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Abstract The climate of the last two millennia was characterized by decadal to multicentennial
variations, which were recorded in terrestrial records and had important societal impacts. The cause of
these climatic events is still under debate, but changes in the North Atlantic circulation have often been
proposed to play an important role. In this review we compile available high‐resolution paleoceanographic
data sets from the northern North Atlantic and Nordic Seas. The records are grouped into regions related
to modern ocean conditions, and their variability is discussed. We additionally discuss our current
knowledge from modeling studies, with a speciﬁc focus on the dynamical changes that are not well inferred
from the proxy records. An illustration is provided through the analysis of two climate model ensembles and
an individual simulation of the last millennium. This review thereby provides an up‐to‐date
paleoperspective on the North Atlantic multidecadal to multicentennial ocean variability across the last
two millennia.

1. Introduction
The short temporal span of ocean observations precludes the development of a full understanding of how
our climate has naturally varied on timescales from decades to centuries. This clearly undermines our understanding of the role of natural variability in the recent changes, most notably at the regional scale (Hawkins
& Sutton, 2009). To this end, proxy reconstructions facilitate the extension of ocean measurements back in
time. The combined analyses of proxy data and climate models complement and strengthen the interpretation of past ocean changes and processes and at the same time set the framework for the validation of the
climate models that are also used for future climate projections.
Historical, documentary, and climatic records across the last two millennia reveal relatively small changes in
the climate concomitant with certain historical events (e.g., Denton & Karlen, 1973; Lamb, 1965; Lamb,
1977). Societal impacts were mostly recorded in Europe and include mild climate periods during Roman
and Medieval times (often known as Roman Warm Period and the Medieval Climatic Anomaly; RWP and
MCA, respectively) and the colder periods of the Dark Ages and the Little Ice Age (LIA; Lamb, 1977).
Even if these events coincided with important changes in the solar and volcanic radiative forcings (e.g.,
Sigl et al., 2015; Steinhilber et al., 2009), the fact that these were mostly recorded around the North Atlantic
(e.g., Denton & Karlen, 1973) suggests that changes in the North Atlantic circulation, speciﬁcally in the
strength of the overturning circulation (known as the Atlantic Meridional Overturning Circulation,
AMOC) may have modulated the northward heat transport to Europe (Bond et al., 1997; Broecker, 2005;
Lamb, 1979). The involvement of AMOC was initially proposed to explain centennial‐scale changes in the
Holocene through parallelisms with abrupt centennial climate changes in the Last Glacial known as
Dansgaard‐Oeschger events (Bond et al., 1997). For this reason, the study of the North Atlantic
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paleoceanography of the last millennia has largely focused on ﬁnding evidence that would demonstrate the
involvement of changes in the AMOC in these multicentennial climate events. In particular, a large part of
this research focused on understanding the prominent cooling during the LIA (ca. 1450–1850 years CE),
recorded in terrestrial proxies such as tree rings, ice core, and glacier extent records (Dahl‐Jensen et al.,
1998; Denton & Karlen, 1973; Esper et al., 2002).
The North Atlantic and Nordic Seas are key climatological regions as they host deep water formation processes that ventilate 50% of the world's ocean abyss (Kuhlbrodt et al., 2007). In today's North Atlantic, warm
and saline tropical waters deriving from the Gulf Stream are transported northeastward as different
branches of the North Atlantic Current (NAC), crossing the North Atlantic basin (e.g., Daniault et al.,
2016). These warm surface and subsurface waters reach the northern latitudes, progressively losing heat
to the atmosphere and becoming denser. Colder surface waters become even denser from the salt rejection
during the formation of sea ice. Eventually, these waters are denser than those underneath, an imbalance
that favors the formation of deep ocean mixing in the Nordic Seas. These dense waters form intermediate
and deep waters that accumulate in the Nordic Seas basins and ﬂow over the Greenland‐Scotland Ridge, a
shallow submarine ridge that limits the ﬂow of dense waters into the Atlantic Basin. These dense waters ﬂow
through deep channels including the Denmark Strait and through the Faroe Bank Channel and are respectively known as the Denmark Strait Overﬂow Water and the Iceland‐Scotland Overﬂow Waters (e.g.,
Hansen & Østerhus, 2000). As these waters cascade down, they ﬁrst entrain intermediate waters previously
formed through open ocean convection in the subpolar North Atlantic and then follow the bathymetry until
they reach the southern tip of Greenland. This ﬂow continues around the deep Labrador Basin anticlockwise
and south along the NE American continental margin and through intermediate pathways as part of Deep
Western Boundary Current (DWBC; Bower et al., 2009). The combination of these processes forms the overturning circulation in the North Atlantic, with North Atlantic Deep Waters being the end‐product ﬂowing
into the Southern Hemisphere (e.g., Dickson et al., 2008; Dickson & Brown, 1994). The collective of the
surface‐to‐deep water mass transformation in the North Atlantic is often characterized through the
AMOC. Although this rather simpliﬁed description of water mass transformation has prevailed for years,
recent observations and modeling studies suggest a more complicated picture: for example, changes in deep
convection regions do not always appear to result in changes in net sinking rates (Katsman et al., 2018), and
the buoyancy‐driven overturning processes described earlier may be more important on longer timescales
than the wind‐driven overturning shown over the observational timescales (Buckley & Marshall, 2015;
Lozier, 2012; Srokosz & Bryden, 2015).
Due to its complexity, attempts to reconstruct the AMOC in the past have focused on the retrieval of independent time series from key water masses. Initial paleoceanographic reconstructions suggested that the
LIA was as an extension or muted version of the abrupt climate changes experienced during the last glacial
period (Bond et al., 1997, 1999). Around the early 2000s, new data sets from the North Atlantic started to
shed some light on the involvement of the ocean on centennial‐scale climate variability, particularly during
the LIA (Bianchi & McCave, 1999; Bond et al., 2001; Broecker, 2000; Chapman & Shackleton, 2000; Keigwin
& Boyle, 2000; Oppo et al., 2003). Yet, these records from a few marine locations were not able to resolve the
last couple of millennia with enough resolution to study centennial‐scale variability, leaving a myriad
of unknowns.
Twenty years later, the number and quality of high‐resolution marine proxy reconstructions across the last
two millennia have dramatically increased. This is largely a result of the birth of new marine proxies and the
discovery of high temporal resolution archives offering a more detailed and perhaps more complex picture to
this old paradigm. In addition, the important computational advances combined with the availability of
reﬁned estimates of past changes in radiative forcings have allowed the generation of the ﬁrst coupled
climate simulations with general circulation models covering the last millennium. These have proven extremely useful to test and reﬁne some of the hypotheses, in particular about the role of external forcings and
internal processes in climate variability. For this reason, the rapid advancement of this ﬁeld in the past
two decades forms the basis of this review paper.
This review aims to collate existing high‐resolution paleoceanographic records, enabling the past variability of key ocean currents and hydrographic conditions in the North Atlantic and Nordic Seas to be examined and, further, to synthesize our current understanding of climate model outputs, with a particular
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focus on the dynamical changes. This paper is structured as follows: First, the tools used to study
past ocean variability including proxy archives and networks and climate models will be introduced
(section 2). The description of the methodology (section 3) will outline the selection approach for the
available proxy records and the deﬁnition of the model indices used in this study. Section 4 will discuss
the proxy records within each region. Model results will be presented in section 5, which will describe
the simulated changes in a selection of ocean circulation and current indices (section 5.1) and their concomitant changes in sea surface temperature as a ﬁngerprint tool (section 5.2). Section 6 will present a
joint discussion of proxies and models through the data‐model comparison of the surface temperatures
across different time slices of the last millennium, and section 7 will conclude by summarizing the major
ﬁndings of this study.

2. Studying Past Ocean Changes
2.1. Proxy Archives
2.1.1. Sediment Cores
Layers of sediment accumulated on the seaﬂoor create an excellent archive that can be used to investigate
past ocean conditions. These deposits contain calcareous (foraminifera and ostracods), siliceous (diatoms),
and organic (dinocysts), as well as organic molecules produced by organisms that lived in and on the sediments or at the oceanic surface and sunk to the bottom o after their death and were subsequently preserved
within the sediments. As different species of these organisms have varying ecological preferences, changes in
the species composition of communities preserved within the sediments, also called assemblages, can reveal
changes in environment. Given the large number of species within some taxa, multivariate analyses and
transfer functions are typically used in order to quantify the environmental changes (Table 1). In addition,
the remains of these organisms provide a wealth of geochemical data that can be used to reconstruct past
changes in the ocean. This includes oxygen isotopes and the elemental composition of the preserved parts,
particularly in the calcareous foraminifera, and also the chemistry of various organic compounds (e.g., pigments, fatty acids, and lipids; Table 1). Marine sediments also contain nonbiogenic particles, which can be
transported at the surface by drift ice, and ﬁne‐grained terrigenous particles transported and deposited by
near‐bottom ocean currents, mainly boundary currents.
Marine sediment cores are frequently dated using radiogenic isotopes, typically of carbon and lead.
Radiocarbon is incorporated into the calcareous shells of organisms living in the surface ocean, which are
preserved in the sediment (Hughen, 2007). The age errors of this method between measurement and calibration can be ~80–200 years. Larger uncertainties may be introduced by the ocean setting, as some water
masses can contain older radiocarbon compared to the atmosphere, often referred to as the reservoir effect,
which could increase the dating error (Hughen, 2007). Furthermore, the bomb‐radiocarbon spike from
nuclear testing in the 1960s complicates the radiocarbon calibration for dating recent sediments. For this
reason, more recent sediments are dated using other methodologies such as Lead‐210‐dating (Appleby &
Oldﬁeld, 1978), the presence of Cesium‐137 released from atomic bomb testing, Spheroidal Carbonaceous
Particles (e.g., Rose, 2015), or the detection of the Suess effect in the carbon isotopes (Suess, 1955). Lastly,
tephra (small, often microscopic ash fragments from volcanic eruptions) can also be incorporated into sediment records and represents an important chronological tool within the North Atlantic region. The geochemical composition of tephra can be compared to that of known eruption events enabling some tephras
to be dated with a precision of 1–2 years and hence facilitating the development of accurate chronologies.
However, this technique cannot be easily applied at all sites, particularly if they contain lateral sediment
transport of volcanic debris, similar geochemistry from other eruptions, or chemical alteration of the tephra
(e.g., Lowe, 2011).
2.1.2. Biological Banded Archives
Many marine organisms living on the seabed in coastal/shelf settings, including bivalve mollusks and coralline algae, produce bands within their carbonate shell or skeletal structure, which represent discrete periods
of growth. A subset of these, including some mollusks and coralline algae, form annual or subannual growth
bands, akin to rings in a tree. Multiple parameters can be analyzed from these archives, including the width
of the growth bands and their isotopic and elemental composition. This can reveal information about water
temperatures, water mass variability, and productivity (Table 1; e.g., Butler et al., 2010; Halfar et al., 2013;
Reynolds et al., 2013; Chan et al., 2017; Moore et al., 2017; Reynolds et al., 2017). Through layer counting
MOFFA‐SÁNCHEZ ET AL.
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Table 1
Summary of Proxies Used to Reconstruct Ocean Parameters and Which Are Presented and Discussed in Section 4
Ocean parameter
Sea surface temperature

Temperature (0–200 m)

Archive

Proxy

Core

Alkenones

Core

Dinocyst assemblages

Core

Diatom assemblages

Core

Foraminiferal δ O*

Bivalve

δ Oshell/Growth increment widths

Coralline Algae

Mg/Ca/Growth increment widths

Core

Mg/Ca planktonic foraminifera

MOFFA‐SÁNCHEZ ET AL.

18

18

Description
Organic compounds synthesized by haptophyte algae, which
mostly bloom in spring/summer at high latitudes. The
2
alkenone unsaturation index is dependent on temperature
but ambiguity remains with regard to the vertical and
temporal origin of the signal, with the timing of maximum
alkenone production/ﬂuxes showing marked regional
12,22
. The alkenone unsaturation index is not
differences
25
affected by salinity , but alkenones can be advected over
long distances and hence may not always reﬂect conditions at
10
the site and time of deposition .
The relative abundance of taxa of resistant organic‐walled
dinoﬂagellate cysts varies in relation to sea surface
10,20
. Dinoﬂagellates
temperatures during their summer bloom
are largely found in continental margins and present
relatively high diversity, which makes them useful to study
the past ocean in the high latitudes. Microfossil assemblages
are often shaped by multiple environmental variables,
11
which can affect the reconstructed temperature .
Diatoms are algae that have siliceous cell walls; thus, they are
restricted to regions where silicic acid is not limiting
(e.g., polar regions). Some species have very narrow
ecological preferences including temperature and ice
cover (light availability); hence, species abundances
(single, ratio or statistically grouped) reﬂect temperatures
and sea ice coverage, with transfer functions enabling
3,30
. Caveats remain as
quantitative reconstructions
salinity, water depth, nutrient availability, and other
environmental variables may also inﬂuence the community
9
composition .
18
The δ O in biogenic carbonates reﬂects temperature and
18
18
δ O of seawater (δ Osw), which is related to salinity and
1,7
to a lesser degree carbonate ion . Foraminifera are
18
calcareous zooplankton, and their δ O is often used to
estimate past temperature. However, unless applied in
18
regions where the variability of δ Osw is relatively low
18
this poses several complications due to inﬂuence of δ Osw
18
on the foraminifera δ O. Foraminifera habitat preferences
26,33
are spatially and temporally variable
adding uncertainty
to the origin of the proxy signal.
18
δ O composition in mollusc shells is a function of
18
temperature and δ Osw. The subannually resolved and
18
absolutely dated δ Oshell records allow calibration with
modern observations in order to quantify its relationship
18
with water temperatures and disentangle the δ Osw
component, which is then assumed to remain constant
back in time. Growth in marine bivalves can also be driven
by factors other than temperature, including food
17
availability, river discharge , and age‐related growth
trends, which remove the low‐frequency variability
4
through detrending .
Magnesium incorporation into the calcite skeleton of
coralline algae and growth increment width depend on
temperature and light (the deconvolution of the two factors
37
leads to uncertainties in paleotemperature interpretations) .
38
Encustration and bioerosional processes may introduce
22
temperature estimate and dating errors , respectively.
The incorporation of magnesium into the calcite of
8
foraminiferal shells is largely temperature dependent ,
36
with salinity and pH having a minor effect . Calibrations
are used to estimate surface to thermocline ocean
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Table 1 (continued)
Ocean parameter

Bottom Temperature

Salinity

Sea/Drift ice

Archive

Proxy

Core

Planktonic foraminifera assemblages

Core

Benthic foraminifera assemblages

Core

Mg/Ca benthic foraminifera

Core

Dinocyst assemblages

Core

Paired Mg/Ca‐δ O in foraminifera

Core

Organic biomarkers (IP25)

Core

Ice Rafted Debris (IRD) particles

Core

Chemical composition of the sediment

Coralline Algae

Growth increment widths

Core

Diatom/Dinocyst assemblages

MOFFA‐SÁNCHEZ ET AL.

18

Description
temperatures according to the species calcifying depth.
Foraminifera habitat preferences are spatially and
26,33
temporally variable
adding uncertainty to the origin
of the proxy signal. Note that similarly Mg/Ca
20
paleothermometry can also be applied to osctracods .
Planktonic foraminifera species are distributed around
the world in global belts related to surface water
13
temperatures . Faunal counts are used to reconstruct
relative/quantitative surface temperatures (approximately
0–200 m) with the use of transfer functions. The exact
living season and depth are uncertain and may vary in
21
space and time .
Foraminifera that live on or within the sediment have
environmental preferences and some benthic species
particularly on the Greenland shelf have proven useful
18
to study past hydrographic seaﬂoor conditions . These
assemblages, however, can also be modiﬁed by other
6
environmental parameters and also food availability .
Similar to planktonic foraminifera the amount of Mg
incorporated into the benthic foraminiferal shell is an
indicator of the calcifying temperatures with secondary
11,35
. In this case the
effects from carbonate ion changes
organism lives on or in the top layer of the sediment
and hence records the temperature at the water depth
of the sediment core.
Dinocysts are found in freshwater to hypersaline
environments; in some environments their assemblages
can be used as a qualitative indicator of sea surface
salinities. As with temperature, reconstructions of
salinity can be quantiﬁed through the use of transfer
3,30
functions
. Similar caveats as to the inﬂuence of other
environmental variables with sea surface temperatures
24
potentially a confounding factor .
18
Combing δ O and the Mg/Ca proxy enables reconstruction
18
of δ Osw, which is in turn related to salinity. Salinity
18
estimates, however, assume that regional δ Osw‐salinity
relationships remained constant in the past introducing
large uncertainties in the salinity reconstructions that are
difﬁcult to quantify. Foraminifera habitat preferences
26,33
are spatially and temporally variable
adding
uncertainty to the origin of the proxy signal.
Organic molecule produced by certain Arctic sea ice
diatoms. Abundance change of IP25 in the sediment
17
is indicative of past spring/summer sea ice conditions .
Lithogenic and terrigenous particles carried within the
drift ice are released and deposited on the seaﬂoor when
the ice melts. Counts and composition of IRD are used to
reconstruct the amount of drift ice transported to the
core site and the source of the particles and hence the
5
pathway of the ice to the core site ,
The sediment composition can be informative as some
minerals such as quartz will be indicative of debris
transported by drift ice. Changes in composition may
also derive from regional changes in the bottom
16,19
.
transported sediment
The light dependency of the growth rates of coralline
algae has been used as a sea ice proxy, but this signal
23,32
.
may be confounded by temperature
Some taxa of diatoms and dinoﬂagellates have high
afﬁnity to sea ice cover making them useful indicators.
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Table 1 (continued)
Ocean parameter

Circulation

Archive

Proxy

Core

Sortable Silt Mean Grain Size

Core/Bivalve

Radiocarbon reservoir ages (ΔR)

Description
Some diatom species live within, or under, sea ice.
Other diatom species are adapted for low light
conditions so also prefer sea ice cover. Finally, the
melting of sea ice often triggers diatom blooms, which
follow the edge of the melting ice. As such, diatoms
are good indicators of sea ice cover and its retreat. As
with temperature, reconstructions of sea ice cover
can be quantiﬁed through the use of transfer
10,9,30
functions
. And contain similar caveats as to the inﬂuence of
other environmental variables
as a potential confounding factor.
The nonbiogenic fraction of the sediment between
10–63 μm is transported and deposited by bottom
currents, which sort the deposited particles grain sizes
and can be used to infer the relative speed of the
depositing bottom current. This ﬂow speed proxy has
to be applied in current controlled depositional
settings (with no downslope sediment transport),
areas/times where the bottom current did not
vertically migrate and with no interfering signals
15
from ice rafted debris .
Radiocarbon in the surface ocean is in semiequilibrium
with the atmosphere, but when the waters sink and
are isolated from the atmosphere, the radiocarbon in
the water starts decaying. Diverging ages in absolutely
dated archives or cores with good age constraint are
used to study past changes in the water masses
20
present at the site .

Note. The star in the oxygen isotopes as a proxy for temperature denotes the complication of the application of this proxy to reconstruct temperature. References:
Urey (1948), 2Prahl et al. (1988), 3Koc and Schrader (1990), 4Cook et al. (1995), 5Bond et al. (1997), 6Schmiedl et al. (1997), 7Spero et al.
(1997), 8Elderﬁeld and Ganssen (2000), 9Jiang et al. (2001), 10Vernal et al. (2001), 11Lear et al. (2002), 12Ohkouchi et al. (2002), 13Morey et al.
(2005), 14Prahl et al. (2005), 15McCave and Hall (2006), 16Moros et al. (2006), 17Belt et al. (2007), 18Perner et al. (2011), 19Kissel et al.
(2009), 20Hillaire‐Marcel and De Vernal (2007), and references herein), 21Telford and Birks (2011), 22Adey et al. (2013), 23Halfar et al.
(2013), 24Juggins (2013), 25Rosell‐Melé and Prahl (2013), 26Jonkers and Kučera (2015), 27Featherstone et al. (2017), 28Freitas et al. (2017), 29Jonkers
and Kučera (2017), 30Krawczyk et al. (2017), 31Li et al. (2017), 32Moore et al. (2017), 33Rebotim et al. (2017), 34Reynolds et al. (2017), 35Barrientos
et al. (2018), 36Gray et al. (2018), 37Williams, Adey, et al. (2018), 38Williams, Halfar, et al. (2018).

1

and the application of dendrochronological cross‐dating techniques, these annual bands can facilitate the
construction of absolutely dated chronologies (referred as sclerochronologies). Cross‐dating techniques
can extend these chronologies from the life span of an individual to over 1,000 years (Butler et al., 2013;
Reynolds et al., 2013), thus providing a temporal framework for paleoenvironmental reconstruction at
annual and subannual resolutions.
2.2. Proxy Compilations and Networks
The generation of proxy compilations, or spatial proxy networks, enhances our ability to reconstruct broad‐
scale climate variability. The statistical approaches used to isolate the coherent variability across the proxy
records are essentially averaging out signals that are only present in individual records, that is, noise
(Cunningham et al., 2013; Jansen et al., 2007; Wilson et al., 2010). Reconstructions of North Atlantic
(Ocean) climate that span the last two millennia, or part thereof, are predominantly based on terrestrial
archives, most frequently tree rings and speleothems (Gray et al., 2004; Mann et al., 2008; Mann et al.,
2009; Rahmstorf et al., 2015). Such reconstructions assume that teleconnections between the atmosphere
and ocean have remained constant over time. Recently, North Atlantic composite reconstructions based
on proxies solely from the marine realm have been produced (Cunningham et al., 2013; Reynolds
et al., 2017; Reynolds et al., 2018). Yet, one of the remaining challenges in proxy compilations is the integration of high‐resolution annually resolved proxy records with longer but lower temporal resolution
MOFFA‐SÁNCHEZ ET AL.
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(sedimentary) time series and larger dating uncertainties. This dichotomy often results in either annually
resolved short temporal networks (Reynolds et al., 2017; Reynolds et al., 2018) or longer lower temporal
resolution binned records (McGregor et al., 2015).

2.3. Climate Models and Simulations for the Last Millennium
Climate models are complementary to climate proxies as a source of information for understanding the climate of the last two millennia. They provide a versatile and powerful framework for hypothesis testing,
allowing us to investigate different aspects of past climate variability and the underlying physical mechanisms (e.g., Ottera et al., 2010; Swingedouw et al., 2011). Models are thus useful to perform sensitivity experiments to investigate the role of the external forcings and internal climate variability during particular
events of the past climate (Coats et al., 2014; Coats et al., 2016; Swingedouw et al., 2015) and to relate local
proxy‐based observations to the larger‐scale circulation and/or variability modes (Jungclaus et al., 2014;
Lohmann et al., 2015). Climate models can further be used as a surrogate reality to validate the use of different reconstruction techniques and approaches (Gagen et al., 2016; Lehner et al., 2012; Moreno‐
Chamarro, Ortega, et al., 2017), the interpretation and suitability of different climate proxies (Bakker
et al., 2015; Dee et al., 2016; Thornalley et al., 2018), and to guide future paleoceanographic efforts to
new regions and variables with relevant information for reconstructing different indices of climate variability (e.g., North Atlantic Oscillation and Atlantic Multidecadal Variability, AMOC). The identiﬁcation of
regions sensitive to those indices can be addressed by determining their model‐derived ocean ﬁngerprints
(Zhang, 2008) and testing their stationarity through time (Zanchettin et al., 2015). Covariances between different model variables and regions provide the basis for data assimilation techniques that relate paleoclimate proxies to quantities like AMOC structure and strength that are not directly observed (Hakim et al.,
2016; Singh et al., 2018).
As imperfect representations of the real world and its variability, however, climate models present certain
limitations to bear in mind. While the incorporation of the Paleo Model Intercomparison Project phase 4
(PMIP4) into the Coupled Model Intercomparison Project phase 6 (CMIP6; Kageyama et al., 2018) ensured
that the same models are used for past, present, and future simulations, long‐term transient simulations
pose limits to model resolution and cannot be carried out with the most advanced models. This comes at
the expense of resolving less accurately several potentially key oceanic processes, which play a signiﬁcant
role in the climate of the North Atlantic, such as turbulent mixing and deep convection, or overﬂow
exchanges between the Nordic Seas and the subpolar North Atlantic. Particularly, relevant for the study
of this region is the presence of mean state model biases affecting the Gulf Stream extension (Eden et al.,
2004; Schoonover et al., 2016) and the upper ocean temperatures of the subpolar gyre (SPG) region
(Keeley et al., 2012; Menary et al., 2015; Sgubin et al., 2017). Such biases can, in turn, inﬂuence the representation of Atlantic multidecadal variability in the North Atlantic (Drews & Greatbatch, 2016) and its
main driver, the AMOC, and thus contribute to the diversity in the underlying model mechanisms
(Buckley & Marshall, 2015). Last millennium simulations are also subject to uncertainties in external forcings, such as the timing and magnitude of the major volcanic eruptions (Sigl et al., 2015; Swingedouw
et al., 2017) or the amplitude of the changes in solar irradiance (Jungclaus et al., 2017). There is also evidence that internal climate variability contributed substantially to North Atlantic regional climate changes
in the past millennia (Goosse et al., 2005; Moreno‐Chamarro, Zanchettin, Lohmann, & Jungclaus, 2017),
which hampers any direct model‐data comparisons. Furthermore, model‐based inferences about the climate response to external forcings are subject to considerable uncertainty given that the ensemble size
required to isolate forced variability is not known a priori and is probably larger than recent experiments
have afforded (Deser et al., 2012).
Due to their high computational cost, simulations with coupled general circulation models only cover the
last millennium, a period for which the forcings are also better known. In the following, to illustrate the
state‐of‐the‐art knowledge of North Atlantic variability from climate models, we will use three sets of simulations currently at our disposal: a single experiment with IPSL‐CM5A‐LR (Swingedouw et al., 2015), a
three‐member ensemble with MPI‐ESM (Jungclaus et al., 2014), and the 13 full‐forcing members of the
Last Millennium Ensemble with CESM1 (CESM‐LME; Otto‐Bliesner et al., 2016). Results from other last
millennium simulations will also be described in the model discussion section.
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3. Methodology
3.1. Proxy Record Selection Criteria
In order to study and discuss the hydrographic properties and ocean processes of different currents over the
last 2,000 years, we followed a set of strict selection criteria of available paleoceanographic reconstructions.
Records selected for our discussion needed to have a minimum of four dating constraints in the last 2,000
years or over the length of the record. These dating points could include radiocarbon dates, a set of Lead‐
210 dating, presence of tephras from precisely dated eruptions, and/or SCPs, or be based on layer counting.
In addition, the resolution had to be 100 years per sample, on average over the last 2,000 years, and time
series were only included if they were longer than 100 years.
3.2. Model Analysis
The selected models represent a small sample of all last millennium simulations performed within the
CMIP5/PMIP3 initiatives. Since they all follow the protocol suggested by PMIP3 (Schmidt et al., 2011), we
regard them to some extent comparable, even though the combination of external forcings they use is not
exactly the same (see details in Table S1 in the supporting information). These simulations only cover the
period from 850 year CE onward, because it is the period for which the most accurate estimates of the external forcings were available. Climate model simulations extending over longer periods do indeed exist, such
as the TraCE‐21ka simulation covering the last 21,000 years; however, they are performed with models of
intermediate complexity (like the LOVECLIM climate model) with a too simplistic ocean or do not include
key external forcings (like volcanic eruptions; e.g., Ahmed et al., 2013) that can be required to reproducing
major climate excursions in the past millennium like the LIA. For such reasons, we decided not to include
them in this study. During the process of writing this review, the ﬁrst results of a transient simulation for the
past 2,000 years within PMIP4 were published with the CESM model (Zhong et al., 2018).
We will use these three models to illustrate the simulated changes in large‐scale ocean dynamical variables
that cannot be easily captured by proxies (section 5.1) and their associated ﬁngerprints on surface temperature (section 5.2). In particular, we will focus on the AMOC strength at subpolar latitudes (computed as the
average of the zonal mean overturning stream function between 35°N–50°N and 500–1,500‐m depth), the
SPG strength (computed as the maximum absolute value of the barotropic stream function between
50°N–65°N and 20°W–60°W), and the Denmark Strait Overﬂow (DSO; computed as the source water transport from an overﬂow parameterization in CESM, the southward mass transport across the sill between 500
m and the ocean bottom in the IPSL model, and the southward transport for waters denser than 27.8 kg/m3
in the MPI‐ESM; these different deﬁnitions account for differences in model characteristics, conﬁgurations,
and parameterizations).
For this exploration of the climate models, we will use decadally smoothed data (with 10‐year running
means) to ﬁlter out interannual variability and thus focus on the decadal to multidecadal timescales, which
are more relevant for the interpretation of proxy records. Model ensembles will be described by their ensemble mean and spread (represented by the ensemble maximum and minimum).

4. North Atlantic Variability Over the Last 2,000 Years: A Proxy Perspective
4.1. Surface Hydrography Changes of the Northward Flowing Warm Atlantic Waters
The northward transport of heat and salt via the surface ocean across the North Atlantic is not only a key
process for the modulation of European climate but is also essential for the densiﬁcation of the surface
waters and hence the formation of deep waters as part of the AMOC. In this section we will review the available surface hydrographic reconstructions in the region where the relatively warm and saline waters of the
Gulf Stream (section 4.1.1) ﬂow northwestward across the North Atlantic basin as the NAC (section 4.1.2)
into the Nordic Seas (section 4.1.3 and Figure 1).
4.1.1. Gulf Stream Region
Most paleoceanographic records in the region of the Gulf Stream that meet our criteria (see section 3.1) are
located along the eastern North American coast, more enclosed locations such as Chesapeake Bay/Gulf of
Maine, and open ocean records from the Sargasso Sea (Figure 1). Farther north, ocean reconstructions
can be found mainly on or nearby the Scotian Shelf. However, the Scotian Shelf region is not exclusively
bathed by the warm and saline Gulf Stream waters detaching from the continental slope around Cape
MOFFA‐SÁNCHEZ ET AL.
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Figure 1. Regional schematic map of the surface ocean currents. Based on Orvik and Niiler (2002), Daniault et al. (2016),
and Bosse et al. (2018). Red arrows indicate the pathway of relatively warm and saline waters and blue arrows the
pathway of cold southward polar waters. The locations of the proxy records that are plotted in Figures 2–6 and discussed in
this section are indicated by the black (plotted and discussed) and gray (only discussed) circles, respectively. The
subregions covered in Figures 2–6 are enclosed by the grey dotted lines and labeled accordingly (base bathymetric map
made using Ocean Data View; ODV; Schlitzer, 2015).

Hatteras but is also strongly inﬂuenced by the slope waters and the southward extension of the Labrador
Current. Therefore, this region likely contains multiple water mass signatures through time.
Most southern records (~35°N) show a mix of hydrographic signals at multicentennial timescales and
millennial timescales. For example, a long‐term warming (0.5°C) is evident off the coast of South Carolina
(Saenger et al., 2011; KNR140‐2‐59GGC; Figure 1), whereas a 2°C cooling and freshening (200–1400 years
CE) is found in the surface waters with a warming of the upper thermocline off Cape Hatteras (Cléroux
et al., 2012; MD99‐2203; Figure 1). The transition to higher δ18O planktonic foraminifera at the onset of
the LIA from a location farther offshore in the Sargasso Sea can be interpreted as a transition to colder
surface conditions (Keigwin, 1996). Yet, this could also be related to the increased salinity (and hence higher
δ18Osw values) recorded in the Florida Current record (Lund & Curry, 2006). A higher‐resolution surface
temperature record developed from ostracod Mg/Ca values from a more coastal setting in Chesapeake
Bay (Figure 1) shows clear centennial variability, with warmer conditions during Medieval times (600 to
1,000 CE) followed by a relatively colder interval (1100 to 1800 CE) and a pronounced warming after 1800
CE (Figure 2f; Cronin et al., 2010). The recent warming trend is similar to the warming recorded from
1850 to present in annually resolved coral‐based records from Bermuda (Goodkin et al., 2008; Figure 2g)
and also records farther north (Figures 2a, 2b, and 6i–6k). These data sets reveal different regional hydrographic trends adjacent to the Gulf Stream waters; however, they do not constrain heat/salt ﬂuxes. To this
end, geostrophic calculations based on temperature and salinity reconstructions in the Florida Strait have
suggested a decrease in the transport of the Gulf Stream during the LIA of about 10% (Lund et al., 2006),
which may explain some of the variability found in the more removed Chesapeake Bay record (Cronin
et al., 2010).
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Farther north, three snapshots of annually resolved δ18O values from the
bivalve Arctica islandica collected from the Gulf of Maine suggest a long‐
term cooling and/or increase in salinity across the last millennium
(Figure 2e). If the shell‐based δ18O record was primarily controlled by
temperature, this record would be consistent with the cooling found in
alkenone records from the NW Atlantic slope waters (Virginia Slope,
Laurentian Fan, and Scotian Margin; Sachs, 2007). In both studies, the
inferred cooling was interpreted as an increase in Labrador Current inﬂuence or transport to the region and/or more offshore positioned Gulf
Stream compared to modern conditions (Sachs, 2007; Wanamaker et al.,
2008). However, records from the Scotian Shelf interpreted as lying in
the direct path of the inner branch of the Labrador Current reveal different results. Different temperature indicators between 0 and 250 m from
Emerald Basin off Nova Scotia broadly show little variability with the
exception of the recent warming/decrease of polar waters (~1850–1950
years CE: Figures 2a and 2b; Keigwin et al., 2003). Yet, other nearby sites
show cooling at the same time (Figures 2c and 2d; Keigwin & Pickart,
1999; Keigwin et al., 2003). These different surface temperature trends
between the preindustrial and industrial period can be clearly seen in
Figure 10b. Recently, Thornalley et al. (2018) reﬁned the age models for
the published foraminiferal assemblages, speciﬁcally the polar planktonic
%N. pachyderma time series reﬂecting the surface conditions (0–70 m) in
this region (Keigwin & Pickart, 1999; Keigwin et al., 2003; Figures 2a–2d).
Data‐model comparisons revealed surface temperature records showing
diverging trends in the northwest Atlantic, which matched the sea surface
temperature model ﬁngerprints for a slowdown in AMOC across the last
150 years (Thornalley et al., 2018).

Figure 2. Surface ocean records from the southwest and northwest Atlantic.
Percentages of the polar foraminiferal species N. pachyderma from
(a) Laurentian Fan (Keigwin & Pickart, 1999) (b) Nova Scotia (Emerald
Basin; blue; note that superimposed are two records from the same core:
Mg/Ca‐based temperatures based on benthic foraminifera C. lobatus, in
pink, and sea surface temperature (SST) record from alkenones, in gray
(Keigwin et al., 2003); (c, d) % N. pachydermafrom Laurentian Fan (25MC‐A
18
and 10MC, respectively; Thornalley et al., 2018); (e) δ O from the bivalve
Arctica islandica from the Gulf of Maine (Wanamaker et al., 2008);
(f) Ostracod Mg/Ca‐based temperature reconstructions based on three
spliced sediment cores from Chesapeake Bay (Cronin et al., 2010); (g) temperature reconstructions based on Sr/Ca in brain coral from Bermuda
(Goodkin et al., 2008). Bold lines are weighted three‐point smoothing.
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In summary, surface ocean reconstructions in this region show large
variability in their pattern across records with perhaps the most common
signal being the anomalous (either cooling or warming) conditions starting ~1850 years CE (Figure 2). This diverging pattern possibly arises from
the complex regional interactions between the Gulf Stream and the
Labrador Current (including changes in the Gulf Stream detachment)
and/or larger basin‐scale circulation changes.
4.1.2. Subpolar NAC Waters
Open ocean records along the NAC pathways are entirely based on marine sediment cores found in high‐deposition sediment environments,
which allow for high temporal (subdecadal to decadal) resolution proxy
reconstructions (Figure 1). On the Reykjanes Ridge, foraminiferal assemblage reconstructions record gradual cooling over the Common Era
potentially involving increased freshwater and decreased subpolar frontal
inﬂuence at the site (Perner et al., 2018). This is in line with previous low‐
resolution reconstructions farther north (Thornalley et al., 2009). Farther
to the NE (North Iceland and Reykjanes), diatom‐based sea surface temperature (SST) reconstructions show a gradual warming over the last
2,000 years (Berner et al., 2008; Justwan et al., 2008; Miettinen et al., 2012;
Figure 3a), whereas the alkenones in the Reykjanes Ridge show centennial variability but no long‐term trends (Sicre et al., 2011; Figure 3b).
South of Iceland, however, Mg/Ca‐based temperature reconstructions
from a deeper‐dwelling foraminiferal species (below the summer thermocline and hence likely recording annual conditions) present marked
(~3.5°C) centennial variability (periodicity of ~200 years) with a gradual
cooling trend over the last millennium (Moffa‐Sanchez et al., 2014;
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Figure 3. NE Subpolar Atlantic surface reconstructions lying in NAC waters. Left panel: upper water column reconstructions in the Subpolar North Atlantic.
Diatom reconstructions from (a) North Iceland MD99‐2269 (Justwan et al., 2008), Gardar Drift (RAPiD‐21‐3K; Miettinen et al., 2012), Reyjkanes Ridge LO09‐
14/DS77‐2P (Berner et al., 2008); (b) alkenone records from RAPiD‐21‐3K (Sicre et al., 2011); foraminiferal Mg/Ca‐based temperature reconstructions from
(c) RAPiD‐17‐5P south of Iceland based on the near‐thermocline dweller G. inﬂata (Moffa‐Sanchez et al., 2014), and the 230‐year record from the surface dweller G.
bulloides RAPiD‐21‐12B Gardar Drift (Hall et al., 2010), RAPiD‐35‐25B (same location as RAPiD‐35‐COM, Figure 1) South Greenland (Moffa‐Sanchez et al., 2014);
and (d) Rockal Trough ENAM9606/M2003209 (Richter et al., 2009). Right panel: upper water column temperature reconstructions from the Scottish Shelf
18
18
(e) Loch Sunart temperature calculated based on the δ Oforam assuming no salinity changes (Cage & Austin, 2010), (f) Tiree Passage δ Oshell (Reynolds et al.,
2017), (g) Coralline algae Mg/Ca‐based winter and summer temperatures (Kamenos, 2010), and (h) proxy network temperature anomalies with respect to the series
mean based on bivalve growth increments (Reynolds et al., 2017). Bold lines on raw data are weighted three‐point smoothing.

Figure 3c). The amplitude and patterns are similar to SST and sea surface salinity records farther south on
the Reykjanes Ridge (Hall et al., 2010; Figure 3c) and on the Rockall Trough (Richter et al., 2009; Figure 3
d) and also to foraminifera‐based hydrographic reconstructions of North Atlantic Central Waters off
Morocco (Morley et al., 2011). These diverging results within the surface subpolar North Atlantic temperature proxies, especially considering that some of them are from the same sediment core, highlight the differences between the used proxies (Table 1). They likely reﬂect previously highlighted seasonal biases recorded
by the proxy carriers due to blooming and production times and also diverging habitat depths (Leduc et al.,
2010; Lohmann et al., 2013).
NAC waters are transported northward to the southern tip of Greenland by the Irminger Current and to the
North Icelandic Shelf by the North Icelandic Irminger Current (e.g., Daniault et al., 2016). In the Denmark
Strait, proxy records show that the inﬂuence of the relatively warm NAC waters transported by the Irminger
MOFFA‐SÁNCHEZ ET AL.
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Current and the North Icelandic Irminger Current has diminished over the last 2,000 years with respect to
the inﬂuence of polar East Greenland Current (EGC) waters (Jennings et al., 2011; Ólafsdóttir et al., 2010).
Additionally, temperature records from the NAC‐derived waters South Greenland are coherent in magnitude and pattern with the records from the south of Iceland (Moffa‐Sanchez et al., 2014; Figure 3c).
Farther to the east, observational studies have shown that the waters on the northwest European shelf
consist of modiﬁed NAC waters that get onto the shelf as a result of tidal internal mixing and other shelf
processes (Inall et al., 2009; Marsh et al., 2017). A number of molluskan growth increment width and stable
oxygen isotope sclerochronological records exist from this region (Figure 1). The interpretation of the
growth increment width series is inherently complex due to the inﬂuence of multiple parameters that are
likely driving growth (e.g., seawater temperature, quantity, and quality of food; Butler et al., 2010;
Reynolds et al., 2013; Reynolds et al., 2017). The 200‐year‐long Tiree Passage δ18Oshell record shows multidecadal variability with a warming over the twentieth century (Reynolds et al., 2017; Figure 3g) broadly
coherent with variability contained in the Loch Sunart δ18Oforam record (Cage & Austin, 2010; Figure 3e).
Longer‐term temperature records from northwest Scotland, the calcareous algal record (Kamenos, 2010;
Figure 3g) and the Loch Sunart δ18Oforam record (Cage & Austin, 2010; Figure 3e), exhibit contrasting
pictures with regard to long‐term trends. While the Loch Sunart δ18Oforam record contains no persistent
trend over the last millennium, except for a light δ18Oforam (hence warmer and/or fresher) period between
1550 and 1600 CE (Cage & Austin, 2010), the calcareous algal record exhibits a gradual increase in temperatures punctuated by multicentennial variability with increased seasonality since 1353 CE (Kamenos, 2010;
Figures 3e and 3g). Nevertheless, all records show pronounced multidecadal‐scale variability and a consistent notable warming over the industrial period of the European Shelf Current waters (Cage & Austin,
2010; Kamenos, 2010; Reynolds et al., 2017; Figure 3 and 12b).
To summarize, reconstructions from the NAC (and its branches) in the subpolar North Atlantic over the last
2,000 years reveal diverging millennial trends. Diatom surface temperature records show warming
(Figure 3a), the alkenone‐based temperatures show no discernible changes, whereas the foraminifera consistently show cooling with large‐amplitude changes at the centennial scale. These differences likely reﬂect
previously highlighted recording biases and/or postdepositional alterations of the proxy signals (Table 3).
The records from the slope waters across the Scottish shelf are shorter and mostly reveal a common warming
trend from 1800 CE to present (Figures 3f, 3g, and 10b), which is not clearly recorded in the sediment cores of
the subpolar North Atlantic (Figures 3a–3d and 10b). This may reﬂect a more pronounced recent warming of
coastal waters compared to the center of the subpolar gyre (e.g., Rahmstorf et al., 2015).
4.1.3. Atlantic Inﬂow Into the Nordic Seas: The Norwegian Atlantic Front and Slope Current
The northward transport of Atlantic waters in the Nordic Seas predominantly occurs as two different
branches, largely deriving from the east and west branches of the NAC, respectively. These two branches
separate and surround the Voring Plateau from either side, one taking a more western versus an eastern
pathway and eventually merging close to the Fram Strait (Figure 1; e.g., Wekerle et al., 2017).
Paleoceanographic reconstructions from the southern region of the Nordic Seas (~67 N) indicate that sea
surface temperature variability across the last 2,000 years was small in the alkenone‐ and diatom‐based
reconstructions (~1°C; Calvo et al., 2002; Berner et al., 2011; Figure 4d). The only record that continues into
the twentieth century indicates that the warmest conditions occurred just before the year 1000 CE and
coolest around 1500 CE, thus coinciding with the LIA. This cooling is attributed to a slowdown in oceanic
deep convection in the Nordic Seas in response to negative summer solar anomalies (Berner et al., 2011).
Similar patterns are found in the foraminiferal Mg/Ca temperatures at the same site, albeit with a larger
magnitude (Nyland et al., 2006; Figure 4d). Planktonic foraminifera oxygen isotope records at this site display a long‐term increase, indicating colder/saltier conditions toward the LIA (this trend is less pronounced
in the time series from a species that reﬂects a deeper/colder season signal; Risebrobakken et al., 2003;
Figure 4e). The cooling trend is also found in the planktonic foraminiferal assemblage reconstructions from
this same site (Andersson et al., 2003; Figure 4d) and in a δ18Oforam record farther south (~64°N), where it is
argued to largely reﬂect changes in SSTs (Sejrup et al., 2011; Figure 4f). The coherent regional cooling across
the MCA‐LIA transition can be seen in Figure 10a.
Farther north, in the Fram Strait, three independent SST time series exist (Figures 4a and 4b; Bonnet et al.,
2010; Spielhagen et al., 2011). Those based on planktonic foraminifera show relative stability for most of the
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Common Era and only a rapid increase since the industrial era
(Spielhagen et al., 2011; Figure 4a), which is argued to reﬂect enhanced
advection of Atlantic waters into the Arctic. On the other hand, SST estimates from the same site based on dinocyst assemblages show a long‐term
cooling trend, accompanied by a reduction in salinity, over the last 2,000
years (Bonnet et al., 2010; Figure 4b). This recent diverging trend in the
Fram Strait, also shown in Figure 10b, may be real or potentially reﬂect
habitat bias in the different proxies or postdepositional calcium carbonate
preservation changes (Zamelczyk et al., 2013). Over the same period, the
inﬂuence of drift ice increased at the Fram Strait (Werner, Spielhagen,
et al., 2011; Figure 4c). So, apart from the planktonic foraminifera proxies
in the Fram Strait, all surface parameters appear to show a coherent millennial cooling that culminated in the LIA or in some cases continued
until the twentieth century (Figure 4). This is consistent with the previously observed global SST trend, possibly as a result of accumulated volcanic forcing (McGregor et al., 2015) or a Neoglaciation decrease in
Northern Hemisphere summer insolation.
In summary, surface reconstructions of the Atlantic inﬂow in the Nordic
Seas largely reveal a millennial‐scale cooling and increased drift ice
(Figure 4). Additionally, the higher‐resolution records reveal centennial
changes, with the most noticeable being the surface cooling and increased
drift ice at ~1300–1450 years CE around the MCA‐LIA transition
(Figures 4c–4f and 10a).
4.2. Changes in the Southward Flowing Surface and Subsurface
Polar Waters: From Fram Strait to the Labrador Current

Figure 4. Properties of Atlantic Inﬂow waters in the Nordic Seas. Fram
Strait (a) MSM05/5_712‐1: Planktonic foraminifera assemblages and Mg/
Ca temperature indicators (Spielhagen et al., 2011); (b) JM06‐WP‐04‐MCB:
Dinocyst assemblages (Bonnet et al., 2010); (c) ice‐rafted debris counts per
gram (MSM5/5‐712‐1; Werner, Spielhagen, et al., 2011); Voring Plateau core
JM97‐948/MD952011 surface ocean reconstructions; (d) temperatures based
on diatom assemblages (green; Berner et al., 2011), Mg/Ca composition of
planktonic foraminifera (orange; Nyland et al., 2006) and planktonic fora18
mifera assemblages (burgundy; Andersson et al., 2003); (e) δ Oforam
18
(Risebrobakken et al., 2003); and (f) δ Oforam from P1003MC/SC (Sejrup
et al., 2011). Bold lines on raw data are weighted three‐point smoothing.

MOFFA‐SÁNCHEZ ET AL.

Polar waters originating from the Arctic Ocean reach the subpolar North
Atlantic via two pathways: the EGC and the Labrador Current (LC). The
EGC ﬂows through the Fram Strait southward along the East Greenland
shelf and ﬁnally through the Denmark Strait into the Subpolar North
Atlantic. This current acts as an important route for the southward transport of freshwater and sea/drift ice between the Arctic and the Subpolar
North Atlantic. Once it reaches the subpolar North Atlantic, it ﬂows
alongside NAC‐derived currents such as the North Icelandic Irminger
Current (North Iceland) and the Irminger Current (along Southeast
Greenland south of the Denmark Strait) forming a clear front, often
referred to as the polar front (Figure 1). At Cape Farewell, the EGC mixes
with the Irminger Current forming the northward ﬂowing West
Greenland Current (WGC). As the WGC circles around Bafﬁn Bay, it
merges with other outﬂows from the Canadian Arctic Archipelago and
Hudson Strait eventually ﬂowing south as the Labrador Current. This
section will discuss the reconstruction of the ocean conditions in
regions bathed by the EGC during its transit from NE Greenland to the
most southern tip of Greenland (section 4.2.1) and the WGC and LC
(section 4.2.2).
4.2.1. Polar Waters and Ice Along East Greenland and
North Iceland
There are only a few high‐resolution sediment records in the direct pathway of the EGC due to the low phytoplankton productivity and carbonate
dissolution, which limits our understanding of Arctic Ocean freshwater
and sea/drift ice outﬂow at centennial timescales. For this reason, the
available paleoceanographic reconstructions mostly rely on (i) records
close to the Greenland continental margin or near fjords in which
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signals could be overprinted by local processes or (ii) locations within the polar front, in which shifts can be
recorded by studying the relative inﬂuence of cold versus warm waters at that site over time.
At Foster Bugt (73°N), in the northeastern part of the Easter Greenland shelf (Figure 1), the surface reconstructions (including planktonic foraminiferal assemblage, biomarkers, and mineral composition) suggest
increased and more variable contributions of meltwaters from the Greenland margin to the EGC from
~800 CE to present (e.g., Figure 5a; Perner et al., 2015; Andrews et al., 2016; Kolling et al., 2017). Deeper
waters at this site contain Recirculating Atlantic Wasters (Figure 1), and reconstructions of ocean conditions
at 469 m show overall cooling (Perner et al., 2015; Figure 5h) in agreement with increased presence of cold
polar waters and ice at Fram Strait (Bonnet et al., 2010; Werner, Spielhagen, et al., 2011; Müller et al., 2012;
Figures 4b and 4c) implying a reduced northward heat advection and/or cooling of the Atlantic
inﬂow waters.
Farther south, the North Icelandic shelf is a region of great oceanic interest due to its proximity to the polar
front. This region marks the boundary between the relatively warm and saline Atlantic waters advected via
the Irminger Current through the Denmark Strait clockwise around the north coast of Iceland and the colder
and fresher Arctic‐derived polar waters transported within the East Greenland and East Iceland currents
(e.g., Logemann et al., 2013). Relative shifts in the proportion of these two distinct waters entrained onto
the North Icelandic shelf have been demonstrated to cause signiﬁcant shifts in water temperature, salinity,
sea ice extent, biological productivity, and the geochemical composition of the water column, hence allowing the reconstruction of this oceanic front back in time. Paleoceanographic variability on the North
Icelandic shelf has been investigated extensively over the past decades using a multitude of proxy archives
such as sediment cores (e.g., diatoms, foraminifera, and biomarkers) and bivalves (δ 18Oshell, ΔR; Figure 1).
The analysis of diatom assemblages from sediment core MD99‐2269 suggests that there was a gradual
increase in summer/August SSTs over the past 2,000 years (Justwan et al., 2008; Figure 3a). Contrastingly,
a higher‐resolution diatom assemblage temperature from core record (MD99‐2275) suggests a gradual
cooling with a likely step change in surface temperatures between a relatively warm interval from 800 to
1300 CE to a relatively cooler interval ~1350 CE to present, interpreted as the MCA‐LIA transition (Jiang
et al., 2005; Ran et al., 2011; Jiang et al., 2015; Figure 5j). Similar surface cooling trends are contained in alkenone reconstructions (Sicre et al., 2008; Sicre et al., 2011; Figure 5i) and an annually resolved δ 18Oshell
(Reynolds et al., 2016; Figure 5k). Furthermore, reservoir ages based on mollusks and bivalves show an
increase from ca. 1000 CE to 1850 CE, suggesting a gradual increase in the proportion of (older) polar waters
entrained onto the North Icelandic shelf (Figure 5k; Eiríksson et al., 2004; Eiríksson et al., 2011; Wanamaker
et al., 2012). These results are consistent with the SSTs (Figures 5i–5k) and sea ice (Figures 5c–5e), suggesting
an increase in polar water inﬂuence and likely a southward migration of the polar front across the last
millennium, which culminates in the LIA. Also, similar to the SST records, the drift ice records from this
region show a step change between ~1150 and 1350 CE into colder conditions (Figures 5c–5e) probably associated with the onset of the LIA (Cabedo‐Sanz et al., 2016; Massé et al., 2008; Moros et al., 2006; Sha et al.,
2015). Some of the records also suggest evidence for an increased presence of warmer Atlantic waters on the
North Icelandic Shelf over the industrial era captured in the in the δ 18Oshell and a reduction of ΔR
(Figure 5k; Eiríksson et al., 2004, 2011; Wanamaker et al., 2012).
Farther south in the Denmark Strait, few paleoceanographic records exist. Records from northern Denmark
Strait at Nansen Trough show a millennial reduction of subsurface warm Recirculating Atlantic waters
(Perner et al., 2016; Figure 5l), consistent with lower resolution time series from the same site (Jennings
& Weiner, 1996). Both pieces of evidence either indicate a weaker transport or cooler subsurface/bottom
Atlantic waters of the IC. These results are also consistent with the trends seen in diatom‐based April
sea ice cover in the southern Denmark Strait (Figure 5f; Miettinen et al., 2015). Another record from the
eastern side of the Denmark Strait shows a step increase in quartz content (indicator of drift ice) at
~1,600–2,000 compared to the earlier half of the last millennium (Andrews & Jennings, 2014). Yet, other
records from the cores in SE Greenland Fjords indicate variable source for the recorded drift ice through
the last 2,000 years (Andrews et al., 2014). These discrepancies are potentially a result of the complexities
interpreting drift/ice indicators in enclosed dynamic areas on the shelf where the provenance of the grains
can be local or more regional as highlighted by the short record spanning 1850 to present (Alonso‐García
et al., 2013).
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Figure 5. Ice and oceanographic conditions along Eastern Greenland and North Iceland. Left panel shows sea/drift ice conditions (a) sea ice conditions in PS2641
BC/GC at Foster Bugt (Kolling et al., 2017); (b) drift ice recorded in the Denmark Strait JM96‐1206/2GC (Perner et al., 2016) North Iceland; (c) %Quartz from
MD99‐2269 (Moros et al., 2006); sea ice biomarker (d) MD99‐2275 (Massé et al., 2008) and (e) MD99‐2269 (Cabedo‐Sanz et al., 2016); (f) April sea ice cover from
diatom assemblages in the West Denmark Strait (MD99‐2322; Miettinen et al., 2015);and (g) Haematite Stained Grains (HSG) transported from northwest
Greenland to South Greenland (GS06‐144‐03; Alonso‐Garcia et al., 2017). Right panel shows oceanographic conditions (h) benthic foraminiferal assemblages at
~430 m, which are indicator of Atlantic Intermediate Waters (PS2641 BC/GC; (Perner et al., 2015), North Iceland upper water column conditions; (i) sea surface
temperatures from alkenones (MD99–2275; Sicre et al., 2008; Sicre et al., 2011); (j) summer sea surface temperatures from diatom assemblages (Jiang et al., 2015;
18
MD99–2275); (k) δ Oshell (black; Reynolds et al., 2016) and ΔR (orange; Wanamaker et al., 2012) from Arctica islandica from the North Iceland shelf; (l)
benthic assemblage from ~400‐m deep in the Northern Denmark Strait (JM96‐1206/2GC; Perner et al., 2016); (m) % planktonic foraminifera species N. pachyderma
from the Eastern Labrador Sea (South Greenland; RAPiD‐35‐COM; Moffa‐Sánchez & Hall, 2017). Bold lines on raw data are weighted three‐point smoothing.
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Figure 6. Ocean conditions around West Greenland and the Labrador Shelf. (a) Sea ice concentration from central west Greenland shelf (GA306‐BC/GC4
spliced with lower res GA306‐GC3; Sha et al., 2016; Sha et al., 2017), (b) benthic foraminifera assemblages at 855 m on the West Greenland Shelf bathed by WGC
(343310‐MC/GC; Perner et al., 2011), Disco Bugt surface ocean reconstructions; (c) biomarker sea ice reconstructions (343310GC; Kolling et al., 2018); (d) sea ice
cover reconstructed from dinocysts (343310‐MC/GC; Allan et al., 2018); (e) organic biomarkers as indicators of melting (343310; Moros et al., 2016), (f) diatom
assemblages July sea surface temperature reconstructions (black) and April sea ice cover (343310; (Krawczyk et al., 2017); (g) alkenone‐based sea surface
18
temperatures from NE Newfounland (AI07‐04BC/3G) and (h) (AI07‐11BC/12G; Sicre et al., 2014). (i) Benthic δ Oforam record at 300 m within the Laurentian
Channel GR02‐23 and MD99‐2220 (Thibodeau et al., 2018). (j) Multispecimen record of coralline algae from Labrador and Bafﬁn Island generated by averaging the
normalized and annually averaged Mg/Ca (Moore et al., 2017) and (k) annual growth rates (Halfar et al., 2013) giving equal weight to each of the time series.
Bold lines on raw data are weighted three‐point smoothing.

MOFFA‐SÁNCHEZ ET AL.

1414

Paleoceanography and Paleoclimatology

10.1029/2018PA003508

Farther downstream, in a more open ocean setting off the southern tip of Greenland, colder surface
(~25–150 m) conditions are suggested from planktonic foraminiferal Mg/Ca and assemblages suggesting
an increase in polar EGC waters reaching the Eastern Labrador Sea (Figures 3c and 5m; Moffa‐Sánchez
et al., 2014; Moffa‐Sánchez & Hall, 2017). It is worth noting that a temperature and salinity record from
the same sediment core based on the polar species N. pachyderma reveals very small to no changes for
the last millennium (Moffa‐Sánchez et al., 2014) perhaps due to their changing habitat preference or, more
likely, its insensitivity to temperature (Jonkers et al., 2013). Superimposed on the long‐term surface cooling
in SE Greenland, clear centennial‐scale SST (0–150 m) variability has also been recorded, some coincident
with well‐known climatic events such as the cold LIA and the Roman Warm Period (Justwan et al., 2008;
Moffa‐Sanchez et al., 2014; Moffa‐Sánchez & Hall, 2017; Figure 5m). Furthermore, drift ice reconstructions
from a nearby core show an increase in hematite stained grains, which originate from northwest Greenland
at ~1450 CE (Figure 5g; Alonso‐Garcia et al., 2017). This record conﬁrms an increase in drift ice transported
southward along the East Greenland to the southern tip of Greenland (Alonso‐Garcia et al., 2017) and is in
line with other more northern records (Figure 5), thus verifying the increase in polar ice‐laden waters
reaching the subpolar North Atlantic via the EGC.
This section highlights the difﬁculties in reconstructing the polar waters carried by the EGC from the Fram
Strait to the southern tip of Greenland in the past. However, most records consistently show a millennial
cooling around the east and south of the Greenland margin. Paleoceanographic records proximal to the location of the polar front, such as North Iceland and South Greenland, suggest a southward shift and an
increase in the inﬂuence of polar waters versus Atlantic warm waters. Furthermore, sea/drift ice time series
also record a gradual increase in the export of drift ice from Northwest Greenland to the subpolar North
Atlantic likely within the EGC. Even if most records present the coldest and more ice‐laden conditions during the LIA, some records show a more step‐like cooling close to the MCA‐LIA transition (~1100–1500 CE).
4.2.2. West Greenland and the Labrador‐Bafﬁn Bay Region
Regional oceanic conditions on the West Greenland shelf, including both surface (temperature, salinity, and
sea ice concentration) and subsurface (temperature, salinity, and ﬂow speed) parameters, vary in response to
(i) changes in the WGC's source currents (EGC, Arctic‐sourced cold, low‐salinity water and the IC, relatively
warm, saline Atlantic sourced water; Buch, 1981; Tang et al., 2004) and (ii) the local surface meltwater discharge from the Greenland Ice Sheet (Holland et al., 2008; Rignot et al., 2010). Sea ice reconstructions from
central Western Greenland reveal an increase in sea ice culminating around 1650 years CE (Sha et al., 2016;
Sha et al., 2017; Figure 6a). This corresponds with the cooling and increased drift/sea ice found in East
Greenland (Figure 5; section 4.2.1) but contrasts with records from Igaluku Fjord (Jensen et al., 2004;
Lassen et al., 2004).
Most west high‐resolution paleoceanographic reconstructions from Greenland are located farther north in
Disko Bugt (Figure 1). Proxy records from the shelf (550–800 m) consistently show a warm WGC during
the Roman Warm Period (0–600 CE) followed by a long‐term cooling culminating at the onset of the LIA
(~1300 CE; Perner et al., 2011; Erbs‐Hansen et al., 2013; Perner et al., 2013; Figure 6b). This cooling is
explained by an increased contribution of polar EGC waters to the WGC as also found in Eastern
Greenland (Figure 5). Trends recorded by surface water proxies, however, document the surface ocean
response to meltwater discharge from the Greenland Ice Sheet and the duration of sea ice cover (e.g.,
Moros et al., 2016). For instance, between 0 and 600 years CE (Figure 6b; Perner et al., 2011) a relatively
strong and warm WGC‐induced melting of marine‐based outlet glaciers causing surface freshening and
warming (Andresen et al., 2011; Krawczyk et al., 2013; Ouellet‐Bernier et al., 2014; Sha et al., 2014;
Moros et al., 2016; Krawczyk et al., 2017; Allan et al., 2018; Kolling et al., 2018; Figure 6). From ~800 CE
the WGC cooled (Perner et al., 2011; Figure 6b) in parallel to atmospheric cooling and favored a
readvance of the ice sheet margin and major outlet glaciers extended again into the fjords (Moros et al.,
2016). This led to an overall surface cooling and increased sea ice (Krawczyk et al., 2013; Ouellet‐Bernier
et al., 2014; Sha et al., 2014; Moros et al., 2016; Krawczyk et al., 2017; Allan et al., 2018; Kolling et al.,
2018; Figures 6c–6e). However, around 1300 CE, despite the clear cooling in the WGC (Figure 6b; Perner
et al., 2011), the surface records at Disco Bugt show diverging trends in the temperatures and sea ice cover
(Krawczyk et al., 2013; Moros et al., 2016; Ribeiro et al., 2012; Seidenkrantz et al., 2008). This decoupling
between the WGC and the surface conditions at Disko Bugt at the onset of the LIA highlights the complexities of the ocean‐ice dynamics and the regional responses at this location (e.g., Krawczyk et al., 2013; Moros
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et al., 2016). Furthermore, the recent, twentieth century subsurface ocean warming increased melting and
decrease sea ice have been linked to increase ice retreat and meltwater at Disko Bugt (Krawczyk et al.,
2013; Lloyd et al., 2011; Moros et al., 2016).
Unfortunately, no records with suitable resolutions were identiﬁed from the Canadian Arctic north of Bafﬁn
Bay. High‐resolution records derived from sediment cores in the subarctic and Arctic northwest Atlantic are
largely concentrated on bays and fjord systems off eastern and southern Newfoundland, which are perhaps
not representative of open ocean conditions (Sheldon et al., 2015; Sicre et al., 2014; Thibodeau et al., 2018). In
addition, a single record is available off northern Labrador within a midshelf trough in a small basin protected in the north from iceberg scouring (Rashid et al., 2017). The two subdecadal alkenone‐based sea surface temperature records from NE and SE Newfoundland show different patterns during the last two
millennia (Sicre et al., 2014; Figures 6g and 6h). The diverging features are explained by changes in the inﬂuence of the NAC to the southern site versus the Labrador Current to the more northern site (Sicre et al.,
2014). Grain size variability and benthic oxygen isotopes and land‐derived Ti/Ca ratios are interpreted as
an overall Holocene cooling trend (Rashid et al., 2017). This cooling trend is proposed to lead to an increase
in sea ice duration in the Labrador Sea that diminishes freshwater supply and results in weakening of the
Labrador Current (Rashid et al., 2017). This is an opposing view from the Newfoundland sea surface temperature record (Sicre et al., 2014).
In addition to sediment cores, annually resolved coralline algal time series show warming since the nineteenth century (Moore et al., 2017; Figure 6j). This is interpreted as a regional climate reorganization involving an ampliﬁcation of the Atlantic Multidecadal Oscillation that coincided with the onset of the industrial
era warming (Moore et al., 2017). A combination of Labrador and Bafﬁn Island algal time series indicates
increased sea ice throughout the LIA and a steep long‐term ice decline in the industrial period (Halfar
et al., 2013; Figure 6k). A recent benthic δ 18O record from the Laurentian Channel within the Gulf of St
Lawrence reveals a recent (~1900 years CE) step shift to lighter δ 18O interpreted as an increase in subsurface
temperatures in the NW Atlantic (Thibodeau et al., 2018) similar to the patterns found in the coralline algae
records (Figures 6i, 6j, and 6k). This shift is interpreted as a ﬁngerprint for a recent AMOC weakening, and it
is argued that albeit less abruptly, the AMOC weakening started at around the onset of the LIA (~1600 years
CE; Thibodeau et al., 2018).
The differences in surface conditions indicated by the proxy records from Western Greenland probably
reﬂect the complex ice‐ocean interactions that take place in this region, particularly within enclosed bays.
The coastal setting, the limited number of proxy records in the pathway of the LC, and the conﬂicting interpretations thereof currently limit the interpretation of past ocean conditions in this region. Deeper ocean
reconstructions (more representative of the WGC, at 855‐m depth) reveal a millennial decrease in Atlantic
waters and a concomitant increase in polar waters (Figure 6b) culminating around the LIA. These results
are in agreement with an increase in polar waters carried by the EGC around Greenland as concluded in
section 4.2.1.
4.3. Deep Circulation in the Subpolar North Atlantic
Several bottom ﬂow speed reconstructions (Table 1) exist across the pathway of the deep overﬂow waters
that cross the Iceland‐Scotland Ridge. The subdecadal sortable silt records closer to the sill (2,300–2,080‐m
depth) reveal broad similarities on multicentennial scales with an increase in ﬂow speed from 0 years CE
until 600–800 CE followed by a gradual decline of ISOW ﬂow vigor toward the modern (Mjell et al., 2015;
Moffa‐Sanchez et al., 2015; Mjell et al., 2016; Figures 7a and 7b). Farther downstream, and at similar depths,
the SSrecords also coincide with the slow ISOW between 0 and 600 CE but the rest of the records diverge
from the upstream records by showing a steady increase toward the present with several step changes including an increase in the ﬂow at ~1400 CE (Moffa‐Sánchez & Hall, 2017; Figure 7c). The subcentennial variability is coherent with a nearby magnetic susceptibility record that, however, this record does not extend
beyond 1400 years CE (Kissel et al., 2013; Figure 7c). Farther downstream by the CGFZ (3,100–3,700‐m
depth), two short magnetic susceptibility records (0–1300 CE) also suggest an increase of overﬂow vigor
peaking around 600 CE and a steady decline until 1,400 m (Kissel et al., 2013; Figure 7d), which is more consistent with the upstream records. The divergence of records from southern Gardar drift can be explained by
the relationship found across the last 230 years in which the vigor of the ISOW in the region responded to the
overlying Labrador Sea Water and/or atmospheric conditions (Boessenkool et al., 2007) variability along
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Figure 7. Deep (>1,700 m) ocean records from the subpolar North Atlantic. Inset map outlining the deep circulation
boundary currents in the Subpolar North Atlantic including the Nordic Overﬂows (ISOW and DSOW) and the Deep
Western Boundary Current (DWBC), with the proxy record locations indicated by circles color coded to the data in the
graph. Bathymetric base map is made using Ocean Data View (ODV; (Schlitzer, 2015). The graph is ordered from the
ISOW from north to south including (a) RAPiD‐17‐5P, which is south of Iceland and close to the Greenland‐Scotland
Ridge (Moffa‐Sanchez et al., 2015; note that the SS from the DSOW, also shown in (e) has been plotted in blue in reverse to
show the antiphasing); (b) GS06‐144‐09MC (dark red; (Mjell et al., 2016) and GS06‐144‐08GC (red; Mjell et al., 2015; note
the discrepancy when splicing); (c) Southern Gardar drift SS from RAPiD‐21‐3K (Moffa‐Sánchez & Hall, 2017) and
magnetic susceptibility from MD99‐2251 (Kissel et al., 2013); (d) magnetic susceptibility from the deep Charles Gibbs
Fracture Zone (CGFZ) CH77‐02 and DD08‐3182C1 (Kissel et al., 2013); (e) SS record from the from RAPiD‐35‐COM in
the Eirik Drift off the southern tip of Greenland in the path of the DSOW (Moffa‐Sanchez et al., 2015); and (e) sortable silt
record from KNR‐178‐48JPC/56JPC in the pathway of lower LSW/upper DWBC (uDWBC; Thornalley et al., 2018). The
record in grey denotes three‐point smoothed benthic foraminiferal Mg/Ca temperatures at 1,845 m on the Scotian Shelf
interpreted as deep LSW (Marchitto & de Menocal, 2003; note that the data from the top 23.5 cm of this record were plotted
on the updated age model for KNR‐158‐10MC from Thornalley et al., 2018). Bold lines on raw data are weighted three‐
point smoothing.

other pieces of evidence has suggested to be related to changes in the deepwater formation in the Labrador
Sea coincident with several of the well‐known historical climate periods (Moffa‐Sánchez & Hall, 2017).
Single‐site studies using sortable silt grain size measurements are susceptible to past changes in the
vertical position of the deep current (Thornalley et al., 2013). Yet, the overall agreement across proximal
sites (Figure 7) lends support to the regional changes arising from downstream changes in the physical
mixing/entrainment processes.
In contrast to the Iceland‐Scotland Overﬂow path, there is a scarcity of records from the overﬂow waters
that cross the ridge through the Denmark Strait. There is only one sortable silt record from the southern
tip of Greenland at 3,200‐m depth (Figure 7e), which shows 400‐year oscillations, which are in antiphase
with the upstream records of ISOW (Figure 7a; Moffa‐Sanchez et al., 2015). The opposite trend in vigor
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of the two overﬂows during this time interval (Figure 7a) implies some diversion mechanism likely
implicating atmospheric circulation changes steering the overﬂow waters east or west of Iceland and
potentially compensating (Biastoch et al., 2003; Kohl, 2010). Farther downstream, a bottom temperature
record (1,854‐m depth) from the Laurentian Slope reveals multicentennial temperature changes related
to colder and fresher conditions in the Labrador Sea and glacier expansion on Bafﬁn Island, which inﬂuenced the production of Labrador Sea Water (Marchitto & de Menocal, 2003; Figure 7f). In contrast, ﬂow
speed records from the DWBC off Cape Hateras at 1,718 and 2,009 m indicate multicentennial variability
similar to the ISOW records (Figure 7f; Thornalley et al., 2018). The most noticeable feature in these
records is a sudden drop at around 1850 CE interpreted as a decrease in ocean deep convection
(1,000–2,500‐m depth) in the Labrador Sea contributing to a weakening of the AMOC (Thornalley
et al., 2018).

5. Last Millennium Insights From Climate Models
This section provides a model perspective to the major changes that the North Atlantic experienced in the
past millennium. Since models cannot resolve the intricacy of signals governing the proxy records, our goal
is to highlight model results that provide new insights about physical variables and processes not easily
inferred from proxies but that are important for their interpretation. In particular, large‐scale dynamical
variables such as the AMOC and SPG, and DSO strength, play an important role in the distribution of water
masses bathing the North Atlantic. In section 5.1, we illustrate time variability of these variables across multimodel ensembles and describe the results in the context of previous literature. In section 5.2, we give information about the associated ﬁngerprints (regression patterns linking dynamical variables to surface
quantities most readily constrained by proxies), which can also help to guide future proxy campaigns.
Finally, section 6 juxtaposes proxies and models by comparing long‐term anthropogenic changes (industrial,
1850–2005 CE, versus preindustrial, 850–1849 CE) and naturally forced changes (MCA, 850–1250 CE, versus
LIA, 1450–1850 CE) in the simulated and proxy‐derived surface temperatures.
5.1. Simulated Changes in Ocean Dynamics
To guide and illustrate different aspects of current knowledge from model data, we will use last millennium simulations from three selected climate models (see section 2.3): a 13‐member ensemble of
CESM, a three‐member ensemble of MPI‐ESM, and a single realization of IPSL‐CM5A‐LR. While using
ensembles gives insights into the roles of forced and internal variability, care must be taken in comparing
model properties. For example, due its larger ensemble size, the CESM ensemble mean is expected to
approximate the forced response better than the MPI ensemble, because the average of the internal variability component approaches zero as ensemble size increases (Deser et al., 2012). This comparison
between ensemble means is intended to highlight major, long‐term forced variability in the North
Atlantic, which might be common across models (for example, due to increased greenhouse gas concentration; Cheng et al., 2013). However, we warn the reader that this set of simulations is not adequate to
assess the potential interactions between internal variability and particular radiative forcings. These
include the potential modulations by the forcing of some modes of internal climate variability such as
the Atlantic Multidecadal Variability and also the potential role of background climate conditions in
the ﬁnal forced responses. To address these kinds of questions, the planned efforts within VolMIP
(Zanchettin et al., 2016) or through single‐forcing simulations in PMIP4 (Jungclaus et al., 2017) should
provide a more reliable setup. Similarly, caution should be taken when comparing model simulations
and observations. As discussed below, the large role of internal climate variability over the past millennium and the fact that forced variability might be relatively small and hence difﬁcult to detect in both
model and real world hamper any direct comparison between the two.
For the different simulations, we have computed key indices for the North Atlantic circulation and
overﬂows. These indices concern the AMOC strength calculated as an average of the overturning stream
function in the subpolar region, the SPG strength, and the overﬂow through the Denmark Strait (see
section 2.3 for details). The AMOC strength in Figure 8 shows substantial multidecadal variations in all
models, although agreement between the three models is poor (none of the AMOC indices are signiﬁcantly
correlated with each other). Various reasons could explain such disagreement.
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First, there might be intermodel differences in the oceanic response to the
forcing, including the possibility of a weak response that has no major,
direct impact on the North Atlantic circulation. This could be due to the
fact that different climate models exhibit internal variability with different
characteristics and processes (Ortega et al., 2015; Yan et al., 2018) that can
in turn explain different responses to external forcing. Second, model disagreement can reﬂect that the different ensemble means include different
ratios of internal and externally driven variability, depending on their
ensemble sizes. A major question to which climate models produce conﬂicting answers is whether the AMOC strength has been weakening since
the onset of the industrial era, as some climate reconstructions suggest
(Rahmstorf et al., 2015; Thornalley et al., 2018). Both the MPI
(Jungclaus et al., 2014) and the IPSL‐CM5A‐LR simulations show a
decreasing trend over the industrial era that is also seen in other last millennium simulations using the CNRM‐CM3.3 and the ECHO‐G models
(Ortega et al., 2012; Swingedouw et al., 2011). In contrast, the CESM
ensemble, for which a larger ensemble size yields a more robust forced signal, has a rather stable AMOC during that period (and lack of sensitivity
to the forcing of greenhouse gases, also seen in other transient simulations
with the CCSM3 model; Hofer et al., 2011).
Poor agreement between the models throughout the last millennium is
also found for the DSO indices (Figure 8). The spread of DSO in CESM
is particularly narrow compared to other models, and its ensemble mean
shows little variability on most time scales. This model, which includes
parameterized overﬂow physics, is known to exhibit a weak connection
between DSO and AMOC variability (Danabasoglu et al., 2012). While
overﬂows have received less attention than other large‐scale features of
the North Atlantic circulation in the simulations of the past millennium,
the ability to constrain overﬂow rates from proxy information, including
sortable
silt and magnetic particles (see section 4.3), makes this a useful
Figure 8. Simulated evolution over the last millennium for the three
model diagnostic. In the BCM model, Langehaug et al. (2016) linked veloselected models of three key ocean circulation variables, expressed in Sv
6 3
(1 Sv = 10 m /s): (a) the AMOC strength (deﬁned as the average of the
city changes along the Gardar Drift to the Faroe Shetland Channel overoverturning stream function between 35°N–50°N and 500–1,500 m), (b) the ﬂow, thus supporting the use of ISOW reconstructions from the Gardar
Denmark Strait overﬂow (computed as the southward mass transport of
Drift as proxies for overﬂow properties. They also found, however, that
dense waters across the Denmark Scotland Ridge; for the exact deﬁnition
velocity changes downstream are not a reliable metric for the strength
see section 3.2), and (c) the SPG strength (estimated as the maximum
of the overﬂow and that, instead, the density of overﬂow waters can be
absolute value of the barotropic stream function between 50°N–65°N and
20°W–60°W). All values are shown as anomalies with respect to the
a better proxy. Lohmann et al. (2014) performed a model‐based comparicomplete simulated period. The red and blue envelopes respectively
son highlighting the importance of the Nordic Seas overﬂows and subporepresent the total MPI and CESM ensemble spreads (i.e., from the
lar deep water formation to understand their links with the Atlantic
minimum to the maximum values across all members).
Multidecadal Oscillation and AMOC in last millennium simulations with
the MPI‐ESM (which is one of the simulations also used here), the
IPSLCM4_v2, and the BCM models. They found that the connection between Atlantic Multidecadal
Variability and the overﬂow results from local surface inﬂuences in the Nordic Seas and is not mediated
by changes in the AMOC.
Similarly as for the AMOC, large intermodel disagreement is found for SPG strength across the three models
(Figure 8). The most coherent result is a SPG strengthening in the twentieth century both in the MPI and
IPSL simulations, occurring simultaneously to the AMOC weakening. In the MPI model, the AMOC weakening was explained by a substantial reduction in reduced Labrador Sea deep water formation. Following
the AMOC decline, the northward heat transport into the subpolar latitudes was reduced, leading eventually
to a colder and denser eastern SPG, which responded with a baroclinic strengthening. A similar chain of
events had been observed in several CMIP5 historical experiments (Drijfhout et al., 2012), featuring a
warming hole region in the subpolar North Atlantic. Other periods show a wider diversity of results. For
instance, during the LIA the IPSL‐CM5A‐LR simulation shows again a strengthened SPG state, but the
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SPG is anomalously weak in the MPI ensemble (Moreno‐Chamarro, Zanchettin, Lohmann, & Jungclaus,
2017) and remains rather stable in the CESM ensemble. Other modeling studies also show conﬂicting
results, supporting either a weaker (Lehner et al., 2013, in CCSM3, and; Zhong et al., 2018, in CESM) or
stronger SPG (Schleussner et al., 2015, in CLIMBER‐3α) during the LIA. These different responses can be
partly due to the different model complexities and experimental setups involved in each study.
As previously indicated, a potential reason behind the low agreement between the indices in the MPI‐ESM
and the CESM models is their different ensemble sizes and associated ratios of internal to externally forced
variability. Figure S4 illustrates how the ensemble size impacts the characterization of the forced signal in
the CESM ensemble. The 13‐member mean is regarded as the true forced signal, and a bootstrapped distribution of correlation scores is generated by randomly subsampling (with replacement) the individual members to generate different N‐member ensemble means that are correlated with the truth. The analysis thus
suggests that a mean anomaly correlation coefﬁcient (ACC) of around 0.6 is needed to conclude (with 95%
conﬁdence) that a three‐member CESM ensemble contains the same forced signal as the truth. Since the
correlation between the three‐member ensemble mean of the MPI‐ESM and the 13‐member ensemble
mean of CESM‐LME is below 0.15 for all the indices, the analysis implies that the low agreement between
them is not due to the different sampling of internal variability by the different ensemble sizes, and it
probably reﬂects incoherences between their respective simulated forced signals. Also, ACC values of about
0.3–0.6 when one member is selected suggest that the forced signal in a single experiment from the CESM‐
LME explains about 10–35% of its total variance. This analysis highlights that relatively large ensembles are
necessary to constrain robustly and analyze the simulated forced signals during the past millennium (i.e.,
about 10 members would be needed to capture with the ensemble mean half of the variance in the true
forced signal).
Another aspect that hampers comparison across models is the uncertainty in the forcing reconstructions
used in each simulation. In this case, the PMIP3 protocol proposed different volcanic and solar forcings
for past1000 experiments (Braconnot et al., 2012; Schmidt et al., 2011). The two alternative volcanic forcing
data sets differ in the timing and intensity of major eruptions. The differences between the six solar forcing
available reconstructions are also large, each differently calibrating the magnitude of the change in the total
solar irradiance between present and the Maunder Minimum. The relatively arbitrary decision of using one
forcing or another could therefore produce a different representation, for example, in the simulated magnitude, extent, and onset of the LIA cooling (Schurer et al., 2014). Nonetheless, structural uncertainties
between different climate models have been found dominating over forcing uncertainty for quantities such
as the hemispheric mean temperature (Lehner et al., 2015), although the impact of such uncertainties on
past North Atlantic climate variability in particular has not yet been explored.
Despite the uncertainties in the forcing, there is an increasing amount of model evidence (including in the
past1000 PMIP3 simulations shown here) suggesting that strong volcanic eruptions can strengthen the
AMOC (Swingedouw et al., 2017), either by triggering a fast atmospheric response that enhances deep convection (Mignot et al., 2011; Zanchettin et al., 2012) or by inducing slow ocean thermodynamic adjustments
(Stenchikov et al., 2009). Models further suggest that midsized eruptions (similar to those of mounts Agung
and Pinatubo) can synchronize internal North Atlantic ocean variability (Swingedouw et al., 2015) and can
thus explain part of the recent decadal basin‐wide changes. The potential climatic impacts of volcanic eruptions as a pacemaker of the Atlantic Multidecadal Variability were also highlighted in Ottera et al. (2010).
Last millennium simulations have also been used to explore the role that both external forcings and internal
ocean dynamics played in the LIA (e.g., Lehner et al., 2013; Miller et al., 2012; Moreno‐Chamarro,
Zanchettin, Lohmann, & Jungclaus, 2017; Schleussner & Feulner, 2013; Slawinska & Robock, 2018). Most
of these studies support the necessity of strong volcanic eruptions for the inception of the LIA but disagree
about the causes of its duration. For example, while Slawinska and Robock (2018) explain it by the effect of
several minima in solar activity, Miller et al. (2012) suggest the presence of internal sea ice/ocean feedbacks
to maintain the initial volcanic‐driven cooling anomaly. Moreno‐Chamarro, Zanchettin, Lohmann, and
Jungclaus (2017) expand on the speciﬁc ocean mechanisms that could be at play and further invoke a prolonged reduction in the SPG strength and northward heat transport favoring sea ice expansion and reduced
ocean heat losses in the Nordic Seas. These results have been supported by a PMIP4 transient simulation for
the past 2,000 years with the CESM model (Zhong et al., 2018). A similar mechanism is also described in
Lehner et al. (2013), who also suggest that sea ice increases in the Arctic can be exported to the subpolar
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North Atlantic, weakening deep convection, and subsequently, the AMOC, and thus further reducing the
transport of heat into the Arctic. In these simulations with the CCSM3 model, the onset of the LIA follows
mainly a large reduction in the total solar irradiance, with a marginal contribution from the strong volcanic
eruptions in the fourteenth and ﬁfteenth centuries. Other studies have also related colder and extended sea
ice conditions in the North Atlantic and the Arctic to solar minima in simulations of the past millennium
(Ammann et al., 2007; Landrum et al., 2012; Moffa‐Sanchez et al., 2014) reported that the amplitude of
the solar variability used to force the model increases the magnitude of the associated climate changes, while
suppressing the effects of other natural forcings like volcanism on climate. However, the potential role of the
solar forcing in driving the LIA cooling is still highly debated, since latest evidence suggests that the amplitude in the ﬁrst reconstructions of the solar forcing was overestimated (e.g., Foukal et al., 2006).
Furthermore, detection‐attribution studies highlight a more important role of volcanic eruptions on large‐
scale climate variability than solar variations (Atwood et al., 2015; Schurer et al., 2014), whose effect is hardly
detected on the past Northern Hemisphere temperature changes (Schurer et al., 2014). Unforced climate
simulations can also show spontaneous cold events affecting the entire subpolar North Atlantic from decades to a century, related to feedback mechanisms between sea ice growth and changes in both the oceanic
and atmospheric circulation (Drijfhout et al., 2013; Moreno‐Chamarro et al., 2015).
In summary, this section highlights the current discrepancies between models and their limitations to disentangle the role of internally versus externally generated variability in dynamical variables such as the overturning and the barotropic ocean circulations in the North Atlantic. Further advances in our current
understanding will rely on the success of new coordinated experiments like the past1000 within PMIP4
(Jungclaus et al., 2017). In particular, the proposed Tier‐1 experiments will use for the ﬁrst time a common
set of forcings, and all modeling groups have been encouraged to produce a relatively large ensemble (i.e., up
to 10 members if possible).
5.2. Associated Climate Fingerprints and Stationarity Through Time
In addition to helping investigate drivers (e.g., the large‐scale ocean circulation) of multidecadal climate
variability in the North Atlantic, climate models can inform about their dynamically plausible links with
upper ocean variables such as SST, which can be reconstructed directly by proxies. This information can
be illustrated by the regression coefﬁcients (also known in this context as ﬁngerprints) between the indices
described in section 3.2 (the strength of the AMOC, the SPG, and the DSO) and the North Atlantic SST ﬁelds.
Figure 9 shows the corresponding results for the multimodel mean regression, with stippling highlighting
areas of model agreement (in terms of the coefﬁcient's sign). Regression coefﬁcients are ﬁrst calculated individually in each ensemble member and subsequently averaged to obtain the ensemble mean coefﬁcient;
results shown are the mean of the ensemble means, so that the contributions from each model are weighted
equally. Regression coefﬁcients thus account for both internal and externally forced variability, in contrast to
the ensemble mean indices in section 5.1.
To evaluate the possibility of differences in these relationships that could emerge from different contributions from naturally and anthropogenically forced variability, ﬁngerprints for the preindustrial and industrial eras are considered separately and compared. It is worth noting that last millennium climate
reconstructions are typically calibrated and tested in the historical period against recent observations; thus,
this test can help to identify whether links derived in present day's climate can be extrapolated to past
millennia. Additional comparisons were made between the LIA and MCA (not shown), but the lack of major
differences in regression patterns during these intervals suggests a weak sensitivity of SST ﬁngerprints to the
associated regional and global climate changes simulated in the models.
Substantial differences between preindustrial and industrial ﬁngerprints may point to an anthropogenic
origin of nonstationarities in relationships between SSTs and ocean circulation during the last several
centuries, although they can also obey to the different period lengths (and timescales) covered in each case.
Fingerprints can further be inﬂuenced by model resolution, as shown for the northwestern Atlantic warming due to CO2 doubling (Saba et al., 2016). Since our aim here is to review different applications of climate
model simulations and not to perform a thorough analysis of the ocean impacts related to each circulation
variability, the regression coefﬁcients are computed in phase, that is, without considering a lag between the
variables. Also, for simplicity, no trends are removed in the industrial period associated with the
global warming.
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Figure 9. Model SST ﬁngerprints for the ocean circulation and current indices. Regression coefﬁcients (in standard deviation units) between the selected ocean circulation indices (AMOC, DSO, and SPG strength) and the SST ﬁelds for the
preindustrial (850–1849 CE) and industrial periods (1850–2005 CE). Before regression coefﬁcients are calculated in each
individual model simulation, both the SST and the indices are ﬁrst smoothed with a 10‐year running mean and then
standardized with respect to each period. The multimodel mean is based on the average of the individual ensemble means
of the CESM, the MPI‐ESL, and the IPSL‐CM5A‐LR. Stippling highlights regions of agreement between the three models
regarding the sign of the regression coefﬁcient. The ensemble mean of each model is shown in supporting information
Figures S1–S3.

The three models agree on warmer SSTs over much of the North Atlantic for a stronger AMOC in the preindustrial period (Figure 9a). By contrast, the pattern and degree of agreement between models substantially
change in the industrial period when the only common feature among the three models is positive regression
coefﬁcients over the eastern subpolar gyre. This result is consistent with previous studies from observations
and models (Jungclaus et al., 2014; Robson et al., 2016) linking a weakened AMOC with a colder eastern subpolar North Atlantic. Zhang (2008) reported a similar link between the AMOC and eastern SPG subsurface
temperatures (~400 m) in a 1,000‐year control simulation with GFDL CM2.1. A multimodel analysis of 10
different CMIP preindustrial control simulations corroborates the sensitivity of the eastern subpolar gyre
SSTs to the AMOC (Roberts et al., 2013). More recently, the study of Ortega et al. (2017), using control simulations from two state‐of‐the‐art climate models, showed that this AMOC ﬁngerprint also emerges in ﬁner
(eddy‐permitting) resolutions. Moreover, in those simulations, the SST signals in the eastern SPG are strongest when the AMOC is leading by 6 years. Figure 9 also exhibits a cooling related with AMOC increase
along the north coast of America, which had also been previously identiﬁed as a ﬁngerprint of the AMOC
(Caesar et al., 2018; Zhang, 2008). This signal is mainly coherent among the different model simulations over
the preindustrial time frame and may be related to a northward shift of the Gulf Stream system (Caesar et al.,
2018; Zhang & Vallis, 2007). Finally, the different ﬁngerprints for AMOC indices under preindustrial and
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Figure 10. Proxy‐model comparison of surface ocean temperature changes in the last millennium. SST (0 m) change
simulated by the multimodel ensemble (shaded contours) or reconstructed SST (approximately 0–150 m) by the proxies
(ﬁlled symbols). Stippling indicates regions in which all models show the same sign of change. In the proxies, colored
circles indicate qualitative SST changes between the two periods: red for a warming, blue for a cooling, and white if the
18
change is not signiﬁcantly different from zero. Colored crosses are equivalent to the circles but represent δ O‐based
proxies, which are a combination of temperature and salinity. (a) SST differences between the MCA (850–1250 years CE)
and the LIA (1450–1850 years CE) (b) SST differences between the industrial (1851–2000 years CE) and the preindustrial
(850–1850 years CE) periods (note that for the proxy data 1000‐1850 years CE was used for the preindustrial period).
See supporting information Table S2 for the details of the data used.

industrial conditions may reﬂect distinct roles of gyre and overturning ocean heat transport under internal
variability and external forcing (Oldenburg et al., 2018).
In contrast to results for the AMOC index, there is much less agreement across models and time periods in
ﬁngerprints of DSO on the SSTs. We can still highlight a model tendency to show colder subpolar North
Atlantic and Arctic conditions and warmer waters in the North Atlantic Current Extension when the
DSO is stronger. Accounting for some leads and lags between the DSO and the SST might indeed enhance
the SST response and improve the intermodel agreement. This may be especially true since overﬂow
MOFFA‐SÁNCHEZ ET AL.

1423

Paleoceanography and Paleoclimatology

10.1029/2018PA003508

waters propagating downstream can later inﬂuence the strength of the AMOC and SPG (Langehaug et al.,
2012; Lohmann et al., 2014) and through their associated heat transports the SST ﬁeld eventually.
Although different from the DSO shown here, connections between SSTs across the Iceland‐Scotland
Ridge and its deep overﬂow were explored in three climate models (Lohmann et al., 2015; including one
of the MPI‐ESM simulations shown here), but as opposed than for the DSO, the authors found stronger overﬂows to be linked with warmer SSTs (and vice versa).
The model‐mean ﬁngerprint of the SPG strength on the SST is similar between the industrial and preindustrial periods, with larger amplitudes in the latter. The pattern features a distinct tripole with warming in the
Labrador, Irminger, and Nordic Seas, cooling in the central and eastern subpolar North Atlantic, and warming in the Gulf Stream Extension, with all the three regions showing intermodel agreement. These regions
show similar sensitivity to the SPG strength in the two higher‐resolution simulations explored in Ortega
et al. (2017), although with some regional differences, like a strong cooling in the Gulf of Saint Lawrence,
which does not seem to be well resolved in the coarser‐resolution models.
It has become relatively common to reconstruct large‐scale modes of variability such as the NAO (Cook
et al., 2002) and the Atlantic Multidecadal Variability (Wang et al., 2017) from a relatively large collection
of proxy records, an exercise toward which the model SST ﬁngerprints in Figure 9 can also contribute to validate proxies that could be used to reconstruct each of the indices herein considered. Previous reconstruction
studies have used similar statistical relationships derived from models to test and reﬁne their ﬁnal proxy
selection (Zanchettin et al., 2015). Model‐based ﬁngerprints can also be exploited for similar purposes with
the gridded reconstructions of surface temperature already available, as used by Rahmstorf et al. (2015) to
reconstruct the past AMOC evolution. However, this approach can introduce an additional source of uncertainty, inherent to the methodology applied to interpolate the surface temperature ﬁelds (Luterbacher et al.,
2016; Wang et al., 2015). These uncertainties add to the key assumption that statistical relationships used for
calibrating the reconstructions are stationary in time, which does not necessarily hold. Indeed, Figure 9 suggests that ﬁngerprints can be both model and time dependent and therefore need a very detailed analysis to
guarantee temporal and spatial consistency. Furthermore, given that SST ﬁngerprints related to AMOC and
SPG share some similarities, a high density of proxies extending over their regions of disagreement will be
essential to disentangle their separate signals.

6. A Qualitative Proxy‐Model Comparison
Proxy‐model comparisons have been historically hampered by the distinct nature of both data sources, each
subject to its own limitations. In the context of this study, we highlight potential limitations due to the
relatively low model spatial resolution (typically of 100 km or larger, depending on the region), which can
hinder the realistic representation of some regions where many proxy records are found, particularly on
the shelves and slopes or under strongly eddy systems such as the NAC. Proxy reconstructions are generally
unequally distributed in time and associated with temporal uncertainty. Also, proxy data include different
climatic and nonclimatic signals that are not always easy to disentangle (Table 1). Temperature‐sensitive
proxies can also include sensing biases and represent speciﬁc seasons (at high latitudes generally toward
the summer) and depths (Jonkers & Kučera, 2017; Leduc et al., 2010). These incompatibilities thus caution
against the direct comparison of proxy records with model outputs at their closest grid points (Pages
Hydro2k Consortium, 2017).
To circumvent some of these problems, we have performed a simple qualitative sea surface temperature
model‐proxy comparison in Figure 10. For this, from the screened records (section 3.1) we selected SST‐
sensitive proxies (~0–150 m depth; Table S2) and performed two sample t tests assuming unequal variance
to assess if there was a signiﬁcant shift (positive or negative) between the Medieval Climate Anomaly and the
Little Ice Age (respectively deﬁned as 900–1200 AD and 1450–1850 AD; Figure 10a) and between the recent
period (since 1850 AD) and preindustrial times (1000–1850 years AD) periods (Figure 10b). A signiﬁcance
value of 0.05 was used without adjustment for multiple comparisons, and only those proxies guaranteeing
a minimum of two temporal samples for each of the time periods were considered. In Figure 10 we always
refer the SST change from the periods generally considered warmer (MCA, industrial) to the colder period
(LIA, preindustrial).
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Both proxies and models broadly agree on showing a widespread warming in the North Atlantic and the
Nordic Seas when comparing the MCA with the LIA (Figure 10). There is a cluster of proxy records in
Disko Bugt (West Greenland) distinctly showing a cooling. However, as discussed in section 4.2.3, the coastal
setting of these records makes their SST interpretation difﬁcult. Among the models, the largest differences
are in the eastern SPG, a region that is not sampled by the proxies. A similar cooling in this region has been
previously associated in climate models with an AMOC decline (Drijfhout et al., 2012), although out of our
three models, only the IPSL‐CM5A‐LR simulation shows a weaker AMOC for the MCA than for the LIA,
with the ensemble means of the two other models showing no signiﬁcant changes. Results from other proxy
reconstructions are inconclusive, with some suggesting a slowdown during the LIA of a key component of
the AMOC such as the Florida Current during the LIA (Lund et al., 2006), and others supporting a strengthening (Rahmstorf et al., 2015; Thornalley et al., 2018). The warming in the Labrador and Nordic Seas and
cooling in the eastern SPG region in the models could be otherwise related to a stronger SPG during the
MCA than during the LIA, as described in Moreno‐Chamarro, Zanchettin, Lohmann, Luterbacher, and
Jungclaus (2017) for the MPI‐ESM ensemble. In that study, the three members consistently show a SPG
weakening during the LIA, also supported by proxies (Copard et al., 2012; Moffa‐Sánchez & Hall, 2017),
and they exhibit anomalous climate conditions in the North Atlantic and Arctic (Moreno‐Chamarro,
Zanchettin, Lohmann, & Jungclaus, 2017; Moreno‐Chamarro, Zanchettin, Lohmann, Luterbacher, &
Jungclaus, 2017) that resemble the SST pattern in Figure 10.
The transition from the preindustrial to the industrial period unveils larger discrepancies, both between
and within the proxies and the models. On average, models support an overall warming, with a minor
cooling over the warming hole region and the warmest anomalies in the Nordic Seas, possibly due to
the effect of polar ampliﬁcation. However, intermodel agreement is constrained to the polar latitudes.
This is because the CESM simulations experience a major cooling in the North Atlantic during the industrial era, probably related to a strong effect of anthropogenic aerosols that overwhelms the greenhouse
gas‐related warming over the midlatitudes of the Northern Hemisphere (see Figure 8 in Otto‐Bliesner
et al., 2016). In the other two models, the North Atlantic experiences a major warming. Concerning
the proxy records, a coherent pattern of change is hard to distinguish. Many closely located records show
opposing anomalies as, for instance, in the Western North Atlantic, Svalbard. This lack of coherence
between the proxy results could reﬂect some limitations in our approach. For example, some proxy time
series might not have enough sampling points or suffer from a chronological error that is too large to
constrain robustly the industrial period, which is only 170 years long (Abram et al., 2016). Indeed, the
availability of fewer points makes the proxy mean more sensitive to extreme values. The length of the
proxies is also rather variable and those with a shorter preindustrial period overemphasize the recent
warming, in particular if part or all of the MCA is missing. In addition to this, some of the proxies, particularly those at coastal sites, may further reﬂect a local signal that is unlikely to be resolved in models
of such a relatively coarse spatial resolution. The model‐data discrepancy seen in Figure 10 over the
industrial period might thus result from the multiple uncertainties and difﬁculties present in both
sources of information.
Due to all these complications, it becomes essential to explore new ways to compare and exploit models and
proxies together. Models can be used to explain phenomena registered by proxies, both at large spatial scales
(as the MCA‐LIA transition) and at the regional scale. Likewise, models can provide a test bed to investigate
proxy biases by assessing if inferred recording biases in proxies are physically plausible, which could lead to a
further understanding of proxy recording behavior.
Future efforts to make more meaningful proxy‐model comparisons should be directed at bringing both communities closer and developing new methodologies. Using our reﬁned knowledge to subsample the models
to only target those regions and periods covered by the proxies, while taking their sensing bias into account,
would be one of the ways forward. Improved model resolution can also help proxy‐model comparison in
those regions where, for example, local currents are poorly resolved (Saba et al., 2016). Other major advances
could come with a more extensive use of proxy system forward models (Dee et al., 2016; Dolman & Laepple,
2018; Evans et al., 2013; Kretschmer et al., 2018), in particular in the context of the last millennium. For
example, one of the avenues currently explored is the explicit modeling of other parts of the climate system,
such as water isotopes (Sjolte et al., 2011; Stevenson et al., 2013; Werner, Langebroek, et al., 2011). This
would allow model‐data comparison in a more direct way and in multiple dimensions. Further
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developments in proxy data assimilation with models, especially tailored to reconstruct the changes in the
ocean circulation, will help to produce last millennium reanalyses that are more physically consistent with
the proxy data (Hakim et al., 2016). For these efforts, having proxy information over the regions where models tend to present strong biases (e.g., the Gulf Stream) is essential.

7. Summary and Conclusions
In this review we have presented and discussed a state‐of‐the‐art compilation of high‐resolution paleoceanographic records north of 35°N spanning the North Atlantic and Nordic Seas (Figure 1). The number of data
sets identiﬁed and discussed clearly highlights the increase in the number of proxy records in this region over
the last 20 years and, hence, the need to bring them together to advance and review our up‐to‐date understanding of the decadal to multicentennial ocean variability across the last 2,000 years in this key region.
The main ﬁndings from the compilation and discussion in this review are summarized below:
1. Surface ocean reconstructions of the relatively warm Atlantic waters show variable patterns in the three
regions studied. The most southern region (30–45°N) shows large variability in the surface temperature
conditions, with the most common signal being the anomalous conditions (either cooling or warming)
starting in ~1850 CE (Figure 2). This diverging pattern perhaps arises from the complex regional interactions between the Gulf Stream and the Labrador Current (including changes in the Gulf Stream detachment) and/or larger basin scale circulation changes. Farther north in the subpolar North Atlantic,
reconstructions from the NAC waters reveal diverging millennial trends likely resulting from seasonal
or preferred habitat depth proxy biases (Figure 3). The records from the slope waters across the
Scottish shelf are shorter and mostly reveal a common warming trend from 1800 CE to present not clearly
recorded in the sediment cores of the subpolar North Atlantic (Figure 3). This geographical difference
could be explained by differential warming of coastal/shelf environments versus central subpolar gyre.
Surface reconstructions of the Atlantic inﬂow in the Nordic Seas largely reveal a millennial‐scale cooling
and increase drift ice with higher‐resolution records showing a shift around 1300–1450 CE to colder conditions with more drift ice (Figure 4).
2. Surface conditions around East and South Greenland, largely inﬂuenced by polar EGC waters, consistently show a millennial‐scale cooling accompanied by a gradual increase in sea/drift ice and a southward shift of the polar front (Figure 5). Records from the WGC are also consistent with these ﬁndings
and show an increase in the inﬂuence of polar waters (EGC) versus Atlantic warm waters reaching
West Greenland over the last 2,000 years (Figure 6b). Even if most records present the coldest and
most ice‐laden conditions during the LIA, some records around Greenland show a more step‐like
cooling close to the MCA‐LIA transition (~1100–1500 CE; Figure 5). Contrastingly, the coastal setting
of the reconstructions and the limited records in the northern northwest Atlantic with opposing
interpretations ultimately limit the interpretation of past ocean conditions in this region and of the
Labrador Current.
3. Deep subpolar North Atlantic high‐resolution records spanning the last 2,000 years are sparse and mostly
comprise near‐bottom ﬂow speed indicators particularly lying in the pathway of the Nordic Seas overﬂows and the Deep Western Boundary Current. The different depths, sedimentary setting, and the downstream position of the records in the pathway of the ISOW can perhaps explain the differences between
some of them (Figures 7a–7d). The other deep sea records are found in the pathway of the DSOW and the
DWBC/lower Labrador Sea Water. Although they present some similarities, further work is required in
order to gain a more comprehensive picture of the deep circulation in the North Atlantic across the last
2,000 years.
This review paper has likewise discussed our current knowledge of last millennium North Atlantic variability from climate models. Results from three different sets of experiments performed with the IPSL‐CM5A‐
LR, CESM, and MPI‐ESM models have been used to illustrate the current uncertainties and aspects of
intermodel agreement. The key conclusions and ﬁndings are described as follows:
1. While model simulations do not present a consensus picture of the climate variations in the last millennium, some studies share perspectives on the sensitivity of the AMOC to volcanic forcing and the role of
volcanism in forcing overall colder conditions during the LIA. Disagreements among models arise in part
from internal variability, and ensemble approaches have proved useful for analyzing the statistics of this
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variability and isolating externally forced components. However, not having model ensembles of the
same size hampers rigorous interpretation of model discrepancies.
2. Indices of AMOC, SPG, and DSO strengths computed in three of the models participating in PMIP3
reveal different responses to external forcing, even after accounting for different numbers of ensemble
members. These differences could be due in part to the use of different forcing data sets, pointing to
the need for increased standardization of model forcings and experimental protocols.
3. Model ﬁngerprints (i.e., regressions) of ocean circulation indices onto SSTs show varying degrees of agreement among models in different time periods. For example, while DSO ﬁngerprints show limited small‐
scale regional agreements across models, SPG ﬁngerprints show a tripolar structure that is consistent in
both the preindustrial and industrial periods. Moreover, while the models agree on some regional‐scale
features of preindustrial AMOC ﬁngerprints, there is no consensus on industrial‐era AMOC ﬁngerprints
outside of the eastern SPG. Based on our limited set of simulations, we conclude that linear relationships
at zero time lag between SSTs and ocean circulation may be model dependent and nonstationary in time.
These effects may bias results from studies that use ﬁngerprints to relate proxy observations of upper
ocean temperature to ocean circulation.
A comparison of model and data representations of MCA‐LIA SST differences reveals agreement in most
regions, with both models and proxies suggesting that the MCA was comparatively warmer over most of
the North Atlantic and the Nordic Seas (Figure 10a). There is, however, no intermodel agreement on the sign
of the temperature changes in the eastern SPG, with some simulations showing a weak surface warming and
others a cooling in the MCA relative to the LIA (Figure 10a); this feature has been associated either with a
weaker AMOC or a stronger SPG circulation during the MCA in previous studies. The changes experienced
from the preindustrial to the industrial periods were also investigated and yielded even greater discrepancies: Whereas models agree on a polar‐ampliﬁed SST warming especially in the Nordic Seas, the proxies
show opposing cooling and warming signals over the whole region, even at closely located sites (Figure 10b).
Disagreements discussed in this review (1) among models, (2) among data types, and (3) between models
and data stem from a combination of proxy analytical and representational errors and model physics and
initial and boundary conditions. How can we make progress in reconciling these disparate constraints?
One promising way forward is using ocean state estimation and/or data assimilation, which use model
dynamics to interpolate in space and time between noisy, sparse observations. Such approaches have been
used extensively in modern oceanography (e.g., Forget et al., 2015), and recent efforts relying principally
on terrestrial, annually resolved data have shown promise for reconstructing regional variations in multiple
climate variables over the Common Era (Hakim et al., 2016; Tardif et al., 2018). However, while these
approaches provide a common framework for combining models and data, they are not a panacea, and their
success ultimately depends on having a network of highly resolved observations with accurate uncertainty
quantiﬁcation and a robust representation of the dominant dynamics in models. Continuing to prioritize
these efforts will expedite future progress in understanding North Atlantic variability over the past
2,000 years.
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