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Abstract Changes in the Atlantic Meridional Overturning Circulation (AMOC) have commonly been
invoked to explain the low-frequency climate changes evident over millennial-multidecadal timescales
during the Holocene period. While there is growing evidence that deep ocean circulation varied onmillennial
timescales, little is known about ocean variability on shorter timescales. Here we use a marine sediment
core (GS06-144-09MC-D) recovered from a high accumulation rate site on the Gardar Drift in the Iceland Basin
(60°19′N, 23°58′W, 2081m) to reconstruct decadal-centennial variability in the vigor of Iceland-Scotland
OverflowWater (ISOW) with the paleocurrent proxy “sortable silt”mean grain size SS

� �
. Our SS record reveals

that changes in ISOW vigor have occurred on multidecadal-centennial timescales over the past ~600 years;
similar timescales as documented in Atlantic Multidecadal Variability observations and reconstructions. Our
findings support a link between changes in basin-wide climate and deep ocean circulation.

1. Introduction

The Atlantic Meridional Overturning Circulation (AMOC) is widely hypothesized to affect climate variability over
millennial [e.g., Bianchi and McCave, 1999; Bond et al., 1997; Hall et al., 2004; Oppo et al., 2003] to multidecadal
timescales [Knight et al., 2005; Sutton and Hodson, 2005; Zhang et al., 2007]. There is substantial empirical evi-
dence documenting millennial scale variability in deep circulation and properties of the Atlantic Ocean during
the Holocene [Chapman and Shackleton, 2000; Hall et al., 2004; Manighetti and McCave, 1995; Oppo et al., 2003]
and past interglacial periods [Hodell et al., 2009]. Reconstructions using the paleocurrent proxy “sortable silt”

mean grain size (hereafter SS , i.e., McCave and Hall [2006] and McCave et al. [1995]) reveal that variations in
the vigor of Iceland-Scotland Overflow Water (ISOW), an important constituent of the AMOC [Dickson and
Brown, 1994; Hansen and Østerhus, 2000], have occurred throughout the Holocene period on multimillennial
to centennial timescales [Bianchi and McCave, 1999; Hoogakker et al., 2011; Kissel et al., 2013; Thornalley et al.,
2013]. However, much less is known about the natural variability of ISOW on multidecadal to centennial
timescales beyond the last two centuries [i.e., Boessenkool et al., 2007a]. These higher frequency changes are
particularly relevant for contextualizing the current ocean and climate changes and evaluating the wide range
of AMOC variability exhibited by (unforced and forced) model simulations.

An example of high-frequency climate variability is the Atlantic Multidecadal Variability (AMV), a basin-wide
change in the spatial pattern of sea surface temperature’s (SST) of the North Atlantic, which is thought to
impact Sahel and North American rainfall patterns and drought [e.g., Enfield et al., 2001; Goldenberg et al.,
2001; Knight et al., 2006], as well as the variability in Arctic sea ice [Miles et al., 2014]. AMV reconstructions
based on tree ring chronologies [Gray et al., 2004a] and multiproxy studies [Mann et al., 2009; Svendsen
et al., 2014] reveal that the AMV has been a consistent feature of the climate system for the past 1500 years
and perhaps persisted throughout the past 8000 years [Knudsen et al., 2011]. While a number of studies have
suggested a potential AMOC link, either as an important driver of [Delworth and Mann, 2000; Knight et al.,
2005; Vellinga and Wu, 2004; Wei and Lohmann, 2012] or responder to AMV changes [Clement et al., 2015],
empirical support for changes in ocean circulation related to AMV has been lacking.

Another important climate change driver on decadal timescales is the atmospheric pattern known as the
North Atlantic Oscillation (NAO [Hurrell, 1995]), which is the most prominent atmospheric pattern in the
Atlantic region. Modern observations support a link between the NAO and the lower limb of the AMOC
through formation of Labrador Sea Water (LSW), due to deep winter convection in the Labrador Sea [e.g.,
Dickson et al., 1996; Visbeck et al., 2003; Yashayaev et al., 2007]. A reconstruction of ISOW flow speed changes
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using the paleocurrent proxy SS has revealed an inverse correlation with the NAO during the past ~230 years,
where the reduced (increased) ISOW during a positive (negative) NAO phase was suggested to reflect
increased (decreased) entrainment of LSW into ISOW [Boessenkool et al., 2007a]. While revealing, little more
than two centuries of ISOW variability is not sufficient to fully evaluate whether such decadal-scale changes
in overflow vigor are reflecting changes in ISOW or NAO induced changes in LSW; thus, longer records of
ISOW variability are needed in order to address this potential mechanism properly.

To investigate multidecadal to centennial variability in the vigor of ISOW and evaluate its relationship to cli-
mate during the past ~600 years, we use a core recovered from the northern part of the Gardar Sediment Drift
(Figure 1). The Gardar Drift is an elongated contourite, deposited under the influence of ISOW as it flows as a
deep (western) boundary current along the eastern flank of the Reykjanes Ridge in the Iceland Basin
[Faugères et al., 1999; Kidd and Hill, 1987; Ruddiman, 1972; Wold, 1994]. The surface waters of the Iceland
Basin are influenced by the Subpolar Front, which separates the cold and fresh surface waters of the
Subpolar Gyre from the warmer and more saline subtropical waters, associated with the North Atlantic
Current (NAC) [Bersch, 2002; Lacan and Jeandel, 2004].

2. Materials and Methods

The chronology for the 44 cm longmulticore GS06-144-09MC-D is based upon 210Pb excess dates from the top-
most 7.25 cm and two accelerator mass spectrometry (AMS) 14C dates measured on monospecific samples of
Neogloboquadrina incompta (previously Neogloboquadrina pachyderma dextral, i.e., Darling et al. [2006]) at
11.5 cm and 30 cm down core. The two AMS 14C dates are calibrated using the Marine 13 calibration curve
[Reimer et al., 2013] assuming a standard reservoir age correction of 400 years, and the age-depth model for

Figure 1. Bathymetric map over the North Atlantic basin with arrows indicating the schematic circulation and spreading path-
ways of the different branches of inflowing (solid lines) and outflowing (stippled lines) water from the Nordic Seas that forms a
portion of the Atlantic Meridional Overturning Circulation. The approximate extent of the Gardar sediment drift is marked with
gray shading (and stippled white outline). The location of core GS06-144-09MC-D (60°19N, 23°58W, 2081m water depth) is
markedwith a yellow circle, as is the other core used in this study; RAPID 21-12 B (57°27.09′N´, 27°54.53′W, 2630mwater depth)
after Boessenkool et al. [2007b]. (NAC: North Atlantic Current; IC: Irminger Current; NIIC: North Icelandic Irminger Current;
EGC: East Greenland Current; ISOW: Iceland-Scotland Overflow Water; DSOW: Denmark Strait Overflow Water; NADW: North
Atlantic DeepWater; CGFZ: Charlie-Gibbs Fracture Zone) The bathymetric mapwas generated with GeoMapApp (http://www.
geomapapp.org) using the base map of Ryan et al. [2009].
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the full record is constructed using a smoothed spline curve through the 210Pb and AMS 14C dates calculated at
±1σ confidence ranges using “clam” software [Blaauw, 2010], operated through the open-source statistical soft-
ware “R” [R Core Team, 2014]. The average dating uncertainty of the core is ± 40years, with lower uncertainties in
the upper (7.25 cm) 210Pb dated interval (less than±3 years) and higher uncertainty below (±49 years).
However, true uncertainty could be larger due to uncertainty in the underlying assumptions (e.g., constant
reservoir age and constant 210Pb flux without bioturbative redistribution). Based on this chronology, the
average sedimentation rate of the core is 77 cm/1000 years, providing a sample spacing of 7 years between
every 0.5 cm sample (see supporting information for more details about how the age model is constructed).

We reconstruct changes in the vigor of ISOW from size variations in the sediment proxy SS. The SS paleocur-
rent proxy is based on the sedimentary characteristics of the 10–63μm fraction of terrigenous silt particles
[Bianchi et al., 1999;McCave and Hall, 2006;McCave et al., 1995], with increases (decreases) in mean grain size

indicating relatively higher (lower) bottom velocities. The SS was measured on a Beckman Coulter Multiziser
3, Coulter Counter® (the analytical precision is better than 4% [Bianchi et al., 1999; Hall et al., 2004]). Here we
report averages of duplicates (see supporting information). The signal, or range of grain size variability down
core (~2.5μm), exceeds the average standard error of the mean (±0.31μm) for the record.

3. Results and Discussion

Our SS reconstructions reveal that the near-bottom flow speed across the Gardar Drift has varied on
decadal-centennial timescales throughout the past ~600 years (Figure 2). For instance, there are four pro-
minent multidecadal to centennial scale cycles between 1530–1605 A.D., 1605–1730 A.D., 1855–1940 A.D.,
and 1940–2006 A.D. Although our record represents the flow speed variability in only one locality along the

flow path of ISOW, it captures the main variability observed in the shorter SS record collected more than
100 km further south on the central Gardar Drift and more than 600m deeper [Boessenkool et al., 2007a,
2007b], suggesting a common element of large-scale changes in bottom water flow speed (Figure 2a).

Although the two SS records are only weakly correlated (r = 0.41, at zero years lead/lag, see Figure S5 in
the supporting information), they show a clear in-phase relationship during the twentieth century when
our age models are most certain. Any offsets prior to the midnineteenth century could be the result of
age model uncertainties (on average ± 49 years), migrations in the flow path of ISOW relative to one of
the core sites, or competing local influences. We suggest that variability in ISOW vigor [or density cf.,
Langehaug et al., 2016], which influences sediment deposition at both of these locations, is the most likely
cause for this common signal. Thus, our record effectively reproduces and extends the Boessenkool et al.
[2007a] decadal-centennial record of ISOW variability through the past ~600 years.

Direct comparison between our SS record with instrumental and reconstructed AMV reveals clear similarities,
with periods of strong ISOW associated with Atlantic-wide warmth (Figure 2b). During the past two centuries
there is a strong correlation between our reconstructed ISOW changes and the instrumental AMV record
(r = 0.68–0.79 [Enfield et al., 2001], see supporting information Figure S5) as well as AMV reconstruction
based upon marine multiproxy records (r = 0.71–0.65 [Svendsen et al., 2014]) when ISOW lags behind the
AMV by 0–20 years. The relatively short time lag of ISOW behind AMV may reflect the response time of the
overflow to ocean surface changes. The 0–20 year lag by ISOW behind basin-wide Atlantic climate is also

observed between the SS record and the AMV reconstructions constructed from tree ring chronologies
gathered from locations around the rim of the Atlantic that are known to be strongly affected by Atlantic
SSTs (r = 0.35–0.41 [Gray et al., 2004b]), as well as from the 1500 year long AMV global multiproxy reconstruc-

tion by Mann et al. [2009] (r = 0.41 when SS lags by 19 years).

While the SS AMV comparison reveals that the deep ocean flow clearly varies on similar timescales as the
basin wide climate (AMV), it is important to note that the precise phasing is difficult to determine given that
the cumulative effect of age model uncertainties (e.g., analytical, initial assumptions, and reservoir changes)
at any given point are likely more than half of the duration of any individual AMV oscillation. Prior to 1900A.
D., this is certainly the case as the nominal uncertainty for this interval is ± 49 years; typical to AMS 14C-based

chronologies. Despite the absolute age uncertainties, it is encouraging that the bottom flow signal SS
� �

is

reproduced at two independently dated Gardar Drift study sites (Figure 2a), demonstrating the same signal
and timing is reproducible at widely spaced localities. Thus, while our results suggest that AMV and deep
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Figure 2. (a) Raw (thin red) and 3-point smooth (thick red, ~20 year running average) SS data from core GS06-144-09MC-D
(2081m water depth) plotted against a ~20 year running average (9-point smooth) of Boessenkool et al. [2007b] SS data
from core Rapid-21-12B (green, 2630m water depth), as well as 20 year running average (20-point smooth) of the winter
North Atlantic Oscillation Index (NAO, orange curve) of Trouet et al. [2009]. (b) The raw (thin red) and smoothed (thick red)
SS record from core GS06-144 09MC-D plotted against a 20 year running average of the marine-based multiproxy AMV
reconstruction by Svendsen et al. [2014] (blue curve, 20-point smooth) based upon principal component analysis, a 20 year
smooth of the detrended instrumental AMV record (purple curve, 20-point smooth [Enfield et al., 2001]; gathered from the
Kaplan SST database http://www.esrl.noaa.gov/psd/data/timeseries/AMO/), a 20 year smooth of the detrended AMV
reconstruction by Gray et al. [2004b] (black curve, 20-point smooth) based upon tree ring chronologies, and a ~23 year
smooth of the detrended multiproxy AMV reconstruction by Mann et al. [2009] (gray curve, 9-point smooth) based upon
principal component analysis.
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ocean circulation varied on similar timescales over the past 600 years, determining the precise phasing will
ultimately require independent and absolute age control points.

Our bottom flow reconstructions demonstrate that at least one major branch of the AMOC, the ISOW, was
actively varying on AMV timescales over the past ~600 years. In themost general sense, this supports the sug-
gestion that variations in AMOC could be sensitive to multidecadal climate variability as found in forced and
unforced model simulations [Delworth and Mann, 2000; Kerr, 2000; Knight et al., 2005; Sutton and Hodson,
2005]. However, in simulations the shallower overturning component associated with LSW formation is typi-
cally the most sensitive to both internal [Delworth and Mann, 2000; Jungclaus et al., 2005; Langehaug et al.,
2012] and external forcing (e.g., volcanic and solar: Otterå et al. [2010] and Swingedouw et al. [2011]).
Boessenkool et al. [2007a] observed that ISOW was inversely correlated to NAO during the instrumental per-
iod, suggesting that the overflow was sensitive to synoptic scale atmospheric forcing. We find from compar-

ison between our SS record and a reconstructed winter NAO index covering the last millennium [Trouet et al.,
2009] that the inverse relationship is only apparent during the twentieth and fifteenth century (Figure 2a, see
also Figure S5 in the supporting information), suggesting that the relationship between the NAO and ISOW
during the past 600 years is more complex than the simple linear relationship observed during the instru-
mental period. Boessenkool et al. [2007a] proposed that this antiphasing between NAO and ISOW was due
to the moderating influence of LSW formation and its effect on entrainment and/or hydrographic pressure
gradients across the Greenland-Scotland Ridge (GSR). While extended high-resolution records of LSW forma-
tion are required in order to evaluate the role of LSW as a mediator of ISOW vigor, models suggest a number
of additional alternatives for how synoptic scale atmospheric forcing could alter exchanges across the GSR.
For example, NAO changes affect both a rapid barotropic response (NAO induced changes in wind stress
—increased inflow through the Faroe Shetland Channel leads to decreased overflow through the Faroe
Shetland Channel and increased overflow through the Denmark Strait, i.e., Sandø et al. [2012]) and a more
gradual response via its influence on convection in the Greenland and Iceland Seas [Jungclaus et al., 2008].
In addition to NAO, other atmospheric forcing could also alter GSR density gradients. For example, the
Scandinavian and East Atlantic Patterns have both been suggested to influence exchange across the GSR
[Langehaug et al., 2012; Medhaug et al., 2012].

Regardless of how the changes in deep circulation vigor are ultimately triggered, our results suggest that at
least one major branch of the AMOC is active on multidecadal timescales. There is both model and observa-
tional evidences suggesting that the Upper North Atlantic DeepWater, fed by convection in the Labrador and
Irminger Seas, has been particularly sensitive to climate and buoyancy forcing [Danabasoglu et al., 2012;
Dickson et al., 2002; Yashayaev et al., 2008]. Our records suggest that the flow of a major constituent of lower
NADW (the ISOW) has also been actively varying during the multidecadal climate variability in the Atlantic
over the past half millennium. The observation that at least one of the GSR overflows is variable on
multidecadal timescales is significant, as together, these overflows and their entrained components ulti-
mately comprise the vast majority of newly ventilated deep water in the North Atlantic (~70% of NADW
[Dengler et al., 2006; Haine et al., 2008; Schott et al., 2004]). This persistent multidecadal variance in the lower
branch of the overturning circulation (ISOW) supports the notion that the overturning either drove [e.g.,
Delworth and Mann, 2000; Knight et al., 2005; Vellinga and Wu, 2004; Wyatt et al., 2011] or provided inertia
to [e.g., Knudsen et al., 2011; Wei and Lohmann, 2012] the climate system on multidecadal timescales. With
similar constraints on Denmark Strait Overflow Water vigor, it may eventually be possible to characterize
the multidecadal variance in both major constituents of southward flowing lower NADW. Given the recent
decadal-scale decline observed in lower NADW transport [Robson et al., 2014; Smeed et al., 2014], such
proxy-based records are sorely needed in order to place these recent ocean trends in context and understand
their relationship to natural and anthropogenic climate changes.

References
Bersch, M. (2002), North Atlantic Oscillation-induced changes of the upper layer circulation in the northern North Atlantic Ocean, J. Geophys.

Res., 107(C10), 3156, doi:10.1029/2001JC000901.
Bianchi, G. G., and I. N. McCave (1999), Holocene periodicity in North Atlantic climate and deep-ocean flow south of Iceland, Nature,

397(6719), 515–517.
Bianchi, G. G., I. R. Hall, I. N. McCave, and L. Joseph (1999), Measurement of the sortable silt current speed proxy using the Sedigraph 5100 and

Coulter Multisizer IIe: Precision and accuracy, Sedimentology, 46(6), 1001–1014.
Blaauw, M. (2010), Methods and code for ‘classical’ age-modelling of radiocarbon sequences, Quat. Geochronol., 5(5), 512–518.

Geophysical Research Letters 10.1002/2016GL068227

MJELL ET AL. 600 YEARS OF ISOW VIGOR VARIABILITY 2115

Acknowledgments
We thank the crew of R/V G. O. Sars,
Institute of Marine Research (IMR),
University of Bergen (UoB), and the
scientific party of UoB Cruise No. GS06-
144 for their help in obtaining the core
material. We thank Dag Inge Blindheim
from Uni Climate, Uni Research in
Bergen for the assistance with sampling
and wet sieving the core and prepara-
tion of the lead dates and AMS dates.
T.M. would also like to thank Catherine
Bradshaw for the help with the statistical
analysis. T.M. measured the sortable silt
mean grain size on core GS06-144 09MC-
D and acknowledges E. V. Galaasen
(Department of Earth Science, UoB) for
the technical assistance during the
analyses. This study was funded by the
EU-FP7 THOR project (grant agreement
212643), the Research Council of
Norway’s Frinatek project NOCWARM,
and the Comer Science and Education
Foundation. I.H. gratefully acknowledges
the support of the Climate Change
Consortium of Wales (www.c3wales.org).
The data presented in this study are
included in chapter A.7 in Text S2 in the
supporting information.

http://dx.doi.org/10.1029/2001JC000901
http://www.c3wales.org


Boessenkool, K. P., I. Hall, H. Elderfield, and I. Yashayaev (2007a), North Atlantic climate and deep-ocean flow speed changes during the last
230 years, Geophys. Res. Lett., 34, L13614, doi:10.1029/2007GL030285.

Boessenkool, K. P., I. R. Hall, H. Elderfield, and I. Yashayaev (2007b), Reykjanes Ridge Sub-Decadal Mean Grain Size Data, IGBP PAGES/World Data
Center for Paleoclimatol, NOAA/NCDC Paleoclimatology Program, Boulder Colo., USA Data Contribution Series # 2007-095.

Bond, G., W. Showers, M. Cheseby, R. Lotti, P. Almasi, P. deMenocal, P. Priore, H. Cullen, I. Hajdas, and G. Bonani (1997), A pervasive millennial-
scale cycle in North Atlantic Holocene and glacial climates, Science, 278(5341), 1257–1266, doi:10.1126/science.278.5341.1257.

Chapman, M. R., and N. J. Shackleton (2000), Evidence of 550-year and 1000-year cyclicities in North Atlantic circulation patterns during the
Holocene, Holocene, 10(3), 287–291.

Clement, A., K. Bellomo, L. N. Murphy, M. A. Cane, T. Mauritsen, G. Rädel, and B. Stevens (2015), The Atlantic multidecadal oscillation without a
role for ocean circulation, Science, 350(6258), 320–324.

Danabasoglu, G., S. G. Yeager, Y.-O. Kwon, J. J. Tribbia, A. S. Phillips, and J. W. Hurrell (2012), Variability of the Atlantic meridional overturning
circulation in CCSM4, J. Clim., 25(15), 5153–5172, doi:10.1175/JCLI-D-11-00463.1.

Darling, K. F., M. Kucera, D. Kroon, and C. M. Wade (2006), A resolution for the coiling direction paradox in Neogloboquadrina pachyderma,
Paleoceanography, 21, PA2011, doi:10.1029/2005PA001189.

Delworth, T. L., and M. E. Mann (2000), Observed and simulated multidecadal variability in the Northern Hemisphere, Clim. Dyn., 16(9), 661–676.
Dengler, M., J. Fischer, F. A. Schott, and R. Zantopp (2006), Deep Labrador Current and its variability in 1996-2005, Geophys. Res. Lett., 33,

L21S06, doi:10.1029/2006GL026702.
Dickson, B., I. Yashayaev, J. Meincke, B. Turrell, S. Dye, and J. Holfort (2002), Rapid freshening of the deep North Atlantic Ocean over the past

four decades, Nature, 416(6883), 832–837, doi:10.1038/416832a.
Dickson, R., J. Lazier, J. Meincke, P. Rhines, and J. Swift (1996), Long-term coordinated changes in the convective activity of the North Atlantic,

Prog. Oceanogr., 38(3), 241–295.
Dickson, R. R., and J. Brown (1994), The production of North Atlantic deep water: Sources, rates, and pathways, J. Geophys. Res., 99,

12,319–12,341.
Enfield, D. B., A. M. Mestas-Nuñez, and P. J. Trimble (2001), The Atlantic multidecadal oscillation and its relation to rainfall and river flows in

the continental U.S., Geophys. Res. Lett., 28, 2077–2080.
Faugères, J. C., D. A. V. Stow, P. Imbert, and A. Viana (1999), Seismic features diagnostic of contourite drifts, Mar. Geol., 162(1), 1–38.
Goldenberg, S. B., C. W. Landsea, A. M. Mestas-Nuñez, and W. M. Gray (2001), The recent increase in Atlantic hurricane activity: Causes and

implications, Science, 293(5529), 474–479, doi:10.1126/science.1060040.
Gray, S. T., L. J. Graumlich, J. L. Betancourt, and G. T. Pederson (2004a), A tree-ring based reconstruction of the Atlantic Multidecadal

Oscillation since 1567 A.D., Geophys. Res. Lett., 31, L12205, doi:10.1029/2004GL019932.
Gray, S. T., L. J. Graumlich, J. L. Betancourt, and G. T. Pederson (2004b), Atlantic Multidecadal Oscillation (AMO) Index Resolution, IGBP

PAGES/World Data Cent. for Paleoclimatol., #2004-2062, NOAA/NGDC Paleoclimatol. Program, Boulder, Colo.
Haine, T., C. Böning, P. Brandt, J. Fischer, A. Funk, D. Kieke, E. Kvaleberg, M. Rhein, andM. Visbeck (2008), North Atlantic DeepWater Formation

in the Labrador Sea, Recirculation Through the Subpolar Gyre, and Discharge to the Subtropics, in Arctic-Subarctic Ocean Fluxes: Defining
the Role of the Northern Seas in Climate, edited by R. Dickson, J. Meincke and P. Rhines, pp. 653–701, Springer.

Hall, I. R., G. G. Bianchi, and J. R. Evans (2004), Centennial to millennial scale Holocene climate-deep water linkage in the North Atlantic, Quat.
Sci. Rev., 23(14–15), 1529–1536, doi:10.1016/j.quascirev.2004.04.004.

Hansen, B., and S. Østerhus (2000), North Atlantic-Nordic Seas exchanges, Prog. Oceanogr., 45(2), 109–208.
Hodell, D. A., E. K. Minth, J. H. Curtis, I. N. McCave, I. R. Hall, J. E. Channell, and C. Xuan (2009), Surface and deep-water hydrography on Gardar

Drift (Iceland Basin) during the last interglacial period, Earth Planet. Sci. Lett., 288(1), 10–19.
Hoogakker, B. A. A., M. R. Chapman, I. N. McCave, C. Hillaire-Marcel, C. R. W. Ellison, I. R. Hall, and R. J. Telford (2011), Dynamics of North Atlantic

deep water masses during the Holocene, Paleoceanography, 26, PA4214, doi:10.1029/2011PA002155.
Hurrell, J. W. (1995), Decadal trends in the North Atlantic oscillation: Regional temperatures and precipitation, Science, 269(5224), 676–679,

doi:10.1126/science.269.5224.676.
Jungclaus, J. H., H. Haak, M. Latif, and U. Mikolajewicz (2005), Arctic-North Atlantic interactions and multidecadal variability of the meridional

overturning circulation, J. Clim., 18(19), 4013–4031.
Jungclaus, J. H., A. Macrander, and R. H. Käse (2008), Modelling the overflows across the Greenland-Scotland Ridge, in Arctic-Subarctic Ocean

Fluxes: Defining the Role of the Northern Seas in Climate, edited by R. Dickson, J. Meincke, and P. Rhines, pp. 527–549, Springer, Netherlands.
Kerr, R. A. (2000), A North Atlantic climate pacemaker for the centuries, Science, 288(5473), 1984–1985, doi:10.1126/science.288.5473.1984.
Kidd, R. B., and P. R. Hill (1987), Sedimentation on Feni and Gardar sediment drifts, in Initial Reports of the Deep Sea Drilling Project Covering Leg

94 of the Cruises of the Drilling Vessel Glomar Challenger, Norfolk, Virginia, to St. John’s, Newfoundland, vol. 94, edited by W. F. Ruddiman
et al., pp. 1217–1244, Texas A & M Univ., Ocean Drill. Program, College Station, Tex.

Kissel, C., A. Van Toer, C. Laj, E. Cortijo, and E. Michel (2013), Variations in the strength of the North Atlantic bottom water during Holocene,
Earth Planet. Sci. Lett., doi:10.1016/j.epsl.2013.03.042.

Knight, J. R., R. J. Allan, C. K. Folland, M. Vellinga, and M. E. Mann (2005), A signature of persistent natural thermohaline circulation cycles in
observed climate, Geophys. Res. Lett., 32, L20708, doi:10.1029/2005GL024233.

Knight, J. R., C. K. Folland, and A. A. Scaife (2006), Climate impacts of the Atlantic multidecadal oscillation, Geophys. Res. Lett., 33, L17706,
doi:10.1029/2006GL026242.

Knudsen, M. F., M. S. Seidenkrantz, B. H. Jacobsen, and A. Kuijpers (2011), Tracking the Atlantic multidecadal oscillation through the last
8,000 years, Nat. Commun., 2, 178, doi:10.1038/ncomms1186.

Lacan, F., and C. Jeandel (2004), Subpolar mode water formation traced by neodymium isotopic composition, Geophys. Res. Lett., 31, L14306,
doi:10.1029/2004GL019747.

Langehaug, H. R., I. Medhaug, T. Eldevik, and O. H. Otterå (2012), Arctic/Atlantic exchanges via the subpolar gyre, J. Clim., 25, 2421–2439,
doi:10.1175/JCLI-D-11-00085.1.

Langehaug, H. R., T. L. Mjell, O. H. Otterå, T. Eldevik, U. S. Ninnemann, and H. K. Kleiven (2016), On the reconstruction of ocean circulation and
climate based on the “Gardar Drift”, Paleoceanography, doi:10.1002/2015PA002920, in press.

Manighetti, B., and I. N. McCave (1995), Late glacial and Holocene palaeocurrents around Rockall Bank, NE Atlantic Ocean, Paleoceanography,
10, 611–626.

Mann, M. E., Z. Zhang, S. Rutherford, R. S. Bradley, M. K. Hughes, D. Shindell, C. Ammann, G. Faluvegi, and F. Ni (2009), Global signatures and
dynamical origins of the Little Ice Age and Medieval climate anomaly, Science, 326(5957), 1256–1260, doi:10.1126/science.1177303.

McCave, I. N., and I. R. Hall (2006), Size sorting in marine muds: Processes, pitfalls, and prospects for paleoflow-speed proxies, Geochem.
Geophys. Geosyst., 7, Q10N05, doi:10.1029/2006GC001284.

Geophysical Research Letters 10.1002/2016GL068227

MJELL ET AL. 600 YEARS OF ISOW VIGOR VARIABILITY 2116

http://dx.doi.org/10.1029/2007GL030285
http://dx.doi.org/10.1126/science.278.5341.1257
http://dx.doi.org/10.1175/JCLI-D-11-00463.1
http://dx.doi.org/10.1029/2005PA001189
http://dx.doi.org/10.1029/2006GL026702
http://dx.doi.org/10.1038/416832a
http://dx.doi.org/10.1126/science.1060040
http://dx.doi.org/10.1029/2004GL019932
http://dx.doi.org/10.1016/j.quascirev.2004.04.004
http://dx.doi.org/10.1029/2011PA002155
http://dx.doi.org/10.1126/science.269.5224.676
http://dx.doi.org/10.1126/science.288.5473.1984
http://dx.doi.org/10.1016/j.epsl.2013.03.042
http://dx.doi.org/10.1029/2005GL024233
http://dx.doi.org/10.1029/2006GL026242
http://dx.doi.org/10.1038/ncomms1186
http://dx.doi.org/10.1029/2004GL019747
http://dx.doi.org/10.1175/JCLI-D-11-00085.1
http://dx.doi.org/10.1002/2015PA002920
http://dx.doi.org/10.1126/science.1177303
http://dx.doi.org/10.1029/2006GC001284


McCave, I. N., B. Manighetti, and S. G. Robinson (1995), Sortable silt and fine sediment size/composition slicing: Parameters for palaeocurrent
speed and palaeoceanography, Paleoceanography, 10, 593–610.

Medhaug, I., H. R. Langehaug, T. Eldevik, T. Furevik, and M. Bentsen (2012), Mechanisms for decadal scale variability in a simulated Atlantic
meridional overturning circulation, Clim. Dyn., doi:10.1007/s00382-011-1124-z.

Miles, M. W., D. V. Divine, T. Furevik, E. Jansen, M. Moros, and A. E. J. Ogilvie (2014), A signal of persistent Atlantic multidecadal variability in
Arctic sea ice, Geophys. Res. Lett., 41, 463–469, doi:10.1002/2013GL058084.

Oppo, D. W., J. F. McManus, and J. L. Cullen (2003), Palaeo-oceanography: Deepwater variability in the Holocene epoch, Nature, 422(6929),
277.

Otterå, O. H., M. Bentsen, H. Drange, and L. Suo (2010), External forcing as a metronome for Atlantic multidecadal variability, Nat. Geosci.,
3(10), 688–694.

R Core Team (2014), R: A Language and Environment for Statistical Computing, R Foundation for Stat. Comput. [Available at http://
www.R-project.org/.]

Reimer, P. J., et al. (2013), IntCal13 and Marine13 radiocarbon age calibration curves 0–50,000 years cal BP, Radiocarbon, 55(4), 1869–1887,
doi:10.2458/azu_js_rc.55.16947.

Robson, J., D. Hodson, E. Hawkins, and R. Sutton (2014), Atlantic overturning in decline?, Nat. Geosci., 7(1), 2–3, doi:10.1038/ngeo2050.
Ruddiman, W. F. (1972), Sediment redistribution of the Reykjanes Ridge: Seismic evidence, Geol. Soc. Am. Bull., 83(7), 2039–2062.
Ryan, W. B. F., et al. (2009), Global multi-resolution topography synthesis, Geochem. Geophys. Geosyst., 10, Q03014, doi:10.1029/2008GC002332.
Sandø, A. B., J. E. Nilsen, T. Eldevik, and M. Bentsen (2012), Mechanisms for variable North Atlantic-Nordic seas exchanges, J. Geophys. Res.,

117, C12006, doi:10.1029/2012JC008177.
Schott, F. A., R. Zantopp, L. Stramma, M. Dengler, J. Fischer, and M. Wibaux (2004), Circulation and deep-water export at the western exit of

the subpolar North Atlantic, J. Phys. Oceanogr., 34(4), 817–843.
Smeed, D. A., et al. (2014), Observed decline of the Atlantic meridional overturning circulation 2004–2012, Ocean Sci., 10(1), 29–38,

doi:10.5194/os-10-29-2014.
Sutton, R. T., and D. L. R. Hodson (2005), Atlantic ocean forcing of North American and European summer climate, Science, 309(5731),

115–118, doi:10.1126/science.1109496.
Svendsen, L., S. Hetzinger, N. Keenlyside, and Y. Gao (2014), Marine-based multiproxy reconstruction of Atlantic multidecadal variability,

Geophys. Res. Lett., 41, 1295–1300, doi:10.1002/2013GL059076.
Swingedouw, D., L. Terray, C. Cassou, A. Voldoire, D. Salas-Mélia, and J. Servonnat (2011), Natural forcing of climate during the last millen-

nium: Fingerprint of solar variability, Clim. Dyn., 36(7), 1349–1364.
Thornalley, D. J. R., M. Blaschek, F. J. Davies, S. Praetorius, D. W. Oppo, J. F. McManus, I. R. Hall, H. Kleiven, H. Renssen, and I. N. McCave (2013),

Long-term variations in Iceland-Scotland overflow strength during the Holocene, Clim. Past, 9(2), 2073–2084, doi:10.5194/cp-9-2073-2013.
Trouet, V., J. Esper, N. E. Graham, A. Baker, J. D. Scourse, and D. C. Frank (2009), Persistent positive North Atlantic Oscillation mode dominated

the medieval climate anomaly, Science, 324(5923), 78–80.
Vellinga, M., and P. Wu (2004), Low-latitude freshwater influence on centennial variability of the Atlantic thermohaline circulation, J. Clim.,

17(23), 4498–4511.
Visbeck, M., E. P. Chassignet, R. G. Curry, T. L. Delworth, R. R. Dickson, and G. Krahmann (2003), The ocean’s response to North Atlantic

Oscillation variability, in The North Atlantic Oscillation: Climatic Significance and Environmental Impact, Geophys. Monogr. Ser., vol. 134,
edited by J. W. Hurrell et al., pp. 113–145, AGU, Washington, D. C.

Wei, W., and G. Lohmann (2012), Simulated Atlantic multidecadal oscillation during the Holocene, J. Clim., 25(20), 6989–7002.
Wold, C. N. (1994), Cenozoic sediment accumulation on drifts in the northern North Altantic, Paleoceanography, 9, 917–941.
Wyatt, M. G., S. Kravtsov, and A. A. Tsonis (2011), Atlantic multidecadal oscillation and Northern Hemisphere’s climate variability, Clim. Dyn.,

38(5–6), 929–949, doi:10.1007/s00382-011-1071-8.
Yashayaev, I., H. M. Van Aken, N. P. Holliday, and M. Bersch (2007), Transformation of the Labrador Sea water in the subpolar North Atlantic,

Geophys. Res. Lett., 34, L22605, doi:10.1029/2007GL031812.
Yashayaev, I., P. N. Holliday, B. Manfred, and H. M. Van Aken (2008), The history of the Labrador Sea water: Production, spreading, trans-

formation and loss, in Arctic-Subarctic Ocean Fluxes: Defining the Role of the Northern Seas in Climate, edited by R. Dickson, J. Meincke, and
P. Rhines, pp. 569–612, Springer, Netherlands.

Zhang, R., T. L. Delworth, and I. M. Held (2007), Can the Atlantic Ocean drive the observed multidecadal variability in Northern Hemisphere
mean temperature? Geophys. Res. Lett., 34, L02709, doi:10.1029/2006GL028683.

Geophysical Research Letters 10.1002/2016GL068227

MJELL ET AL. 600 YEARS OF ISOW VIGOR VARIABILITY 2117

http://dx.doi.org/10.1007/s00382-011-1124-z
http://dx.doi.org/10.1002/2013GL058084
http://www.R-project.org/
http://www.R-project.org/
http://dx.doi.org/10.2458/azu_js_rc.55.16947
http://dx.doi.org/10.1038/ngeo2050
http://dx.doi.org/10.1029/2008GC002332
http://dx.doi.org/10.1029/2012JC008177
http://dx.doi.org/10.5194/os-10-29-2014
http://dx.doi.org/10.1126/science.1109496
http://dx.doi.org/10.1002/2013GL059076
http://dx.doi.org/10.5194/cp-9-2073-2013
http://dx.doi.org/10.1007/s00382-011-1071-8
http://dx.doi.org/10.1029/2007GL031812
http://dx.doi.org/10.1029/2006GL028683


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


