‐air heat
fluxes, and atmospheric temperatures over a broad region.
The local interannual variability of temperature within the
Atlantic waters is well explained by observed changes in
their volume transport, and both are apparently related to the
index state of the North Atlantic Oscillation (NAO) [Orvik
et al., 2001]. Maximum correlations are for summertime
volume transport at the Svinøy section (located in Figure 1)
and average late winter/early spring (February–March–
April) NAO index (R = 0.75 for the period 1976–1996 A.D.
[Mork and Blindheim, 2000]), suggesting that it is the
anomalous wind stress at the time of year when the NAO is
most active that determines the transport [Orvik and
Skagseth, 2003; Skagseth et al., 2004].
[5] Age control for the youngest 003MC sediments is from

210Pb and 137Cs dating back to ∼1850 A.D., as presented pre-
viously by Berstad et al. [2003], and identification of historic
tephra erupted in 1947 A.D. (“Hekla”), 1918 A.D. (“Katla”)
and 1875 A.D. (“Askja”) based on methods described by
Haflidason et al. [2000]. The agreement between Pb model
ages and historic tephra dates is 7–11 years (for Hekla 1947),
0–3 years (for Katla 1918), and 1–12 years (for Askja 1875),
with the stated ranges deriving from the stratigraphic thick-
ness of levels at which peak ash shard abundances were
measured. Dating of the 003MC sediments from ∼1695 A.D.
to ∼1875 A.D., and of the 003SC sediments from the core
top to ∼1000 A.D., is based on a 14C “wiggle‐match” method
adapted from Pearson [1986], as described below. The oldest
003MC sediments (which overlap the more rapidly depos-
ited 003SC sediments) were only sparsely dated using con-
ventional marine calibration of 14C ages [Hughen et al., 2004],
but with the surface ocean reservoir age determined by the
wiggle‐match method. The complete 003MC sediment age
model was constructed by polynomial fit to the 210Pb‐137Cs
age model after 1900 A.D., the wiggle‐match dates, and
the conventionally calibrated ages. The age models for both
cores and associated age controls are shown in Figure 2a
and tabulated in the auxiliary material (Tables S1 and S2).1

[6] The 14C wiggle‐match method has been used previ-
ously to construct extended chronologies in wood [Pearson,
1986] and for precise calendrical dating of uniformly depos-
ited peat sequences on land [e.g., Kilian et al., 1995]. In our
application, we seek to optimize the match of measured 14C
age of planktonic foraminifera versus sediment depth with
14C age versus calendar age anomalies in the MARINE04
calibration model [Hughen et al., 2004] that has been derived
previously from the INTCAL04 14C calibration based, in the
Holocene, on tree rings. The primary methodological assump-
tion is that both the sedimentation rate and any local devi-
ation of the marine mixed layer 14C age from the global
average MARINE04 model value (hereafter expressed as
DR [Stuiver et al., 1986]) are constant over the interval of
the wiggle match. The optimal match is therefore deter-
mined by a process of stepwise adjustment of the linear
sediment depth scale in order to obtain a minimum in the
root mean square deviation of the measured 14C ages (versus

Figure 1. Main warm water surface flows of the northern
North Atlantic and Nordic Sea basin, along with the locations of
sediment cores P1‐003MC and P1‐003SC (P1), Ocean Weather
Station Mike (M [Østerhus et al., 1996]), and the Svinøy
hydrographic section (S [Orvik et al., 2001]). The labels
“NwAC,” “NwASC,” and “NADC” refer to the Norwegian
Atlantic, Norwegian Atlantic Slope, and North Atlantic Drift
currents, respectively [Orvik and Niiler, 2002]. Underlying
advanced Very High Resolution Radiometer image is for
summer from theNationalOceanographyCentre, Southampton.

1Auxiliary materials are available in the HTML. doi:10.1029/
2010JC006264.
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depth) from the modeled MARINE04 value (versus calen-
dar age), analogous to the method of Pearson [1986]. Any
remaining mean offset between the measured 14C ages and
the MARINE04 model 14C age is then used to determineDR.
Wiggle matches for both studied cores are given in Figure 3,
where the sediment age model is determined by the rela-
tionship between horizontal depth and calendar age axes,
and DR is the offset between the vertical axes correspond-
ing to the measured planktonic 14C ages and the MARINE04
model 14C age. In a separate manuscript we describe a com-
putationally efficient method for the objective determination
of the optimal wiggle‐match values of core top calendar age
and sedimentation rate (which together describe the linear
age‐depth model) andDR, along with a formal description of

wiggle‐match dating errors. For the present work, we note
that wiggle‐match fit residuals for a single match spanning
the last ∼4000 years in the longer 003SC core (Figure 3a)
are generally within the 1‐sigma 14C measurement errors
and that 14C and calendar age uncertainties are of compa-
rable size. For the last 1000 years, the mean 1‐sigma 14C
measurement error is ±15 years (Table S2). An advantage
of the wiggle‐match method over the calibration of indi-
vidual ages is that intervals of little or no 14C age change in
the calibration relationship (so‐called 14C age “plateaux”)
that compromise conventional single‐sample calibration can
provide, in contrast, improved constraint of wiggle‐match
ages. And, most importantly in our marine application, DR
is determined explicitly rather than assumed, eliminating
an additional and potentially large source of chronological
uncertainty [e.g., Bard, 1988].
[7] The chronology used here for piston core P1‐003SC

is based on a single 14C wiggle match spanning the interval
from 1000 A.D. to 1550 A.D. (Figure 3b), yielding the linear
age‐depth relationship for this core in Figure 2a. The match
indicates a DR of 160 years prior to ∼1550 A.D. (400 years
B.P.). The lack of fit of the two youngest ages is, as shown
below, consistent with the 003MC results which suggest
an increase in DR after ∼1550 A.D. The sedimentation rate
indicated by the wiggle match for the last 1000 years is
0.097 cm/yr, similar to the long‐term average rate for the
last 4000 years of ∼0.1 cm/yr (Figure 3a).
[8] The 003MC Pb and Cs dating indicates gradually

decreasing sedimentation rate with depth (Figure 2a, the
result of dewatering), so we therefore restrict the interpre-
tation of the wiggle match for the multicore to a narrow range
in order to better satisfy the methodological assumption of
constant sedimentation rate. The match is anchored by the
depth and age of the Askja 1875 A.D. tephra (labeled in
Figure 3c), and yields age picks near the beginning and at
the end of the preceding 14C age plateau centered at 27 cm
of ∼1695 A.D. (255 years B.P.) and ∼1805 A.D. (145 years

Figure 2. Sediment age models (a) for multicore P1‐003MC
and piston core P1‐003SC based on 210Pb and 137Cs dating
(circles), identification of historic tephra (triangles), and
14C wiggle‐match dating (from Figure 3), which also con-
strains changes in DR, as described in the text. P1‐003MC
age control points labeled “W” are from wiggle matching,
and those labeled “C” are from calibration (Table S1). Also
shown are raw and smoothed oxygen isotope results for
003MC and 003SC cores (light and dark blue lines, respec-
tively) along with records of past solar activity (in red) from
(b) 10Be concentration in ice from South Pole, Antarctica
[Bard et al., 1997; Raisbeck et al., 1990]; (c) solar modu-
lation based on 14C in tree rings [Muscheler et al., 2007]
and neutron monitor data (in purple) [Neher, 1967]; and
(d) Group Sunspot Number [Hoyt and Schatten, 1998].
D, M, S, and W refer to the Dalton, Maunder, Spører, and
Wolf minima, respectively. The 10Be series (Figure 2a) is
shown with the smoothing of ∼30–40 years of Bard et al.
[1997]. The 14C‐based solar modulation (Figure 2c) is
shown with 11 year smoothing, and the GSSN (Figure 2d) is
annual. Correlation coefficients given in the text and Table 1
are always for comparable smoothing of the solar and
oxygen isotope series, which is described in the text.
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B.P.). The associated DR is 190 years prior to ∼1850 A.D.
(100 years B.P.). This compares to an average DR of 140 ±
20 years determined by 14C dating planktonic foraminifera
that were sampled close to the 1918 A.D. and 1875 A.D.
tephras (within 1.2 cm and 0.5 cm, respectively). The posi-
tion of the corresponding 14C ages (at 15 and 19 cm depth in
Figure 3c) ∼50 years below the wiggle match for the older
003MC ages is consistent with a change inDR to ∼140 years
sometime between ∼1805 A.D. and 1875 A.D. This value is
within the range of previous estimates of DR from coastal

mollusks in the Norwegian Sea for the late 19th and early
20th centuries [Mangerud et al., 2006, Figure 2].
[9] Our climate reconstruction is based on measurements

of d18O in Neogloboquadrina pachyderma (dextral form), a
planktonic foraminifer that calcifies at relatively shallow
depths within the Atlantic waters of the eastern Norwegian
Sea during late summer [Johannessen et al., 1994; Berstad
et al., 2003; Nyland et al., 2006]. In order to evaluate the
extent to which down core variations in N. pachyderma (dex.)
d18O reflect the temperature of these Atlantic waters, we
compare (Figure 4 (top)) down core isotope results on the

Figure 3. The 14C wiggle matches for cores P1‐003MC and P1‐003SC. The match seeks to obtain a fit
between down core measurements of 14C age in planktonic foraminifera (dark blue symbols) and the
MARINE04 global ocean mixed layer model (light blue solid curves). The latter is derived from the
INTCAL04 calibration relationship between the 14C age and calendar age of tree rings (light blue
dashed curves). The 14C age axes for a given match have the same range so that the local deviation
of marine 14C results from the MARINE04 global mixed layer age (DR) is simply the offset between
vertical axes. The sedimentation rate is assumed to be constant for the interval of the wiggle match and
its value (“m”) is determined by the relationship between the depth scale and calendar age scale on the
horizontal axes. (a) A wiggle match for P1‐003SC spanning the last ∼4000 years clearly shows the
structures of the MARINE04 model curve. (b) A shorter wiggle‐match window is used to constrain
the chronology of P1‐003SC after 1000 A.D. for the present study. (c) The 003MC wiggle match is
valid only for the interval between 19 and 33 cm (gray bar) and is anchored by the age and depth
of the oldest of the historic tephra, deposited in 1875 A.D. (“Askja”). The 14C results in the youngest part
of the 003SC record in Figure 3b indicate a change in DR after ∼350 calendar years B.P. (∼1600 A.D.)
to the value implied by the 003MC wiggle match in Figure 3c. The error bars are 1‐sigma. The 14C results
are from the University of Colorado at Boulder/University of California Irvine, with the exception of
measurements with larger errors which are from other laboratories (Tables S1 and S2).
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003MC Pb‐Cs age model with hydrographic observations
available since 1950 A.D. from Ocean Weather Station Mike
(OWSM, at 66°N, 2°E), located approximately 200 km north
of the core sites and within the NwAC (Figure 1). Tempera-
tures in Figure 4 (top) are yearly averages for July–August–
September (JAS) from 50 m depth, and temperature and
isotope axes are scaled according to the relationship expected
for temperature‐dependent isotope fractionation between sea-
water and calcite (i.e., approximately −0.25‰/°C based on the
linear approximation of the (d18Ocalcite‐d

18Owater):T rela-
tionship at low temperatures of Shackleton [1974]). The
range of measured N. pachyderma (dex.) d18O is compara-
ble to that expected due to the observed temperature changes
and many of the features of the d18O and temperature series
are shared. There is, however, a conspicuous scale (but not
amplitude) offset in the mid‐1970s to mid‐1980s that may
be due to atypical development of the summer season in that
period, which contains the coldest July (1976, blue triangle
in Figure 4 (top)) and some of the warmest Septembers of
the record (individual summer monthly temperatures are
given in Figure S1). Thus, 3 month JAS averages may be
less representative of the range of possible short‐term
growth temperatures during this interval. In order to esti-
mate the possible contribution of salinity changes to the
isotope signal, we calculated equilibrium calcite d18O values
for 50 m JAS temperature and salinity pairs from OWSM
using a salinity versus d18Owater relationship for the Atlantic
from Ostlund et al. [1987] and the linear “paleotemperature”
equation of Shackleton [1974] just mentioned. The calcu-
lated values have been corrected arbitrarily by −1.09 ‰ for
presentation on the N. pachdyderma (dex.) scale (open
circles in Figure 4 (top)) and indicate that, at least since
1950 A.D., the influence of salinity on the expected isotope
signal has been negligible. Differences between the N. pachy-
derma (dex.) d18O and temperature series are most likely
due to variable smoothing by the sediment record (with a
mean resolution of 2.5 years in this interval), variations in
the weighted mean timing and depth of N. pachyderma (dex.)
calcification, uncertainties of the Pb and Cs age model and,
possibly, authentic differences between hydrographic vari-
ation at OWSM (in the NwAC) and at the core site (in the
NwASC). Due to the complications of reconstructing abso-
lute isotope paleotemperature [cf. Nyland et al., 2006] we
restrict our interpretation to a discussion of relative temper-
ature variation. To do this we apply a scaling of −0.25‰/°C,
which is at the high sensitivity end of available calibrations
(which are otherwise for warm water [cf. Bemis et al., 1998]).
This can be expected to yield relatively conservative isoto-
pic estimates of temperature change. Because N. pachy-
derma (dex.) calcify in the shallow subsurface, we will refer
to reconstructed temperatures as variations of near SST or
nSST.

3. Results

[10] Raw and temporally smoothed d18O results for both
cores are given in Figure 2b. We applied both 11 and
30 year smoothing to the d18O data of the last 100 years
(Figure 2b versus Figures 2c and 2d, respectively) in order
to permit comparison with solar proxy records of different
resolution. For the older parts of the series, where the single
sample resolution is 7–10 years, we apply a 30 year

Figure 4. Comparison of P1‐003MC isotope results with
hydrographic observations and the annual NAO index.
(top) P1‐003MC N. pachyderma (dex.) d18O on the 210Pb
and 137Cs age model (Table S1) and ocean temperatures
for the approximate season and depth of N. pachyderma
(dex.) calcification. Temperatures are annual averages for
July–August–September (JAS) from 50 m depth at Ocean
Weather Station Mike (OWSM, located in Figure 1). Tem-
perature and isotope axes are scaled according to the relation-
ship expected for temperature‐dependent isotope fractionation
between seawater and calcite (∼−0.25°C/‰ at low tem-
peratures [Shackleton, 1974]). Estimates of equilibrium
calcite d18O values for 50 m JAS temperature and salinity
pairs from OWSM (dark blue circles) have been corrected
arbitrarily by −1.09 ‰ for presentation on the N. pachdy-
derma (dex.) scale. Missing years in the hydrographic ob-
servations are identified by open triangles on the horizontal
axis. The blue triangle marks the coldest July of the record,
which corresponds with a d18O maximum (isotopic cooling)
at the beginning of the interval of proxy temperature mis-
match discussed in the text. The average single‐sample
resolution of the sediment record across the interval of
comparison with the hydrographic data is 2.5 years. (bot-
tom) N. pachyderma (dex.) d18O as in Figure 4a and the
annual NAO index with (thick line) and without (thin line)
3 year smoothing, which has been applied to approximate
the resolution of the sediment record. The NAO index is
from the Climate Analysis Section, NCAR, Boulder, United
States [Hurrell, 1995].
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smoothing only. The smoothed 003MC and 003SC series
show similar patterns of isotopic variation for the period
of overlap, suggesting that the reconstructions are robust
despite differences in sedimentation rate and sample reso-
lution between cores. Lowest isotope values (highest tem-
peratures) of the last millennium are seen ∼1100–1300 A.D.,
during the Medieval Climate Anomaly [Bradley et al.,
2003], and again after ∼1950 A.D. The largest and most sus-
tained isotopic increases (coolings) are centered at ∼1500 A.D.
and ∼1700 A.D., corresponding to the regional Little Ice
Age [Jones and Bradley, 1992]. Isotopic increases at these
times are ∼0.3 ‰, indicating decreases of nSST of 1–1.5°C.
After smoothing, the amplitude of nSST change over the last
millennium is 1.5–2°C.
[11] The presence of medieval and 20th century warmth

and Little Ice Age cooling in our records suggests a possible
connection to known solar variations at these times (i.e., the
Spører and Maunder minima and medieval and modern max-
ima, respectively [Eddy, 1976; Frohlich and Lean, 2002]).
In Figures 2b–2d we compare the Norwegian Sea results
directly with proxies of solar variability that span all or part
of the last millennium on their independently derived age
scales. These include changes in 10Be concentration in ice
from South Pole, Antarctica [Bard et al., 1997; Raisbeck
et al., 1990] (Figure 2b), an estimate of cosmic ray modu-
lation by the Sun’s open magnetic flux based on D14C
variations in tree rings [Muscheler et al., 2007] (Figure 2c),
and telescopic observations of Group SunspotNumber (GSSN)
since 1610 A.D. [Hoyt and Schatten, 1998] (Figure 2d).
Absolute values of the correlation of Norwegian Sea isotope
results with the 10Be‐ and 14C‐based solar proxies are 0.79
and 0.54, respectively, and both are significant at the 99%
level (Table 1). For the period after 1500 A.D., during which
we have greatest confidence in the sediment age model,
correlations with the various solar proxies range from ∣R∣ =
0.71 to 0.87 (all significant at >99%). The weaker correlation
of the complete d18O record with the 14C‐based solar series
arises primarily from the large amplitude variability in the
solar proxy between 1300 and 1450 A.D. that is not seen in
the temperature proxy (Figure 2c).
[12] Similarity in both timing and amplitude of 30 year

smoothed d18O and South Pole 10Be series in Figure 2b

suggest an approximately linear response of near‐surface
temperature in the eastern Norwegian Sea to solar variations
of the last millennium. (The alternative interpretation of
changes in the mechanism of 10Be deposition at the South
Pole that are linear in North Atlantic climate is highly
unlikely). The d18O‐10Be relationship is on average syn-
chronous to within a timescale determined by the resolution
and the nonstationary age uncertainties of the individual
records of up to ∼30 years (Figure S2). After ∼1800 A.D.,
d18O appears to lead South Pole 10Be (Figure 2b), whereas
the comparison with the better resolved and better dated
14C‐ and GSSN‐based solar proxies (Figures 2c and 2d)
indicates a relationship that is synchronous. In contrast
to the South Pole 10Be versus d18O relationship, the first and
second halves of the 14C‐based solar series show significant
differences in amplitude scaling with respect to d18O. This
may be due in part to a change in resolution of the INTCAL
D14C record, from which the 14C‐based solar reconstruction
has been derived, from decadal to annual at 1500 A.D. In
addition, this may be the result of a change in the ocean cir-
culation that has influenced the partitioning of 14C between
the deep ocean and atmosphere.
[13] On balance, the observed relationship of nSST and

solar proxies suggests a climate response to the Sun within
the characteristic inertial timescale of the upper ocean,
which is one to several decades [Stouffer, 2004]. Recurrent,
episodic volcanic forcing may also influence the ocean cli-
mate signal at this timescale [Weber, 2005], however, our
results indicate that approximately 50–70% of the observed
multidecadal to century‐scale d18O variation may be explained
by solar forcing alone.

4. Discussion

[14] Despite uncertainty in relating solar proxies to abso-
lute variations of the TSI (or the spectral irradiance) [Lean
et al., 2002], it is clear that temperature changes of 1–2°C
are large with respect to global or hemisphere‐scale surface
temperature changes expected in direct response to plausible
long‐term variations of the TSI in the range of 0.1 to 0.4%.
The latter equate to changes in radiative forcing of 0.2 to
0.9 W/m2 (i.e., top‐of‐atmosphere TSI*(1–0.3)/4), which
may be expected to produce a temperature response of 0.1 to
0.5°C (given, for example, a transient climate response of
∼0.5°C per W/m2 [Intergovernmental Panel on Climate
Change, 2007]). As simple thermodynamic considerations
would lead us to expect smaller temperature changes at
the ocean surface than over land, the relatively large near‐
surface temperature signal we document points to significant
regional amplification arising from a dynamical response of
the atmosphere‐ocean system.
[15] The leading dynamical modes of atmospheric vari-

ability in the mid‐ to high latitudes of the Northern Hemi-
sphere are the NAO and the related Arctic Oscillation (AO)
(we followWallace [2000] in regarding the NAO and AO as
the surface expressions of the Northern Annular Mode at
different spatial scales). The states of both the NAO and AO
can be defined in terms of differences in surface pressure
between the Arctic and the midlatitudes, where the positive
index state (negative anomaly of Arctic pressure) is asso-
ciated with enhanced westerly flow of warm ocean air into

Table 1. Correlation R Between the Oxygen Isotopic Series and
Various Solar Proxy Reconstructionsa

P1‐003MC/SC d18O
Compared to

Complete
Series From 1500 A.D. Only

Bard smoothed South Pole 10Be
concentration

0.79 (32) 0.87 (15)

11 year/30 year smoothed
14C‐based Phi

−0.54 (37) −0.71 (21)

30 year smoothed 14C‐based Phi −0.54 (31) −0.71 (15)
11 year/30 year smoothed GSSN −0.80 (17, from 1625)
30 year smoothed GSSN −0.80 (11, from 1625)

aPhi, solar modulation factor; GSSN, Group Sun Spot Number. Estimated
number of degrees of freedom is given in parentheses. All correlations are
significant at the >99% level. The marine isotope record has been subjected
to 30 year smoothing, except for the comparison to the better resolved and
dated 14C‐based and GSSN reconstructions, where the smoothing is 11
years after 1900 A.D., as explained in the text. The solar series are
smoothed in the same way as the oxygen isotope series for all correlations.
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central and northern Europe and the negative index state
(positive anomaly of Arctic pressure) is characterized by a
weakened zonal circulation and greater penetration of Arctic
air over the continent. As a result, the NAO/AO exerts a
large influence on the climate of the European and North
Atlantic sectors, most notably in wintertime when the large‐
scale atmospheric circulation is more active. A number of
studies have documented the imprint of NAO/AO‐like
spatial patterns of temperature variability in European and
Northern Hemisphere climate reconstructions spanning the
last few centuries [cf. Mann et al., 1998; Slonosky et al.,
2001; Casty et al., 2007]. It also appears that these (or
similar) patterns can be elicited as a forced response to solar
variations in some numerical models (through a range of
mechanisms [cf. Haigh, 1999; Shindell et al., 1999, 2001;
Emile‐Geay et al., 2007]). For example, using a General
Circulation Model with an interactive stratosphere, Shindell
et al. [2001] show a temperature response to a decrease in
spectral irradiance during the Maunder minimum that is well
characterized by a low index state of the model’s AO/NAO.
A solar influence on the regional modes of atmospheric
variability is now also evident in the instrumental record
[Kodera and Kuroda, 2002; Ruzmaikin et al., 2004; Haigh
and Roscoe, 2006].
[16] We have already noted the present‐day relationship

between the NAO, anomalous wind stress, and the tem-
perature and transport of Atlantic waters in the eastern
Norwegian Sea at the interannual timescale [i.e., Mork and
Blindheim, 2000; Orvik and Skagseth, 2003; Skagseth et al.,
2004], while the correlation of d18O and solar proxies we
observe over the last millennium indicates a persistent solar
influence on the warm water transport at the decade to
century timescale. We surmise that the latter may result from
a shift in the regional modes of atmospheric variability
under sustained solar forcing [cf. Shindell et al., 2001], with
the warm water transport responding directly to altered
wind stress [cf. Krahmann et al., 2001] and/or indirectly to
altered buoyancy forcing of the MOC [Delworth and Dixon,
2000; Eden and Willebrand, 2001].
[17] In order to characterize the relationship between our

record of Atlantic water temperature and transport and the
regional climate variability in the past, we chose to calculate
correlations of eastern Norwegian Sea d18O with the 0.5° ×
0.5° gridded seasonal temperature reconstruction for Europe
of Luterbacher et al. [2004], which covers the last 500 years
and therefore spans several large, apparently forced nSST
cycles. (Unfortunately, the lack of adequately resolved and
dated marine records does not permit us to evaluate the
correlation field over the ocean.) Both the sediment record
and the gridded reconstruction were smoothed by 30 years
prior to correlation. The instantaneous map correlation pattern
for gridded annual mean temperature is shown in Figure 5a.
The annual pattern is dominated by those for winter and
spring (not shown), and is marked by large and significant
negative d18O versus map temperature correlations (i.e.,
positive for ocean versus map temperature) in central Eur-
ope that diminish steeply toward Iceland and the Middle
East. The fact that maximum correlations are observed in
central Europe and not in Atlantic coastal areas argues
against a mainly localized or “maritime” influence of the
warm water transport on the pattern of regional temperature
variability and instead for relatively discrete responses of

both the warm water transport and the regional temperature
variability to the atmospheric circulation. The lag correlation
functions of Norwegian Sea d18O versus individual seasons
in the gridded reconstruction are given in Figure 5b as the
quadratic mean of R for all map grid points by year either
before or after the sediment record. These show the largest
and most immediate correlations in winter and spring when
the atmospheric circulation is most vigorous and the
amplitude of temperature variability in the gridded recon-
struction is greatest.
[18] We next consider the relationship between the spatial

correlation pattern in Figure 5a and that for late winter/early
spring NAO index versus annual mean surface temperature
in the instrumental period, which is given in Figure 5c. Both
show pronounced zonal structures with correlation maxima
extending across central Europe. The similarity of spatial cor-
relations elicited by the sediment d18O and seasonal NAO
index is thus consistent with the suggestion that both the
warm water transport and the patterns of regional tempera-
ture charge were proximate responses to a forced shift in the
NAO/AO‐like (or, more broadly, annular) modes of vari-
ability in the past. As the regional forcing of the warm water
transport in the eastern Norwegian Sea appears to be greatest
in late winter/early spring, Figure 5c is a plausible physical
analog for the d18O versus map temperature relationship in
Figure 5a, although the timescales considered are different.
We obtain a similar result for the modern correlation using
the annual average annual NAO index (Figure S3).
[19] Variations in the warm water transport might also

arise from a solar influence on the MOC that is indepen-
dent of the NAO/AO. In the instrumental record, apparently
unforced variability of the MOC is detectable as a North
Atlantic basin‐wide SST anomaly of common sign known as
the Atlantic Multidecadal Oscillation (AMO [Kerr, 2000]).
In contrast to those for the 003MC/SC d18O record or the
NAO indices, correlations of the AMO index [Enfield et al.,
2001; Sutton and Hodson, 2005] into Europe are largest in
Scandinavia and weak in central Europe (Figure 5d). We
therefore suggest that the solar influence on near‐surface
temperatures of the eastern Norwegian Sea is exerted pri-
marily through a dynamical response of the atmosphere,
consistent with a prior analysis of the instrumental record of
SST and sea level pressure at the global scale [Lohmann
et al., 2004].

5. Conclusions

[20] We have presented an oxygen isotopic proxy record
of near‐surface temperature of Atlantic waters from the area
of their primary flow into the eastern Norwegian Sea and
find that it is robustly and near‐synchronously correlated
with various proxies of solar variability spanning the last
millennium. The associated decade‐ to century‐scale varia-
tion of estimated nSST ranges from 1 to 2°C, significantly
larger than expected based on thermodynamic considera-
tions alone. We suggest that this is due to a solar influence
on the regional modes of atmospheric variability which, in
turn, control the poleward transport and temperature of
warm Atlantic surface waters. Our findings beg the question
of why such a clear connection has not been detected pre-
viously. This may be due to improved dating of our record
and, in particular, our use of a 14C wiggle‐match dating
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method in which the surface 14C reservoir age in the past is
constrained rather than assumed. In addition, the study site
is located in an area where today the basin‐scale wind
forcing exerts a strong control on the local Atlantic water
temperature and transport.
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