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Abstract Sediment-based reconstructions of bottom water velocity at the Gardar Drift are commonly
interpreted to reflect changes in the eastern Nordic Seas overflows. Here we investigate the relationship
between changes in the water that overflows through the Faroe Shetland Channel and downstream bottom
velocity at the location of the Gardar Drift as represented in a 500 year long simulation with the Bergen
Climate Model. We identify a region in our simulation proximal to the geographical location of the northern
Gardar Drift where 76% of the variance in bottom velocity can be explained by changes in the volume transport
and density of the Faroe Shetland Channel overflow. By contrast, Labrador Sea Water changes do not appear
to play a significant role in the bottom flow over the Gardar Drift. Our findings support the assumption in
the paleo literature that reconstructions of bottom water velocity at the Gardar Drift reflect past changes
in the eastern Nordic Seas overflows. However, our results suggest that velocity changes downstream are not
a simple metric for the strength of the overflow, rather overflow density plays the largest role.

1. Introduction

The transformation of warm and saline Atlantic water to cold and less saline water masses at northern high
latitudes, such as the Nordic Seas overflows, is an essential part of the Atlantic Ocean’s thermohaline circula-
tion [Rudels, 1995; Wunsch, 2002] and contributes to the large-scale global ocean circulation [Broecker, 1997;
Talley, 2008]. Atlantic water is carried poleward by the North Atlantic Current (Figure 1), and large amounts of
heat are lost from the ocean as the surface water interacts with colder air masses [McCartney and Talley, 1982;
Brambilla et al., 2008]. The oceanic heat loss contributes to the anomalously mild winters in northwestern
Europe [Rahmstorf, 2002; Rhines et al., 2008].

The Atlantic Ocean’s thermohaline circulation is completed in the Nordic Seas and Arctic Ocean [Eldevik and
Nilsen, 2013; Kuhlbrodt et al., 2007]. Most of the Atlantic water entering the Nordic Seas eventually sink and
return as deep waters to the North Atlantic. This deep return flow to the North Atlantic Ocean primarily occurs
as overflows from the intermediate depths of the Nordic Seas over the sills in the Greenland-Scotland Ridge
[Dickson and Brown, 1994, Figure 1; Hansen and Østerhus, 2000]. The volume transport is portioned fairly equally
between the western overflows through the Denmark Strait, which separates Iceland from Greenland, and the
overflows on the eastern side of Iceland, which are collectively named Iceland-Scotland OverflowWater (ISOW).
The ISOW branch consists of water overflowing through the Faroe Shetland Channel—and further downstream
the Faroe Bank Channel (~2 Sverdrup (Sv)), a more intermittent overflow across the shallower sills between
Iceland and the Faroe Islands (~1 Sv), as well as across the Wyville Thomson Ridge (~0.3 Sv) [Dickson and
Brown, 1994; Hansen and Østerhus, 2000; Hansen and Østerhus, 2007; Østerhus et al., 2008]. The initial volume
flux of ISOW (~3 Sv) approximately doubles as it overflows and entrains waters along its transit southward.
South of the ridge, ISOW constitutes the southward flowing deep current that is the sum of the different
branches of eastern overflows, entrained northward flowing Atlantic water and entrained Labrador Sea
Water [Hansen and Østerhus, 2000; Østerhus et al., 2008]. After transiting southward along the eastern
flank of the Reykjanes Ridge the ISOW flows into the Irminger Basin through the Charlie-Gibbs Fracture
Zone (Figure 1) and flows north toward the Denmark Strait where it is eventually entrained into Denmark
Strait Overflow Water. There is also a discussion on additional pathways through the Reykjanes Ridge
[Xu et al., 2010]. The combined deep overflows flow southward through the Labrador Sea where they are
joined by Labrador Sea Water and collectively exported to the south as North Atlantic Deep Water (NADW).
By this stage the total deep flow has increased to around ~13Sv [Dickson and Brown, 1994; Haine et al., 2008],
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where ISOW supplies approximately half of the lower NADW transport, making it a major contributor to the
large-scale Atlantic Meridional Overturning Circulation (AMOC) [Rahmstorf, 2002; Srokosz et al., 2012].

The inflow of Atlantic water to the Nordic Seas flows in three branches over the Greenland-Scotland Ridge, to
the west of Iceland (~0.9 Sv), between Iceland and the Faroe Islands (~3.8Sv), and between the Faroe Islands
and Scotland (~3.8 Sv) [Hansen et al., 2010; Hansen and Østerhus, 2000; Østerhus et al., 2005]. Together,
these three branches transport ~8.5 Sv of warm and relatively saline water to the Arctic Mediterranean
[Østerhus et al., 2005]. In the process, these inflowing branches of Atlantic water transport more than 300
TW (1 TW = 1 terawatt = 1012 watt) of heat across the Greenland-Scotland Ridge [Rhines et al., 2008;
Østerhus et al., 2005] and contribute to the relatively warm climate of the region. The inflowing Atlantic water
can be tracked along the rim of the Arctic Mediterranean starting with flow along the Norwegian continental
slope and ending with southward flow via the East Greenland Current [Mauritzen, 1996; Rudels et al., 1999,
2000]. Most of the Atlantic-derived water that flows in the East Greenland Current returns to the Atlantic
via the Denmark Strait, while some recirculates into the Greenland and Norwegian Seas as intermediate
and deep water and contributes to the Nordic Seas overflows [Mauritzen, 1996; Rudels et al., 1999].

Although a topic of ongoing study, the Nordic Seas overflows represent a mixture of water masses originat-
ing from the inflowing Atlantic water. The inflow gradually cools and loses buoyancy as it circles the rim of
the Arctic Mediterranean. Additional modification is contributed by mixing with the interior Nordic Seas
ventilated by open ocean convection, the result being Arctic Intermediate Water, and by dense water pro-
duced on the Arctic shelves, [e.g., Hansen and Østerhus, 2000; Mauritzen, 1996; Quadfasel and Käse, 2007;
Rudels et al., 1999]. The instrumental record suggests that more than 50% of the overflow water consists
of the recirculating Atlantic water, while the remainder predominantly consists of Arctic Intermediate
Water [Eldevik et al., 2009].

Figure 1. Bathymetric map over the North Atlantic basin, where different colors are used for different depths (as given by
the color bar in the upper left corner). The red (blue) arrows illustrate different currents of inflowing (outflowing) water
to (from) the Nordic Seas. The black dashed arrows illustrate the pathways of dense water masses as they propagate
southward. The white dashed line denotes the approximate location of the Gardar Drift. SS records are from the core
locations as indicated by the yellow circles. Abbreviations: NAC = North Atlantic Current, IC = Irminger Current, NIIC = North
Icelandic Irminger Current, EGC = East Greenland Current, ISOW= Iceland-Scotland Overflow Water, DSOW=Denmark
Strait Overflow Water, NADW=North Atlantic Deep Water, CGFZ = Charlie Gibbs Fracture Zone. The map is created using
the software GeoMapApp (http://www.geomapapp.org) with the base map of Ryan et al. [2009].
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2. Constraining ISOW Variability

Given the importance of deep overflows for regional climate and global deepwater ventilation, it is important
to constrain past variability in the overflows and understand their origins. Yet, little is known about the variability
in these overflows fromobservations. Instrumental observation of the variability in the eastern overflows (ISOW)
only span about 10 years [Hansen and Østerhus, 2007; Østerhus et al., 2008; Quadfasel and Käse, 2007], which is
too brief to fully characterize their natural variability and delineate longer-term trends. There are two compli-
mentary, if imperfect, approaches to assess climate beyond the instrumental record. One is the indirect obser-
vational evidence provided by paleo reconstructions. The other is the internally consistent but simulated data

from climate models. The two are in the present case sortable silt (SS) at the Gardar Drift, a proxy for the vigor of
dense overflow waters leaving the Nordic Seas upstream, and a multicentury historical climate simulation with
the fully coupled Bergen Climate Model (BCM).

2.1. Sediment-Based Proxy Reconstructions for ISOW

Sediments from the Gardar Drift (Figure 1), which is built up by the lateral transport of fine sediment material
by the means of bottom currents [Faugères et al., 1993; Kidd and Hill, 1987; Ruddiman, 1972; Wold, 1994], are
often used to reconstruct changes in ISOW volume transport [Bianchi andMcCave, 1999; Boessenkool et al., 2007;
Hall et al., 2004; Hoogakker et al., 2011; Mjell et al., 2015; Thornalley et al., 2013]. Because the mean size of the
fine sediment grains transported by bottom currents (the 10–63μm fraction) is related to the vigor of bottom

flow [e.g., Ledbetter, 1986; Ledbetter and Johnson, 1976;McCave, 1985], the mean size of the silt fraction (SS) acts
as a proxy for the relative flow speed of near bottom currents [McCave and Hall, 2006; McCave et al., 1995].
However, relating reconstructed changes in local near bottom flow to upstream changes in the overflows
is not always straightforward. The assumption inherent in this approach is that variations in local bottom
flow speed on the Gardar Drift, well south of the actual overflow sills, are predominantly related to variations
in the transport and/or velocity of the bottom water that overflows the Iceland-Scotland Ridge. While a
relationship is to be expected, given that the Gardar Drift is largely built up by sediments transported by
ISOW [Faugères et al., 1993; Kidd and Hill, 1987; Ruddiman, 1972; Wold, 1994], the details and validity of this
relationship merit further investigation.

One approach for differentiating local from synoptic influences on bottom flow is to map out the regional coher-
ency of bottom flow signals. For example, if all sites along the Gardar Drift that are influenced by ISOW today
show a coherent change in the past, this might suggest a common influence on bottom water velocity related
to ISOW. Although detailed multidecadal comparison of the flow speed records from the Gardar Drift exhibit
differences, there is evidence that at least the long-term (multimillennial) trends in bottom water vigor at sites
in the northern Gardar Drift were coherent over the Holocene [Thornalley et al., 2013]. In addition, there are hints
that this coherency in bottom water flow changes may extend to higher frequencies. Figure 2 shows two dec-

adally resolved SS records from either end of the Gardar Drift depicting the same flow speed variability. While
such coherence hints at a common influence, how these local flow changes relate to the Iceland-Scotland Ridge
overflows, and specifically what ISOW changes (e.g., velocity and/or density) are important, remains unclear.

2.2. On Proxy Inference Informed by Climate Models

Proxy inference from SS at the Gardar Drift is concerned with (at least) three different aspects of bottom water
flow, as described above: There is the core-specific relation to detailed bottom currents and sedimentation rate;
there is the interpretation of local versus synoptic variance; and finally, there is the upstream correlation with
actual Iceland-Scotland overflows. It is the latter two that can be assessed using a climate model, if only at
the level of realism accommodated by the specific model. The quantification of covariance between bulk
properties at different geographic locations is conceptually well aligned with climate model output. The
evaluation of whether local bottom flow represents bulk volume transport, on the other hand, can only be indi-
cative; “local” in the model does not extend beyond its relatively coarse spatial resolution. A relatively detailed
description of the BCM is given in section 3, including relevant model approximations and assumptions. We do,
however, emphasize that climate models are what is available—and commonly used—to corroborate climate
mechanisms from a closed and dynamically consistent data source. The BCM is furthermore to our knowledge
the most thoroughly evaluated model that exists simulating decadal-to-centennial variability in Arctic-Atlantic
ocean circulation with relative realism [Langehaug et al., 2012a, 2012b;Medhaug et al., 2012; Otterå et al., 2009;
Smedsrud et al., 2013; Årthun and Eldevik, 2016] (see also section 3).
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While previous studies have used models to investigate the processes behind overturning variations inferred

fromSS changes found in Gardar Drift sediment records [Lohmann et al., 2015; Thornalley et al., 2013], we use
BCM to explore more explicitly the relationship between changes in the deep flow speed across the Gardar
Drift and the overflow at the Iceland-Scotland Ridge. In addition, we use the model to evaluate the impor-
tance of overflow changes on Gardar Drift variability relative to other potential sources of Gardar Drift varia-
bility. Lastly, we investigate the relation between the bottom velocity at the Gardar Drift and the large-scale
circulation in the ocean.

2.3. Proposed Sources of ISOW Variability

The atmospheric circulation patterns that drive North Atlantic surface circulation and regional buoyancy fluxes
are often invoked to explain changes in overflow circulation. For example, the North Atlantic Oscillation (NAO),
which is themost prominent atmospheric pattern in the Atlantic basin [Hurrell, 1995], is postulated to affect the
overflows from the Nordic Seas [Jungclaus et al., 2008], with consequences for the climate and ocean circulation
in the Atlantic region. Sandø et al. [2012] analyzed the oceanic model that is also used in this study and found
that an atmospheric pattern resembling the NAO is controlling the water exchange across the Greenland-
Scotland Ridge. More specifically, the increased Atlantic inflow caused by positive NAO-like forcing resulted in
reduced overflow through the Faroe Shetland Channel and increased overflow through the Denmark Strait.
A similar connection between overflow variability and the Scandinavian Pattern has also been found from a
simulation using the control run of BCM [Medhaug et al., 2012], suggesting that NAOmay not be the only atmo-
spheric pattern capable of affecting Faroe Shetland Channel overflow.

The NAO has also been linked with ocean circulation through formation of Labrador Sea Water due to wind-
induced deep winter convection in the Labrador Sea [e.g., Dickson et al., 1996; Hurrell, 1995; Visbeck et al., 2003;
Yashayaev et al., 2007]. Periods with positive NAO and strong westerlies are associated with a spin-up and
expansion of the subpolar gyre [e.g., Bersch et al., 1999, 2007; Flatau et al., 2003; Häkkinen and Rhines,
2004]. Movement of the subpolar gyre may, in turn, influence the Atlantic inflow to the Arctic
Mediterranean [Hátún et al., 2005a; Häkkinen et al., 2011; Thornalley et al., 2009], potentially altering dense
water formation (rates/properties) in the Nordic Seas. Furthermore, NAO modulation of Labrador Sea
Water may also affect ISOW because Labrador Sea Water is entrained into ISOW as it cascades down the flank
of the Reykjanes Ridge [Dickson and Brown, 1994; Haine et al., 2008; McCartney and Talley, 1982; Yashayaev
and Dickson, 2008]. Variations in the entrainment of Labrador Sea Water, altering the density of ISOW and
the depth of its flow path, have been invoked to explain multidecadal changes in bottom water flow on
the Gardar Drift [Boessenkool et al., 2007]. Alternatively, freshwater fluxes from the Arctic to the Nordic
Seas, altering the dense water formation, have been invoked to explain longer-term trends in ISOW inferred
from Gardar Drift bottom water flow reconstructions [Thornalley et al., 2013].

Figure 2. Plotted in red is the SS from core GS06-144-09 MC-D [Mjell, 2014] taken on the northern end of the Gardar Drift
(60°19N, 23°58W, 2081m water depth). Plotted in green is a three-point running average of the SS data set created by
Boessenkool et al. [2007] in order to compare it with the lower resolution data from the northern Gardar Drift. The core
locations are indicated in Figure 1.
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3. The Bergen Climate Model

A multicentury simulation from the BCM [Furevik et al., 2003; Otterå et al., 2009] is explored, which includes
historic solar irradiance and volcanic aerosol variations [Otterå et al., 2010] and is referred to as the natural
forced run. We use the first 500 years following model spin-up (i.e., the period 1500–2000 years). The model
runs without flux adjustments and is thus free to evolve its own climate. Although the model resolution is
accordingly relatively coarse compared to twentieth century climate simulations, the multicentury simulation
allows for robust investigation of long-term climatology and (multi-) decadal variability in a dynamically
consistent system.

The following model description essentially follows from previous studies using BCM [Langehaug et al., 2012a;
Medhaug et al., 2012]. The oceanmodel used in the BCM isMICOM (Miami Isopycninc Coordinate OceanModel)
[Bleck et al., 1992], which has a horizontal grid spacing of approximately 2.4° × 2.4° (longitude× latitude), except
in the equatorial region. There are 34 isopycnic layers in the vertical; the potential densities range from
σ2 = 1031.51 to σ2 = 1037.80 kgm�3 (globally), and a nonisopycnic surface mixed layer provides the linkage
between the atmospheric forcing and the ocean interior. The thermodynamic-dynamic sea ice model used
in BCM is Global Experimental Leads and sea ice for Atmosphere and Ocean [Salas Mélia, 2002], a multicate-
gory sea ice model (thickness dependent), with one layer for snow and four layers for ice. The atmosphere
model is run with a truncation at wave number 63 (TL63) with 31 vertical levels. The horizontal grid spacing
is about 2.8° in longitude and latitude.

Themodel resolution of MICOM ismost appropriate for investigating variations in the large-scale flow field, as
climate models, in general, have smoothed bathymetry and are typically non-eddy permitting. These models
therefore do not resolve processes over small-scale topography, as well as small-scale boundary currents,
very well [de Jong et al., 2009]. Overflow processes, such as mixing and entrainment of Atlantic water, are
generally operating on subgrid scales and therefore need to be parameterized in climate models [Legg
et al., 2009]. The following three mixing processes are parameterized in MICOM in order to determine the
mass exchange between the mixed layer and the layers beneath: (1) diapycnal mixing. The treatment of
diapycnal mixing follows the standard approach for MICOM of a background diffusivity that is dependent
on the local stability and implemented using the scheme of McDougall and Dewar [1998]. The diapycnal
mixing is generally small compared to the other two mixing processes (2 and 3 below), but in areas with
dense plumes of water flowing down steep bottom slopes, such as south of the Greenland-Scotland Ridge,
the diapycnal mixing is considerable. (2) Mass exchange caused by changes in the mixed layer depth is deter-
mined by a Kraus-Turner type parameterization [Bleck et al., 1992]. (3) Convectivemixing. Whenever the water
column becomes statically unstable, e.g., in the Nordic Seas, there is an instantaneous restratification of the
water column where dense water in the mixed layer is transferred to the corresponding layer below
[Medhaug et al., 2012]. Furthermore, to incorporate the shear instability and gravity current mixing, a
Richardson number-dependent diffusivity is included [Orre et al., 2009], which has greatly improved the water
mass characteristics downstream of overflow regions.

Although BCM has been shown to capture other features of the ocean circulation adequately (described in
more detail below) [Langehaug et al., 2012a; Medhaug et al., 2012], it is not expected to accurately represent
the finer details of the overflows and bottom water currents as captured by observations [Bianchi and
McCave, 2000]. If we were to capture the full complexity of the ocean circulation in the area close to the
Greenland-Scotland Ridge, an eddy-resolving model with a resolution of at least 1/12° would be needed
[Xu et al., 2010]. For example, in Xu et al. [2010], the complexity of ISOW flow in the northern Iceland Basin
is well represented and their model results match well with the bottom current observations of Bianchi
and McCave [2000]. However, the main tool to study multidecadal variability of the coupled atmosphere-
ocean system is multicentury simulations with resolution of typically 2–3° in the ocean; as such, long simula-
tions with eddy-resolving grid resolution are generally not available. Multicentury simulations can provide
useful insight into the possible controls on bottom water flow at the Gardar Drift on decadal time scales
and beyond—the focus of this study.

The corresponding control run of BCM has previously been used in several climate studies with focus on the
North Atlantic and the Nordic Seas [Langehaug et al., 2012a, 2012b; Medhaug et al., 2012; Otterå et al., 2009;
Smedsrud et al., 2013; Årthun and Eldevik, 2016], whereas the natural forced run [Lohmann et al., 2015; Otterå
et al., 2010] has been less analyzed. The control simulation performs well in the North Atlantic region, where
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particularly the water mass exchange of Atlantic-derived water and Arctic-derived water across the
Greenland-Scotland Ridge has been found to be comparable to observations [Langehaug et al., 2012a].
However, the flow of ISOW through the Charlie Gibbs Fracture Zone does not exist in BCM, and hence, south
of the Greenland-Scotland Ridge the ISOW and Denmark Strait Overflow Water is separated by the Mid-
Atlantic Ridge [Langehaug et al., 2012a]. In the model there is a gap in the Mid-Atlantic Ridge, representing
the Charlie Gibbs Fracture Zone. However, the flow through the gap is difficult to simulate both due to the
smoothing of the bathymetry in the coarse-resolution model and because the depth of the isopycnals in
the model may be different from the real world. Other climate models (MPI-ESM and IPSLCM4) with similar
resolution also exhibit similar behavior regarding the flow of ISOW [Lohmann et al., 2015]. Typically in these
models, we also see that there is only a weak or no overflow across the shallow Iceland-Faroe Ridge [Lohmann
et al., 2015], which is estimated by observations to be about 1 Sv [Beaird et al., 2013]. This means that most or
all overflow takes place in the deepest gap east of Iceland—the Faroe-Shetland Channel. On the other hand,
the northern water mass transformation in the control run of BCM is fairly realistic, where dense water is
formed at the eastern rim of the Nordic Seas, close to the Greenland-Scotland Ridge, and in the Irminger
and Labrador seas. The contribution from the Nordic Seas and Labrador Sea, constitute two thirds and one
third, respectively, of the deep water in the North Atlantic Basin [Medhaug et al., 2012]. The skill of BCM to
reproduce water masses is rooted in the isopycnal framework of the ocean model, which makes it well suited
to explore the propagation of water masses as they travel the ocean, compared to the more traditional depth
coordinate models.

4. Results

In this section we first locate the “Gardar Drift” in BCM and then identify two variables of the Faroe Shetland
Channel overflow that are linked with the model Gardar Drift. Lastly, we investigate the relationship between
the model Gardar Drift and the large-scale ocean circulation in the North Atlantic region.

4.1. The Model Gardar Drift

The volume transport in layers 17–35 (σ0> 27.87 kgm�3) defines the overflow across the Greenland-Scotland
Ridge in our simulation. The overflow volume transport through the Faroe Shetland Channel has its highest
correlation (r= 0.42, explaining 18% of the variability) with the annual mean absolute velocities found in three
grid points in layers 21–25 (σ0 range= 28.0–28.12 kgm�3) downstream of the overflow (Figure 3). This is quite
close to the geographic location of the northern Gardar Drift. Based upon this analysis, we define the BCM
Gardar Drift (hereafter BCM GD) to be represented by velocities in these three grid points in the isopycnic
layers 21–25, amounting to 15 grid cells, equivalent to a ∼ 150m thick layer. The correlation between the

Figure 3. Mean absolute velocity in layer 21 showing the twomain overflowing branches from the Nordic Seas, Denmark
Strait Overflow Water to the west of Iceland, and Faroe Shetland Channel overflow to the east. The red circle denotes
the geographic coordinates of the actual Gardar Drift (core GS06-144-09 MC-D). The highest correlation between the
Faroe Shetland Channel overflow and the velocity further downstream is found in the three grid points marked by
magenta color. The velocity in these three grid points (the rectangle marks the outline of the grid cells) in isopycnic
layers 21–25 define our BCM Gardar Drift.
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Faroe Shetland Channel overflow transport and the BCM GD is 0.42 for annual mean data, whereas the
correlation increases to 0.54 (explaining 30% of the variability) for filtered data (low-pass filtered using an
11 year running Bartlett window). For the latter, the Faroe Shetland Channel overflow leads by 1 year. All
quantified correlations are significant at the 95% confidence level. The time series are linearly detrended prior
to correlation/regression. For significance testing, a Student’s t test is used together with the method of
Chelton [1983] to estimate the effective number of degrees of freedom.

In order to assess whether our BCM GD simulates realistic velocities we have extracted the corresponding time
series (Figure 4). The simulated absolute velocities (0–13 cm/s) compare reasonably with observations of
overflow velocity (~5–20 cm/s [Bianchi and McCave, 2000]). The BCM GD varies on (multi-) decadal timescales,
as do bottom flow reconstructions at the Gardar Drift (Figure 2).

4.2. Links Between Faroe Shetland Channel Overflow and the BCM GD

As shown above, in BCM there is a clear relationship between Faroe Shetland Channel overflow and BCM GD.
However, the Faroe Shetland Channel overflow transport only explains a fraction of the variance at Gardar
Drift; there are likely other dominant influences on the BCM GD flow, stochastic contributions aside.

A number of paleostudies have postulated a link between bottom water velocity on the Gardar Drift and the
density of water entrained by ISOW [e.g., Boessenkool et al., 2007; Hoogakker et al., 2011; Thornalley et al.,
2013]. Thus, we evaluate the relationship between the density of the Faroe Shetland Channel overflow
and the BCM GD. Correlation analysis between the BCM GD velocity and Faroe Shetland Channel overflow
density (Figure 5a) reveals that the Faroe Shetland Channel overflow density is strongly correlated with
the Gardar Drift (r=0.75), with Faroe Shetland Channel density leading the BCM GD by 1 year. Combining
the overflow transport and density in a multiple linear regression gives a correlation of r= 0.87 with the
BCM GD, consequently 76% of the decadal variability in the BCM GD is explained by variations in the
transport and density of the Faroe Shetland Channel overflow (Figure 5b). This analysis suggests that at
least in the BCM, there is a relationship between Gardar Drift velocity and upstream changes in Faroe
Shetland Channel overflow as is often inferred in proxy based reconstructions. However, our results also
suggest that both the transport and the density of the Faroe Shetland Channel overflow are important
influences on the bottom velocity at the Gardar Drift, with Faroe Shetland Channel density playing the
largest role.

4.3. Reconstruction of Ocean Circulation and Climate Based Upon the BCM GD

Our analysis reveals that 76% of BCM GD variance is related to changes in the density and volume transport
of the Faroe Shetland Channel overflow. In order to further investigate the variance of BCM GD, its
connection to Faroe Shetland Channel overflow density, and general relationship with ocean circulation
changes in the subpolar region, we have created composites consisting of periods with strong and weak
BCM GD (Figure 6). High/low composites are defined by deviations beyond one standard deviation.

Figure 4. Annual (gray) and smoothed (black, 11 year running Bartlett window) absolute velocity time series for the BCM
Gardar Drift during the past 500 model years.

Paleoceanography 10.1002/2015PA002920

LANGEHAUG ET AL. RECONSTRUCTING OCEAN CIRCULATION 405



Figure 6. The 11 year smoothed time series of BCM GD anomalies during the past 500 years. The periods used to create the
composites are marked with red (blue) dots for period with high (low) velocities. The criteria for choosing the periods are
1 standard deviation.

Figure 5. (a) Cross correlation between the BCMGDand the transport (red) and density (green) of the Faroe Shetland Channel
(FSC) overflow. The dashed line is the 95% confidence intervals. (b) Multiple linear regression (green) based upon the overflow
transport and the overflow density. The black line is the 11 year smoothed BCM GD time series plotted as velocity anomalies.
The correlation (r) given in the legend is between the BCM GD and the reconstruction of the BCM GD (red and green line).
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Figure 7 shows the changes in the transport profile as one moves from the Faroe Shetland Channel to the
Gardar Drift site in BCM. In general, the profiles illustrate northward Atlantic flow at top and southward dense
overflow at bottom. Comparing the profiles from the two sites, there is a clear density jump for the bottom
flow. Furthermore, the bottom flow clearly shifts from high-volume transport to low-volume transport when
the BCM GD changes from strong to weak (compare red and blue profiles in Figure 7). The thickness of the
bottom layer (layers 21–25) relates similarly with the Faroe Shetland Channel overflow as the velocity at
the Gardar Drift (not shown). The velocity and layer thickness at GD (Gardar Drift in the BCM) is highly corre-
lated (r= 0.98). Thus, when the Faroe Shetland Channel overflow density is high, there is a large transport of
dense water at GD. Conversely, when the overflow density is low; there is a smaller transport of dense water
at GD. Since BCM is an isopycnal model, this means that an increase in the bottom layer thickness also results
in higher density for the bottom flow.

The surface circulation above the northern Gardar Drift is known from hydrographic observations and model
simulations to be very susceptible to changes in the configuration of the subpolar gyre, with changes in sea
surface temperature (SST) of 2–3°C and sea surface salinity (SSS) of 0.2–0.3 practical salinity unit (psu) related
to NAO variations during the 1990s [Bersch, 2002, 2007; Hátún et al., 2005b, 2009]. Paleoreconstructions reveal
that these subpolar gyre changesmay have been as large as 3.5°C and 1.5 psu onmillennial timescales during
the Holocene [Thornalley et al., 2009]. In order to assess whether a similar connection between subpolar gyre
circulation and the BCM GD is found in our simulation we analyzed the correlation between the barotropic
stream function and the BCM GD (Figure 8a). The barotropic stream function is defined as the
depth-integrated volume transport and illustrates the position of the subpolar and subtropical gyre
(Figure 8a). The location of the BCM GD coincides with the eastern to northeastern edge of subpolar gyre,
and at this location, there is a distinct negative correlation between the barotropic stream function and
the BCM GD (Figure 8a). This negative correlation area aligns with the northward flow path of the North
Atlantic Current across the Gardar Drift, over the Greenland-Scotland Ridge, and along the Norwegian coast.
Thus, the northward transport (depth integrated and integrated from the European coast) decreases when

Figure 7. The mean transport profile at the Faroe Shetland Channel (FSC; white section in the small map) and at the Gardar
Drift location (black section) is shown by thick gray curves. The black solid (dashed) curve shows the transport at the FSC
when BCMGD is strong (weak). The colored solid (dashed) curve shows the transport at the Gardar Drift location when BCM
GD is strong (weak). The red and blue circles indicate the five layers representing BCM GD.

Paleoceanography 10.1002/2015PA002920

LANGEHAUG ET AL. RECONSTRUCTING OCEAN CIRCULATION 407



the BCM GD is strong. On the other hand, the transport profile at the GD (i.e., only local changes) shows that
the Atlantic northward flow, as well as the total flow in the water column, increases when BCM GD is strong
(Figure 7, red curve). Investigating this in more detail, we find that the Atlantic flow (and the total transport)
decreases in a section stretching from the GD to Ireland when BCM GD is strong (not shown), as the barotro-
pic stream function suggests. Taken together, these changes might imply that there is a shift in the position
of the Atlantic flow when the BCM GD is strong. Another noticeable feature is the high positive correlation
found between the strength of the BCM GD and the circulation in the southern Nordic Seas. In other words,
when the cyclonic circulation in this region strengthens, the BCM GD is strong. This suggests that the south-
ern Nordic Seas is important for the strength of the BCMGD, potentially through convection that occurs there
[e.g., Lohmann et al., 2015].

The negative correlation between BCM GD and the barotropic stream function (Figure 8a) could also be related
to more large-scale variations in the subpolar gyre circulation. However, if this were the case, one might expect
the pattern of negative correlation to align more coherently with the entire subpolar gyre circulation. Yet
significant correlations are only found on the eastern edge of the gyre and into the Nordic Seas near the
regions of inflow (Figure 8a). Furthermore, empirical orthogonal function analysis of the barotropic stream
function of the North Atlantic Ocean reveals that 63% of the variance can be explained by three modes of
ocean circulation (not shown), where the intergyre gyre (forced through NAO, e.g., Marshall et al. [2001])
explains the largest fraction. However, none of the principal component time series for these ocean circulation
modes are significantly correlated with our BCM GD.

Consistent with the high correlation displayed in Figure 8a, there is a local maximum in variance of the
barotropic stream function close to BCM GD (Figure 8b). However, that does not stand out in the large-scale
variance field (e.g., see the variance in the center of the subpolar gyre). The identified relation between the
strength of the BCM GD and the barotropic stream function thus does not appear to be driven (at not least
directly) by variations in the strength of the major modes of circulation in the North Atlantic. Instead, it appears

Figure 8. (a) Correlation between the BCM GD and the barotropic stream function (depth-integrated volume transport) at
no time lag, (b) variance of the barotropic stream function, and (c) correlation between the Faroe Shetland Channel overflow
density and the barotropic stream function at no time lag. The red (blue) color in the correlation maps indicates where the
depth-integrated volume transport increases (weakens) with increasing BCM GD/Faroe Shetland Channel overflow density.
The contours in all maps show the mean barotropic stream function, where the solid (dashed) lines indicate the subpolar
(subtropical) gyre. The gray line illustrates the zero transport line.
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to be driven by changes further upstream in the Faroe Shetland Channel; the relation between the Faroe
Shetland Channel overflow density and the barotropic stream function is almost identical to what we found
between the BCMGD and the barotropic stream function (cf. Figure 8a and 8c). This reflects the high correlation
between the BCM GD and the Faroe Shetland Channel overflow density (Figure 5). Hence, the strength of
the BCM GD seems to operate independently to the gyre circulation, perhaps controlled by upstream density
in the Nordic Seas, as indicated below.

The importance of the atmospheric state on the BCM GD is illustrated in Figure 9. The regression of sea level
pressure onto the BCMGD index shows ameridional pattern similar to the positive phase of the Scandinavian
Pattern [Bueh and Nakamura, 2007] but with the negative center shifted southward from Greenland toward
the subpolar gyre (Figure 9a). The anomalously strong southerly winds associated with the Scandinavian
Pattern leads to positive meridional wind stress anomalies in the eastern Nordic Seas and northern North
Atlantic (Figure 9b). This will in turn contribute to increased sea surface height (SSH) anomalies in the eastern
Nordic Seas via increased Ekman transport (Figure 9c). This is in accordance with the suggestedmechanism in

Figure 9. Maps obtained by regressing annual data on the normalized BCM GD time series: (a) sea level pressure, (b) meridional wind stress, and (c) sea surface height.
All data are detrended and low-pass filtered using an 11 year running Bartlett window. Significant regression is indicated by shaded regions.

Figure 10. Corresponding changes in surface hydrography during times of (a–c) weak BCM GD and (d–f) strong BCM GD based upon composite analysis. Shown are
the corresponding anomalies in SST (Figure 10a), SSS (Figure 10b), and mixed layer density (Figure 10c) during weak BCM GD, and similarly for strong BCM GD, SST
(Figure 10d), SSS (Figure 10e), and mixed layer density (Figure 10f), respectively. Magenta circles indicate the location of the BCM GD. Gray lines show the associated
anomalies in the barotropic stream function.
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Lohmann et al. [2015], where the SSH anomalies in BCMwere found to increase the pressure gradient across the
Iceland-Scotland Ridge and the associated Iceland-Scotland Ridge overflow. Again, the strong influence of the
Faroe Shetland Channel overflow on the simulated GD is illustrated.

We found that the strength of the BCMGD is strongly correlated to the circulation changes in the eastern part of
the subpolar gyre (Figure 8a). In order to investigate whether similar changes are noticeable in the temperature,
salinity, andmixed layer density of the subpolar gyre, we have created composites for SST, SSS, andmixed layer
density during strong and weak BCM GD (Figure 10). The associated anomalies in the barotropic stream
function are also plotted in the composites. When the BCM GD is weak, there are negative SST (Figure 10a)
and SSS (Figure 10b) anomalies in the eastern part of the subpolar gyre, as well as increasedmixed layer density
(Figure 10c). This area coincides with the same area of the subpolar gyre that had a negative correlation
between the barotropic stream function and the BCM GD (Figure 8a). The decrease in SST and SSS causes an
increase in mixed layer densities (SST is dominating) and a decrease in SSH (not shown) that sets up a cyclonic
circulation anomaly, with its maximum centered at the southern flank of the BCM GD. Oppositely, for a strong
BCM GD, positive SST and SSS anomalies cause a decrease in mixed layer density (Figures 10d–10f) and sets up
an anticyclonic circulation anomaly, again centered at the southern flank of the BCM GD. The maximum SST

Figure 11. Layer 17 in BCM is the layer that mostly resembles Labrador Sea Water (LSW) and is considered as such in the
following. (a) The map shows the different grid boxes that are used to investigate the thickness of layer 17. (b) The com-
posite of the thickness anomaly (in meters) of layer 17 during periods of strong BCMGD is shown. Notice that the water that
originates from the Labrador Sea has a positive thickness anomaly while that at the Gardar Drift location is negative. (c) The
cross correlation between the thickness of layer 17 at the Gardar Drift location and the thickness in the Irminger Basin
(green) and the thickness in the Labrador Sea (blue) is shown.
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(SSS, mixed layer density) difference between strong and weak BCM GD is as much as 1.03°C (0.19 psu,
0.08 kg/m3) and is centered a bit south of the BCM GD. The associated anomaly in the barotropic stream func-
tion is�1.7 (+2.1) Sv for strong (weak) BCM GD. The amplitude of the anomaly is consistent with the variance
of the barotropic stream function at the GD (Figure 8b).

Taken together, the results presented in Figures 7 and 10 suggest that when the BCMGD is strong (weak), the
Atlantic flow above the GD site increased (reduced) and the surface conditions at the location of the Gardar
Drift in the BCM is warmer and more saline (colder and fresher), which sets up an anticyclonic (cyclonic)
barotropic flow. It should be emphasized that these circulation changes are quite local to the GD region
and apparently not part of basin-scale changes in ocean circulation, at least not in the present model simulation
(cf. Figure 8). Our simulated changes in surface hydrography of the eastern part of the subpolar gyre are
similar in scale to those in proxy records, raising the possibility that the reconstructed hydrographic changes
[e.g., Hátún et al., 2005b; Thornalley et al., 2009] may not have been entirely caused by subpolar gyre changes.

Several proxy studies have hypothesized that varying influence of Labrador SeaWater on the distribution and

strength of ISOWmay have driven the GD changes reconstructed fromSS paleocurrent records [e.g., Boessenkool
et al., 2007;Hoogakker et al., 2011]. We have therefore also assessedwhether Labrador SeaWater changes affect
the GD in the BCM (Figure 11). The Labrador Sea Water layer is defined as layer 17 (Figure 11b), since variations
in its thickness are associated with variations in Labrador Sea Water formation. Figure 11c shows the correlation
between the thickness of the Labrador SeaWater layer at the Gardar Drift and the thickness of the same layer in
the Irminger Basin, and the Labrador Sea. There is a significant correlation (r= 0.8) between the thickness of
Labrador Sea Water at the GD and in the Irminger Basin (with the former leading slightly), but no significant
correlation is found between the GD and Labrador Sea. This suggests that the water mass in layer 17 at the
GD does not originate from the Labrador Sea. Further support for this view comes from the composite of layer
thickness during periods of strong BCM GD (Figure 11b). A large positive thickness anomaly is visible extending
from the Labrador Sea and southward following the southward flow path of NADW. The BCM GD resides in an
area that has a negative thickness anomaly; thereby confirming that the thickness anomaly found in layer 17 at
the GD is not simply a thick layer (17) of Labrador Sea Water propagating from the Labrador Sea formation
region. Thus, at least in the BCM, variable Labrador SeaWater advection does not appear to explain a significant
part of the BCM GD variability.

5. Discussion

Our analysis of velocity changes along the Gardar Drift in the BCM suggests a clear link to Faroe Shetland
Channel overflow changes and supports the assertion in the paleo literature that reconstructions of ISOW
from the Gardar Drift provide information about the overflows and its properties [Bianchi and McCave, 1999;
Boessenkool et al., 2007; Hall et al., 2004; Hoogakker et al., 2011; Mjell, 2014; Thornalley et al., 2013]. Our results
show that approximately 76% of the BCM GD can be explained by variations in the density and transport
of the water that overflows through the Faroe Shetland Channel (Figure 5). However, if we consider only
the transport variability, less than 30% of the BCM GD can be explained. Rather, it is only when the physical
properties of the overflow (density) are combined with transport that the Faroe Shetland Channel changes
are able to explain the main variability in the BCM GD. A strong BCM GD is related to a large volume transport
of dense bottom water overflowing through the Faroe Shetland Channel and vice versa. The bottom velocity
downstream of the Faroe Shetland Channel (e.g., our BCMGD) is determined by the density contrast between
the bottom water flowing through the Faroe Shetland Channel overflow and the ambient water downstream
[Nof, 1983; Sutherland et al., 2004]. Accordingly, the density contrast determines how distinct the resulting
overflow plume will become and how fast it will flow. In other words, the denser the Faroe Shetland Channel
overflow water is, the stronger our BCM GD.

The recognition that density of the Faroe Shetland Channel overflow is a key factor for explaining BCM GD
variability has implications for how to interpret previous proxy reconstructions and model simulations of
overflow variability. For instance, previous work on the control simulation of the BCM [Langehaug et al.,
2012a; Medhaug et al., 2012] investigated the link between overflow changes and the AMOC and subpolar
gyre dynamics, but they did not assess the relationship with the density of the overflowing water. This is also
true for other studies of overflow change [e.g., Olsen et al., 2008; Serra et al., 2010]. Hence, caution is merited
when applying model-based analyses of the Faroe Shetland Channel overflow transport to upscale the
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significance of “downstream” variability reconstructed fromGardar Drift sediments. The processes controlling
the Faroe Shetland Channel overflow transport are not necessarily those that drive downstream changes in
ISOW flow along the Gardar Drift.

Migrations in the isopycnic layers of maximum bottom flow at the Gardar Drift location (Figure 7, red and
blue curves), associated with changes in the density and velocity of the Faroe Shetland Channel overflow,
suggest that both the proxy records (for the relative flow speed of near bottom currents) from the Gardar
Drift and the modeled Gardar Drift might at times not capture the full ISOW signal. For instance, when the
BCM GD is weak (and the density of Faroe Shetland Channel overflow is low), themaximumbottom flow is situ-
ated in less dense layers compared to when the BCM GD is strong (and the Faroe Shetland Channel overflow
density is high) and maximum bottom flow is situated in denser layers. Hence, sites along the ISOW path
may be decoupled from the main flow and its variability in times of extreme ISOW reduction. Indeed, there
is chemical (benthic δ13C) evidence that the influence of the Nordic Seas source waters (Faroe Shetland
Channel overflow water) may have decreased [Hoogakker et al., 2011] as the Faroe Bank Channel overflow
strength waned through the Holocene [Thornalley et al., 2013].

Our definition of the BCM GD consists of the bottom velocity in isopycnic layer 21–25 from the location in the
BCM that has the highest correlation with the overflow in the Faroe Shetland Channel. Because of this rigid
definition, the possibility remains that we are not capturing changes in the “true” overflow with our frame of
reference, as exemplified above (particularly in times of low Faroe Shetland Channel overflow density). Actually,
a number of studies have already postulated, either explicitly or implicitly, the importance of density for explain-
ing the changes in bottom velocity reconstructed in Gardar Drift sediment records. For example, variations in
the Labrador Sea Water formation and entrainment into ISOW have been postulated to affect the density
and velocity of bottom flowover the central and southern Gardar Drift (Figure 1), explaining grain size variability
observed in sediment records (Figure 2) [Boessenkool et al., 2007; Hoogakker et al., 2011]. However, both Mjell
[2014] and Thornalley et al. [2013] who analyze cores from the northern Gardar Drift and the south Iceland
Rise (proximal to the origin of the overflow) argue that the recorded grain size changes are likely caused by
changes in ISOW rather than Labrador Sea Water. This is consistent with our simulation with the BCM, where
we find no clear connection between Labrador Sea Water changes and the BCM GD (Figure 11); instead,
changes in BCM GD can be traced back to the Faroe Shetland Channel and likely originated in the Nordic Seas.

Lohmann et al. [2015] analyzed the surface conditions and circulation in the Nordic Seas in relation to the
strength of the Faroe Shetland Channel overflow in the BCM. They found positive SST and SSS anomalies
related to strong overflow, similar to what we found between the BCM GD and the Nordic Seas (Figure 10).
Furthermore, they found that the increased density anomalies in the Nordic Seas are mainly driven by
increased salinity leading to increased convection and thereby altering the pressure north of the Iceland-
Scotland Ridge. Although Lohmann et al. [2015] did not specifically investigate the relationship with BCM
GD, our simulations show that they are related, and Nordic Seas convection and related pressure changes
are also likely important for the strength of the BCM GD. The importance of Nordic Seas convection was
recently also highlighted by a paleo reconstruction of ISOW strength by Thornalley et al. [2013], where it
was proposed that long-term Holocene trends in bottom flow south of Iceland may be related to changes
in the density and convection depth in Nordic Seas deep water formation regions.

6. Summary and Conclusions

Using a 500 year long simulation of the Bergen Climate Model (BCM), we find that variations in the density
and transport of Faroe Shetland Channel overflow explain 76% of the downstream variance of velocity along
the Gardar Drift on the eastern flank of the Reykjanes Ridge, very close to the geographical location of the
Gardar Drift. This supports the general assumption, common in paleo literature, that sediment-based recon-
structions of bottom water velocity at the Gardar Drift reflect past changes in the eastern Nordic Seas over-
flows. The model used herein is a relatively coarse-resolution model, and we therefore do not expect BCM to
represent the full complexity of the bottom currents at the Gardar Drift, such as fine-scale features of the
bathymetry or overflow processes (cf. description in section 3). On the other hand, BCM reasonably represent
the broader ocean circulation, such as the water mass exchange at the Greenland-Scotland Ridge. Our results
suggest that multicentury climatemodel simulations can be a useful tool for targeting regions and proxies for
paleo reconstructions in a dynamically consistent system.
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Although our simulation is only one climate realization in onemodel system, it is consistent with the hypothesis
that changes in the overflow can be monitored downstream. There is some support for the hypothesis that

bottom water velocity variations on the Gardar Drift (e.g., SS) reflect variability in the strength (velocity) of the
eastern overflows [Bianchi and McCave, 1999; Boessenkool et al., 2007; Hall et al., 2004; Hoogakker et al., 2011;
Mjell, 2014; Thornalley et al., 2013]. However, our results suggest that the density of waters overflowing the
Faroe Shetland Channel may be even more important (Figure 5). Thus, proxies for the density of bottom
water (e.g., δ18O of benthic foraminifera) could provide an important source of supplementary information,
to traditional flow speed proxies for delineating past overflow changes and their origins.
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