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[1] We analyze a transient simulation of the last glacial inception in a climate model
of intermediate complexity, focusing on sea ice—ocean circulation dynamics in the
North Atlantic and Nordic Seas. As northern high-latitude summer insolation decreases
toward the end of the Eemian interglacial, Arctic sea ice export to the North Atlantic
increases. This surface fresh water transport weakens deep water formation in the North
Atlantic and the near-surface circulation of the subpolar gyre. As a consequence, the
relative contribution of subpolar gyre waters to the Atlantic inflow into the Nordic Seas
is reduced, giving way to more warm and saline subtropical waters from the North Atlantic
Current. We thus find an episode of relatively high heat and salt transport into the
Nordic Seas during the last glacial inception between 119,000 and 115,000 years before

present. This stabilizes deep ocean convection in the region and warms Scandinavia
during a phase of low insolation. These findings are in good agreement with proxy

data from the Nordic Seas and North Atlantic. At the end of the warm interval, sea surface
temperature drops by about 3°C, marking the onset of large-scale glacier growth

over Scandinavia.

Citation: Born, A., K. H. Nisancioglu, and B. Risebrobakken (2011), Late Eemian warming in the Nordic Seas as seen in proxy
data and climate models, Paleoceanography, 26, PA2207, doi:10.1029/2010PA002027.

1. Introduction

[2] The last glacial inception about 115,000 years ago
(115 ka) was a period of exceptionally low summer insolation
in northern high latitudes. This facilitated the nucleation
of continental-scale ice sheets in the Northern Hemisphere
and triggered feedback processes which eventually led to the
end of the interglacial climate and a shift to a cold glacial
climate [de Noblet et al., 1996; Khodri et al., 2001; Calov
et al., 2005].

[3] There is, however, evidence that the cooling due to lower
insolation was not homogeneous and that relatively high
temperatures prevailed in the eastern North Atlantic [Chapman
and Shackleton, 1999; Bauch and Kandiano, 2007] and the
eastern and northern Nordic Seas [Risebrobakken et al., 2007]
throughout the insolation minimum. The warming is attributed
to a strengthening of the Norwegian Atlantic Current (NWAC),
carrying warm and saline water from the Atlantic Ocean
through the Nordic Seas into the Barents Sea and Arctic Ocean
(Figure 1). It plays an important role in the formation of deep
waters and changes in its strength likely impact the deep out-
flow from the Nordic Seas. A weakening of this deep current
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only after the insolation minimum also suggests that the
NwAC continued to be active [Rasmussen et al., 1999]. Fur-
ther south, in the central North Atlantic, a northward shift of the
North Atlantic Current is reported coeval with the strength-
ening of the NwAC [Cortijo et al., 1999]. The combined
evidence from proxy data thus indicates a reorganization of
the large-scale current system.

[4] Previous modeling work identified the following chain
of events in the Institut Pierre-Simon Laplace coupled climate
model version 4 (IPSL CM4) [Born et al., 2010]: decreased
summer insolation in northern high latitudes at 115 ka com-
pared to 126 ka increases the Arctic sea ice volume. Thus,
thicker sea ice is transported southward in the East Greenland
Current, freshening the surface waters of the North Atlantic.
Consequently, deep convection is shut down in this region
and the altered density structure weakens the subpolar gyre.
This in turn reduces the relative contribution of the subpolar
gyre to a water mass formed in the Rockall region of the
eastern North Atlantic, giving way to more warm and saline
subtropical waters to enter the Nordic Seas [Hatun et al.,
2005]. This mechanism counteracts decreasing insolation
and the general freshening trend due to enhanced sea ice
transport (Figure 2). The weaker subpolar gyre also allows for
a northward shift of the North Atlantic Current, observed as
a warm anomaly and a salinity dipole off Newfoundland.

[5] In the present study we expand this work with a
transient simulation. The aim is to investigate if findings
from proxy data can be reproduced in a physically consistent
climate model and thus provide a detailed description of
the regional climate evolution of the last glacial inception.
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Figure 1. Map of the North Atlantic and Nordic Seas
showing major ocean surface currents (arrows), marine sed-
iment cores used in this study (red), and marine sediment
cores and a terrestrial excavation site discussed in the text
(gray). See Table 1 for references. Current systems of sub-
polar gyre (SPG) and subtropical gyre (STG) are illustrated
in light gray. Source region of NwAC is highlighted in light
red. Abbreviations are NAC, North Atlantic Current;
NwAC, Norwegian Atlantic Current; EGC, East Greenland
Current; LC, Labrador Current; and IC, Irminger Current.

The North Atlantic surface circulation is found to play an
important role. Because simulations of such long time inter-
vals can only be carried out at the expense of spatial detail, we
will complement these results with high-resolution time slice
simulations of a different model. Following a description
of models in section 2 and proxy data in section 3, results of
the two coupled climate models are analyzed in section 4.
Based on the model results, an interpretation and discussion
of proxy data is given in section 5. We summarize and con-
clude in section 6.

2. Model Description and Experiments

[6] This study combines simulations of a high-resolution
ocean atmosphere general circulation model, IPSL CM4
[Marti et al., 2010], and a coupled climate model of inter-
mediate complexity CLIMBER-3« [Montoya et al., 2005].
Time slice experiments have been carried out for 126 ka and
115 ka in both models, and integrated to quasi-equilibrium.
In addition, a transient simulation with CLIMBER-3« was
integrated from the end of the 126 ka equilibrium with
variable orbital forcing through 110 ka. A series of sensi-
tivity experiments with CLIMBER-3« is used to test the
model’s response to anomalous freshwater flux at 126 ka.

[7] Despite their differences, both models simulate the
same dynamical changes at the last glacial inception. This
allows us to combine their respective strengths and to dis-
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cuss both temporal and spatial variations in the proxy data
record effectively. The transient simulation of the entire time
interval establishes a succession of events that forms the
basis for comparison of the detailed time slice simulations
with proxy data. Comparing time slice simulations with
proxy data would otherwise be problematic due to large
dating uncertainties in the data of the order of 5000 years
[Martinson et al., 1987].

[8] All experiments are forced by orbital insolation fol-
lowing Berger [1978] and fixed greenhouse gas concentra-
tions at the preindustrial level (CO,, 280 ppmv). The latter
is a good approximation for the Eemian and the last glacial
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Figure 2. Differences between 115 ka and 126 ka for IPSL
CM4, averaged over the upper 50 m; (a) temperature in
degrees Celsius and (b) salinity in psu. Areas covered by
more than 50% sea ice annually averaged are hatched hori-
zontally (126 ka) and vertically (115 ka) to mask regions
directly affected by sea ice. Temperature and salinity show
almost no change in the NwAC source region in the eastern
North Atlantic and along the path of the Atlantic inflow into
the Nordic Seas.
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Table 1. Locations of Marine Sediment Cores Used or Discussed
in the Text®

Depth

Core Name Position (m) References
MD99-2304  78°N, 10°E 1315 Risebrobakken et al.

[2005, 2007]
MD95-2010  67°N, 5°E 1226 Risebrobakken et al.

[2005, 2007]
MD95-2009  63°N, 4°W 1027 Rasmussen et al. [1999]
Fjosanger 60°N, 5°E 0 Mangerud et al. [1981]
M23414 54°N, 20°W 2196 Bauch and Kandiano [2007]
NEAP18K 52°N, 30°W 3275  Chapman and Shackleton [1999],

Cortijo et al. [1999]

CH69-K9  4I°N, 47°W 4100 Cortijo et al. [1999]
SU90-03 40°N, 32°W 2475 Cortijo et al. [1999]

Original references to previously published proxy records are given.

inception until about 112 ka [Petit et al., 1999; Liithi et al.,
2008]. CO, concentration started decreasing gradually at
112 ka, reaching 250 ppmv at 110 ka. This is not included in
the simulations. However, this only concerns the very last
part of the studied interval. Details of the models and rele-
vant references are given below.

2.1. IPSL CM4

[s] The Institut Pierre Simon Laplace coupled model ver-
sion 4 (IPSL CM4) comprises ocean, sea ice, atmosphere and
land surface components. The ocean model’s dynamical core
is based on the OPA system [Madec et al., 1997]. The con-
figuration used here (ORCAZ2) uses a horizontal resolution
based on a 2° Mercator mesh, enhanced to 0.5° meridional
resolution near the equator for a better representation of the
equatorial wave channel. Two poles are placed over continents
in the Northern Hemisphere in order to avoid a singularity
in the Arctic Ocean. There are 31 unevenly spaced levels in
the vertical. A free surface formulation is used for the upper
boundary [Roullet and Madec, 2000], and a diffusive boundary
parametrization is used for the bottom [Beckmann, 1998].

[10] The dynamic sea ice model (LIM2) [Fichefet and
Maqueda, 1997, 1999] uses the horizontal ocean grid to
compute ice rheology and advection. Thermodynamics are
computed in three vertical layers, the uppermost for snow.
Ice growth and melting are determined by an energy balance
at both the snow-ice and water-ice boundary and in leads.
Internal forces follow a viscous-plastic law [Hibler, 1979].
The model features parametrizations for the trapping of
shortwave radiation by brine pockets, leads in the ice, as
well as an implicit representation of subgrid variations in
snow and ice thickness.

[11] The atmosphere is modeled by a comprehensive
general circulation model (LMDZ) [Hourdin et al., 2006]
with a resolution of 3.75 zonally and 2.5 meridionally on 19
vertical levels. Precipitation over land is returned to the
ocean by means of a river routing scheme implemented in
the land surface model (ORCHIDEE) [Krinner et al., 2005].

[12] The simulations for 126 ka and 115 ka were initiated
with an ocean at rest and preindustrial hydrography [Levitus,
1982] and integrated for 300 and 800 years, respectively.
The results presented are calculated from averages over the
last 100 years of the simulations. More information on the
simulations can be found in the works by Braconnot et al.
[2008] and Born et al. [2010].
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2.2. CLIMBER-3o

[13] CLIMBER-3« consists of the statistical-dynamical
atmospheric model POTSDAM-2 [Petoukhov et al., 2000]
coupled to a global, 24-layer ocean general circulation
model based on the Geophysical Fluid Dynamics Labora-
tory (GFDL) Modular Ocean Model version 3 (MOM-3)
code and to the dynamic and thermodynamic sea ice module
of Fichefet and Maqueda [1997]. The sea ice component is
based on the same code-base as in IPSL CM4. The oceanic
horizontal resolution is 3.75° x 3.75°. We applg a weak
background vertical diffusivity of 0.2 x 10™* m?/s. For a
discussion of the model’s sensitivity to this parameter refer
to Mignot et al. [2006]. Sea ice albedo is increased by 5%
compared to Montoya et al. [2005] in order to ensure a more
realistic Arctic sea ice cover at 126 ka. This change is within
uncertainties of observed ice albedo values.

[14] The atmospheric model has a coarse spatial resolution
(7.5° in latitude and 22.5° in longitude) and is based on the
assumption of a universal vertical structure of temperature
and humidity, which allows reducing the three-dimensional
description to a set of two-dimensional prognostic equations.
Heat and freshwater fluxes between the ocean and the
atmosphere are computed on the oceanic grid and applied
without flux adjustments. The wind stress is computed as the
sum of the NCEP-NCAR reanalysis wind stress climatology
[Kalnay et al., 1996] and the wind stress anomaly calculated
by the atmospheric model relative to a preindustrial control
run. This model has been used in several studies of past
climates [Montoya et al., 2010; Born and Levermann, 2010]
and future projections [Feulner and Rahmstorf, 2010] as well
as in model intercomparisons [Gregory et al., 2005; Stouffer
et al., 2006; Levermann et al., 2007].

[15] Time slice experiments for 126 ka and 115 ka were
initialized from the preindustrial control experiment and
run to equilibrium for more than 2000 years. A transient
simulation was started from the equilibrium of the 126 ka
experiment and ran through 110 ka. Atmospheric chemical
composition, land surface topography and albedo were
fixed and thus neglect feedbacks of the progressing glacial
inception. However, as discussed in section 6, findings
presented here do not depend critically on this simplifica-
tion. A control experiment with forcing fixed at 126 ka
was run in parallel for 4000 years. In order to test the
model’s sensitivity to increased sea ice export, a series of
experiments was carried out with anomalous freshwater flux
south of Denmark Strait. These experiments are based on the
126 ka equilibrium and run to equilibrium for 2000 years.

3. Marine Sediment Cores and Proxy Data

[16] Marine proxy records from cores MD99-2304 (eastern
Fram Strait), MD95-2010 (Vering Plateau) and NEAP18K
(Rockall Plateau) are presented (Figure 1). The cores are
located along the pathway of Atlantic water toward the Arctic.
From MD99-2304 and MD95-2010 relative abundances of
Neogloboquadrina pachyderma (sin) and Neogloboquadrina
pachyderma (dex) are shown, as well as calculated sea sur-
face temperatures. Planktic 6'30 of Globigerina bulloides
and transfer function based sea surface temperatures are
shown from NEAP18K. All records, except from the tem-
peratures of MD99-2304 and MD95-2010, are previously
published. Detailed information on methods and establishment
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Figure 3. Arctic sea ice thickness (shading, in meters), sea ice volume transport per meter (arrows, in
square meters per second), and depth integrated stream function (contours, spacing 2 Sv, cyclonic flow
only). (a and b) IPSL CM4; (c and d) CLIMBER-3a. Figures 3a and 3c are 126 ka, and Figures 3b
and 3d are 115 ka. Both models agree well on sea ice thickening in the Arctic Ocean, more sea ice export

in the East Greenland Current, and the consequential weakening of the subpolar gyre circulation.

of chronologies can be found in the original publications
(Table 1). The chronology of NEAPISK is taken from
Chapman and Shackleton [1999] and was also used as a
master chronology when the chronologies of MD99-2304
and MD95-2011 were established by Risebrobakken et al.
[2005]. The summer sea surface temperatures of MD99-
2304 and MD95-2010 have been calculated based on
the relative abundances of N. pachyderma (sin) (T =—0.07 -
(%N. pachyderma (sin)) + 12.5) [Johannessen, 1987]. This
equation is restricted by an upper and lower temperature limit
of 5.5°C and 12.4°C, respectively. The amplitude of our
sea surface temperature estimates may be affected, most pro-
bably by providing too warm temperatures in the cold end.

4. Model Results

4.1. Simulation of the Last Glacial Inception

[17] While resolution is significantly lower in CLIMBER-
3a compared to IPSL CM4, the key elements determining

the dynamical changes depend on large-scale features of the
climate system and are thus well reproduced (Figure 3).
At 126 ka, most of the Arctic winter sea ice is thinner than
3 m in IPSL CM4, and thinner than 2 m in CLIMBER-3c.
Both models simulate a similar area of winter sea ice
exceeding 5 m thickness at 115 ka. Sea ice volume tran-
sport through Denmark Strait increases in both models; by
53 mSv in IPSL CM4 and 23 mSv in CLIMBER-3« (1 Sv =
10° m?/s). The subpolar gyre weakens from 26 Sv to 18 Sv
between 126 ka and 115 ka in IPSL CM4 and from 29 Sv
to 19 Sv in CLIMBER-3a.

[18] Analysis of the transient experiment supports the
following causal chain led by changes in summer insolation
(Figure 4). Arctic sea ice export through Denmark Strait
increases as summer insolation decreases. The associated
freshwater transport reduces the density in the subpolar gyre
center (40°W—-30°W, 53°N-57°N) and weakens the cyclo-
nic circulation first gradually and after 119 ka in a rapid
transition. Temperature changes in the subpolar gyre due to
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Figure 4. Key variables for climate evolution of the last
glacial inception, averaged over 100 years, for CLIMBER-3q.
Thin curves show results of a 126 ka control experiment.
Gray shading highlights the period of maximum heat trans-
port (compare to Figure 8). (a) June insolation at 65°N;
(b) southward sea ice transport through Denmark Strait
(black) and net air-sea freshwater flux in the subpolar gyre
center (red, positive into ocean); (c) surface density in the
subpolar gyre center (black), decomposed into salinity (gray
solid line) and temperature (gray dashed line) contributions;
(d) circulation strength of the subpolar gyre; (e) heat
transport (black) and volume transport (red) in the NwAC
across a zonal section at 64°N; and (f) downwelling in the
Nordic Seas.
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the changing insolation forcing are minor and cause only a
small density signal. Changes in the freshwater exchange
with the atmosphere are smaller than those due to import
of freshwater by sea ice and are mostly due to changes in
evaporation. Thus, they can be attributed to lower sea sur-
face temperatures in the subpolar gyre center caused by the
reorganization of the circulation (also seen in IPSL CM4,
Figure 2a). Consistent with this view, the air-sea freshwater
balance changes rapidly coeval with the subpolar gyre index
and is a response to, rather than a cause of the observed
changes. Concurrent with the change in circulation, north-
ward heat transport by the NwAC increases by 16% (~39 x
10'* W). As summer insolation increases again the process is
reversed with a second abrupt transition at 115 ka.

[19] Besides the external forcing by Arctic sea ice export,
positive feedback mechanisms inherent to the subpolar gyre
amplify the density changes in its center, leading to the
abrupt transitions at 119 ka and 115 ka. The subpolar gyre is
partly controlled by the density gradient between its center
and rim. As the gyre and the Irminger current, its north-
eastern limb, weaken at 119 ka, they transport less salt from
the relatively saline eastern into the fresher western subpolar
North Atlantic, further reducing the density at the gyre’s
center. The result is an abrupt decrease in density in response
to the gradually increasing freshwater transport by sea ice
(Figure 4c¢). In addition to the salt signal, reduced convection
due to the more buoyant surface waters (Figure 5) leads to
a subsurface warming which further reduces the density
(not shown). These mechanisms have been shown to operate
in IPSL CM4 [Born et al., 2010] and in CLIMBER-3«
[Levermann and Born, 2007].

[20] The increase in heat transport in CLIMBER-3« is in
good agreement with the relative warming and salinification
of the NWAC found in IPSL CM4 (Figure 2). Relatively
warm sea surface temperatures are simulated by both models
for the eastern North Atlantic on Rockall Plateau (Figure 2a
and Figure 8d). Note that despite increased heat transport
by the NwAC, no absolute warming of the Nordic Seas is
expected at 115 ka because of the counteracting large inso-
lation forcing (Figure 4a). Similarly, enhanced salt transport
counteracts the general freshening by sea ice locally but does
not reverse it. However, this is enough to stabilize deep water
formation in the Nordic Seas (Figure 4f) [Born et al., 2010].

[21] Because of its coarse resolution, the estuarine circu-
lation of the Nordic Seas is not represented accurately in
CLIMBER-3a. The consequences of higher heat transport
into the Nordic Seas for sea surface temperatures cannot
be traced northward from the Greenland-Scotland ridge.
This does not affect the findings above that are based
entirely on the circulation south of the Greenland-Scotland
ridge. Although not directly comparable, fluxes across the
Greenland-Scotland ridge in CLIMBER-3« are generally
similar to present-day observations by Hansen and Osterhus
[2000]: about 7 Sv of Atlantic water and 0.25 PW of heat
enter the Nordic Seas in the surface currents between Ice-
land and Scotland. This is approximately the same section
used for the model in Figure 4e. Observed sinking in the
Nordic Seas is about 6 Sv.

[22] Stabilization of Nordic Seas deep water formation is
also seen in mixed layer depth (Figure 5). Deep convection
remains active in the Nordic Seas despite the general surface
freshening and more extensive sea ice (Figure 2b). Absolute
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Figure 5. Mixed layer depth (in meters): (a and b) IPSL CM4 and (c and d) CLIMBER-3«. Figures Sa
and 5c are 126 ka; Figures 5b and 5d are 115 ka. Deep convection in the Nordic Seas remains active at
115 ka in both models. South of the Greenland-Scotland ridge, convection decreases, leading to the shut-

down of one convection region in [PSL CM4.

values differ between the two models. IPSL CM4 simulates
a shallower mixed layer than CLIMBER-3a. Besides
slightly different definitions of the mixed layer complicating
a direct comparison, it is possible that the high-resolution
IPSL CM4 model requires a longer integration time to
equilibrate the deep ocean with possible impact on the for-
mation of deep water. At the same time, a known deficiency
of coarse resolution models is the imperfect representation
of the southward outflow from the Nordic Seas over the
deep and narrow sills of the Greenland-Scotland ridge that
also influences the mixed layer depth [Roberts and Wood,
1997; Thorpe et al., 2004; Born et al., 2009]. As a result
bottom waters leaving the Nordic Seas are less dense than
observed and the reservoir of deep dense water in the Nordic
Seas is not optimally represented in coarse resolution
models which again impacts deep convection. The main
conclusion, however, a stable deep circulation in the Nordic
Seas at 115 ka, is consistent with both models. South of the
Greenland-Scotland ridge, IPSL CM4 shows two deep
convection regions of which only one is active at 115 ka.
CLIMBER-3a does not resolve two distinct regions but
shows a weaker convection at 115 ka. This is a result
of freshening in both models (Figures 2b and 4c), caused
by the enhanced sea ice transport into the region but partly
also due to weaker salt advection in the subpolar gyre
[Levermann and Born, 2007; Born et al., 2010].

4.2. Sensitivity Experiments

[23] In order to test quantitatively how the increased
Arctic sea ice export impacts the subpolar gyre, a series of
experiments was carried out with CLIMBER-3a, simulating

the redistribution of freshwater between the Arctic Ocean
and a region south of Denmark Strait with anomalous fluxes
of different strength, based on the 126 ka equilibrium
experiment (Figure 6). The freshwater forcing was applied

30—

24 —

SPG (SV)

21 —

18¢ 1
10 20 30 40 50 60
Anomalous freshwater flux (mSv)

Figure 6. Equilibrium subpolar gyre strength at 126 ka as a
function of anomalous freshwater flux south of Denmark
Strait (black line) for CLIMBER-3« forcing region shown
in Figure 7. Open gray circles show response of the sub-
polar gyre to sea ice transport through Denmark Strait in the
transient experiment (see Figures 4b and 4d).
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Figure 7. Relative changes in wind stress curl 115 ka minus
126 ka in the Arctic Ocean, Nordic Seas, and North Atlantic
(colors, in percent) and annual average 15% sea ice area
hatched horizontally (126 ka) and vertically (115 ka)
for CLIMBER-3c. The depth integrated stream function at
126 ka is given for orientation (contours, spacing 5 Sv, cyclo-
nic flow only). Regions used for the anomalous freshwater
forcing are shown in red. Changes in the subpolar gyre region
indicate a 1.3% strengthening of the cyclonic circulation
while the subpolar gyre actually weakens by 34%.

continuously with no seasonal cycle. The experiments
were run to equilibrium for 2100 years. Results shown are
averages of the last 100 years. The subpolar gyre weakens
rapidly to 19 Sv when an anomalous freshwater flux of
40 mSyv is applied. This compares well to the reduction of
the subpolar gyre to 19 Sv when the freshwater flux from
sea ice equals 27 mSyv in the transient experiment (Figure 4),
supporting the hypothesis that increased Arctic sea ice
export is the primary cause for the weaker gyre.

[24] There are several factors accounting for the weaker
response of the subpolar gyre in the sensitivity experiments.
The anomalous freshwater forcing was applied continuously
while the freshwater transport by sea ice is stronger in winter
and spring. The latter has a stronger impact on convection,
which also occurs in late winter and plays an important role
for the density structure of the deep water column and thus
the subpolar gyre. Contrary to sea ice melt, the anomalous
freshwater flux was distributed evenly over the region south
of Denmark Strait. The impact of the precise location and
timing of freshwater forcing on the subpolar gyre is an
interesting topic in itself and worthy of investigation, but
beyond the scope of this study.

[25] In addition to changes in buoyancy forcing, winds
changed between 126 ka and 115 ka resulting in a stronger
wind stress curl over the subpolar gyre (Figure 7). The average
anomaly over the subpolar gyre (45°W—-15°W, 45°N-63°N)
indicates a 1.3% strengthening of the atmospheric cyclonic
circulation compared to the 34% weakening of the subpolar
gyre circulation. Large differences are found around the sea
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ice edge. In addition to the analysis shown for IPSL CM4 by
Born et al. [2010], this suggests that the buoyancy forcing
dominates the weakening.

5. Evidence of Strong Norwegian Atlantic
Current From Proxy Data

[26] Our model experiments compare well to a number of
marine proxy records throughout the North Atlantic and
Nordic Seas (Figure 1 and Table 1). The simulation shows
that maximum heat transport by the NwAC occurs around
the time of minimum northern high-latitude summer inso-
lation, lasting from 119 ka until 115 ka, in good agreement
with foraminiferal faunal data from the Vering Plateau
(MD95-2010, Figure 8b) and the slope of western Spits-
bergen (MD99-2304, Figure 8a) [Risebrobakken et al.,
2007]. Relatively high occurrence of the subpolar species
N. pachyderma (dex) and Turborotalita quinqueloba (not
shown) and low levels of the polar species N. pachyderma
(sin) mark the peak of the interglacial warmth in both cores
between approximately 126 ka and 120 ka. As insolation
decreases, the relative abundance of N. pachyderma (sin)
increases until 119 ka, when the trend reverses. The interval
between 119 ka and 115 ka represents a partial recurrence
of the subpolar species and thus interglacial conditions in
both cores. By reconstructing surface temperature from the
relative abundance of N. pachyderma (sin) [Johannessen,
1987], the temperature drop following the transient warm
phase is estimated to about 3°C on the Vering Plateau and
1.2°C off western Spitsbergen.

[27] The late Eemian warming is also seen in many cores
from the Norwegian Sea, and it has been argued for a late
Eemian climatic optimum, with the most intense advection
of Atlantic surface water between 118.5 ka and 116 ka
[Bauch and Erlenkeuser, 2008]. Decreasing sea surface
temperatures at 115 ka, probably due to a weaker inflow of
Atlantic waters, are consistent with several marine records
from the Nordic Seas [Fronval et al., 1998; Risebrobakken
et al., 2005], and have been associated to the North Atlantic
ocean cooling event C26 [Miiller and Kukla, 2004].

[28] A warm pulse is also found on the Rockall Plateau
(NEAP18K) at about 115 ka, both in transfer function
sea surface temperature estimates based on foraminiferal
assemblages and planktic 6'*0 in the surface dwelling
species Globigerina bulloides (Figure 8c) [Chapman and
Shackleton, 1999]. These findings are supported by similar
results seen in M23414 [Bauch and Kandiano, 2007]. This
North Atlantic warmth supports the hypothesis that the
warm pulse in the Nordic Seas originates in the North
Atlantic and that it is related to increased meridional heat
transport across the Greenland-Scotland ridge.

[29] This reappearance of warm sea surface conditions on
Rockall Plateau is simulated in the transient model simula-
tion (Figure 8d), establishing a relative timing between the
proxy records and the model simulations. Sea surface tem-
peratures in the Nordic Seas cannot be directly compared
with the transient model simulation due to the coarse model
resolution. They are, however, consistent with the high-
resolution time slice simulations. Temperature reconstruc-
tions from the relative abundance of N. pachyderma (dex)
are based on the assumption that foraminifera are a water
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Figure 8. Proxy data reconstructions from the North Atlan-
tic and Nordic Seas (see red dots in Figure 1). Gray shading
highlights period of maximum simulated heat transport in the
NwAC (Figure 4). (a) Relative abundance of N. pachyderma
(sin) (blue) and N. pachyderma (dex) (orange) at the western
Spitsbergen slope (MD99-2304) [Risebrobakken et al.,
2007]. Sea surface temperature estimate based on the rela-
tive abundance of N. pachyderma (sin) is shown in black
[Johannessen, 1987]. (b) Same as Figure 8a but for the
Voring Plateau (MD95-2010). (c) G. bulloides §'%0 (red)
(NEAP18K) [Chapman and Shackleton, 1999] and sea sur-
face temperature estimate based on modern analog technique
(black) [Cortijo et al., 1999]. (d) Simulated temperature for
CLIMBER-3a, averaged around the location of NEAP18K
(32°W-28°W, 50°N-54°N, 0-100 m depth), averaged over
120 years (five points).
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mass tracer. A relatively higher abundance of the warm-
water subtype thus primarily indicates a stronger inflow of
Atlantic water masses into the Nordic Seas, consistent with
higher volume and heat transports. In this understanding,
accounting for the original meaning of the proxy data,
Figures 8b and 4e represent a direct comparison.

[30] The detailed time slice simulations with IPSL CM4
show surface warming off Newfoundland in the central
North Atlantic (Figure 2a). As explained above, this is the
result of a weaker subpolar gyre and a subsequent northward
shift of the North Atlantic Current, providing additional
means to test the dynamical hypothesis of this study with
proxy data.

[31] Warmer and more saline water is seen during the late
interglacial in the central North Atlantic (Figure 1, CH69-K9
and SU90-03), in reconstructions based on planktic forami-
niferal assemblage data and planktic §'%0 [Cortijo et al.,
1999]. Generally, the prolonged warmth of the last intergla-
cial, beyond the insolation minimum, is well documented for
the eastern subpolar North Atlantic [Ruddiman and McIntyre,
1975; McManus et al., 2002; Oppo et al., 2006].

[32] In addition to the surface proxy data, evidence exists
for a stable deep outflow from the Nordic Seas until 115 ka
(MD95-2009) [Rasmussen et al., 1999]. This outflow is fed
by downwelling water masses in the Nordic Seas and thus
corroborates the model simulation of an active deep circu-
lation in the Nordic Seas (Figure 4f). A sharp decline in the
supply to the densest part of North Atlantic Deep Water is
also seen at the Bermuda rise at about the same time [Hall
et al., 1998;Lehman et al., 2002], after adjusting the age
model of Lehman et al. [2002] to the common age model
of NEAP18K used in the present study [see Risebrobakken
et al., 2005].

[33] Warming toward the end of the Eemian interglacial
can also be found in terrestrial data from southern Norway at
Fjosanger, indicated by the appearance of Ilex pollen (holly)
[Mangerud et al., 1981]. Thus, there is consistence also
between our marine data and terrestrial evidence. Glaciation
started soon after this final warm peak. Although the data
from Fjesanger cannot be strictly correlated with the marine
cores, it suggests that a warming preceded imminent incep-
tion over Scandinavia and Spitsbergen. In an effort to cor-
relate marine and terrestrial data of the last glacial inception
on a common time scale, Miiller and Kukla [2004] conclude
that the cessation of the oceanic meridional heat transport into
the Nordic Seas at 115 ka caused a substantial cooling of
northern Europe and steeper vegetation and climate gradients
over most of the continent.

6. Summary and Discussions

[34] We present a physical mechanism for enhanced
warmth in the eastern subpolar North Atlantic and along the
path of the NwAC during times of minimum insolation
forcing 115,000 years before present. Increased Arctic sea
ice export in the East Greenland Current, as a direct result
of the lower insolation, triggers nonlinear dynamical feed-
backs of the subpolar gyre, and leads to a weaker circula-
tion. This in turn increases the fraction of relatively warm
and saline subtropical waters entering the Nordic Seas. The
resulting increase in heat and salt transport into the Nordic
Seas stabilizes ocean circulation and climate of the region.
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Comparison with marine sediment proxy data at the Fram
Strait, Vering Plateau and Rockall Plateau yields good agree-
ment with model results.

[35] In addition to a warm eastern North Atlantic and
Nordic Seas, the weaker subpolar gyre results in a north-
ward shift of the North Atlantic Current, creating a warm
anomaly in the central North Atlantic which can also be
found in proxy data. This distinctive warming pattern is
the fingerprint of a weaker subpolar gyre circulation at the
last glacial inception. The combination of independent
proxy data thus supports the dynamical hypothesis pre-
sented here.

[36] Intensification of the Atlantic meridional overturning
circulation due to freshwater storage in growing ice sheets
on land and decreased runoff into the ocean was found to be
the reason for large-scale warming of the North Atlantic
south of the Greenland-Scotland ridge during the last glacial
inception [Ruddiman and Mcintyre, 1975; Labeyrie et al.,
1999; McManus et al., 2002; Meissner and Gerdes, 2002].
The North Atlantic remained warm for at least 5000 years
after the Nordic Seas cooling Miiller and Kukla [2004]. The
mechanism presented here does not address the strength-
ening of the large-scale deep ocean circulation, but specif-
ically the inflow into the Nordic Seas and consequences
for the northernmost limb of the thermohaline circulation.
The two different views are compatible.

[37] It was suggested that Labrador Sea deep convection
was not active during the last interglacial [Hillaire-Marcel
et al., 2001; Cottet-Puinel et al., 2004]. However, Labra-
dor Sea water was produced throughout the Eemian, albeit
probably at a weaker rate [Evans et al., 2007] and associated
to convection taking place further north in the Labrador Sea
[Rasmussen et al., 2003]. This is consistent with the simu-
lations presented here.

[38] Several modeling studies identified the retreat of
boreal forest and expansion of tundra with higher albedo
as an important mechanism for glacier nucleation [de Noblet
et al., 1996; Meissner et al., 2003; Calov et al., 2005; Kubatzki
et al., 2006]. However, a feedback to ocean circulation was
not reported, and the mechanism described here is unlikely
to depend on changes in vegetation.

[39] The application of fixed present day ice sheet con-
figuration probably introduces only negligible error to the
simulation of the last glacial inception. The Eemian was
very similar to present day with the Greenland ice sheet about
30% smaller, equivalent to approximately 3 m sea level rise
[Otto-Bliesner et al., 2006; de Vernal and Hillaire-Marcel,
2008]. Climate evolution was found to be insensitive to
the exact choice of initial Greenland topography [Kubatzki
et al., 2006]. Global eustatic sea level declined approxi-
mately 40 m between 120 ka and 110 ka, indicating signifi-
cant ice growth on land [Waelbroeck et al., 2002]. However,
the young ice sheets were probably relatively thin making
their climatic effect little different from perennial snow fields
which are included in the model used here.

[40] Both marine and terrestrial proxy data indicate that
large-scale glacier growth started soon after the late Eemian
warm phase [Mangerud et al., 1981; Baumann et al., 1995;
Risebrobakken et al., 2007], suggesting that the intrusion of
Atlantic waters into the Nordic Seas played an important
role for glacial inception over Scandinavia. Whether this
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warm water enhanced the air-sea temperature contrast,
increased moisture transport, and accelerated ice growth, or
rather delayed ice growth due to warming is unclear.
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