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Atlantic inflow and low sea-ice cover in the Nordic
Seas promoted Fennoscandian Ice Sheet growth
during the Last Glacial Maximum

Margit H. Simon 125 Sunniva Rutledal® 23, Laurie Menviel® 4, Tobias Zolles?3, Haflidi Haflidason® 23,
Andreas Born?3, Sarah M. P. Berben® & Trond M. Dokken'?

The Atlantic water inflow into the Nordic Seas has proven difficult to reconstruct for the Last
Glacial Maximum. At that time, the Fennoscandian Ice Sheet grew potentially to its maximum
extent. Sea-ice free conditions in the eastern Nordic Seas have been proposed as an essential
moisture source contributing to this build-up. It has been hypothesized that the inflow of
warm and saline Atlantic surface waters was important for maintaining these seasonally sea-
ice free conditions in the Nordic Seas at that time. However, the difference between a
perennially frozen ocean and a seasonally open ocean on ice sheet build-up remains
unguantified. Here we use, tephra-constrained surface ventilation ages from a network of
marine sediment cores and model experiments, to show that Atlantic inflow to the southern
Nordic Seas likely occurred predominately via the Iceland-Faroe Atlantic inflow pathway
helping to maintain seasonal open waters at the onset of the Last Glacial Maximum. Using a
numerical snow model, we further demonstrate that such open-ocean conditions may have
been a factor contributing to the Fennoscandian Ice Sheet growth with up to ~150% increase
in surface mass balance over Norwegian coastal areas, compared to sea-ice covered
conditions.
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abrupt global climate change, precise reconstructions of

past climates are essential. The high-latitude North
Atlantic is a region of particular interest as climate changes there
have global effects!, especially through changes in the Atlantic
Meridional Overturning Circulation (AMOC), which transports
heat from low to high latitudes. During warm climate periods
such as today, the AMOC is in a vigorous state, with active dense-
water formation via open-ocean convection in the Nordic Seas?*
and the Labrador Sea”. This leads to the advection of warm and
saline Atlantic surface waters into the Nordic Seas, enabling sea-
ice free conditions in large parts of the Nordic Seas and a rela-
tively warm climate in Western Europe®. This circulation pattern
is currently maintained by a colder southward return flow at
depth, formed through surface cooling processes and the sinking
of dense waters in the Nordic Seas”:8. During past cold climate
periods, such as the Last Glacial Maximum (LGM) (26.5-19 ka
BP?), the strength and geometry of the AMOC are suggested to
have been altered!%-12 and the Northern Hemisphere continental
ice sheets expanded potentially to their maximum extent!314,
Changes in Nordic Seas sea surface conditions providing a
potential moisture source supporting this build-up have been
suggested before!>1® but remain discussed!”. Robust chron-
ological control and reliable proxy methods are vital to con-
fidently constrain the Nordic Seas sea-ice state and associated
Atlantic water inflow dynamics at that time.

Previously, it was suggested that the LGM high-latitude North
Atlantic and the Nordic Seas had a permanent sea ice cover!s.
Further, it was proposed that deep convection in the Nordic Seas
was likely weak and unstable!® or only occurred south of Iceland
during the LGM?0. Now the majority of evidence put forward
suggests (at least) seasonally sea-ice free conditions in the Nordic

To understand the mechanisms initiating and transmitting
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Seas and active Atlantic water inflow east of Iceland, via the
Faroe-Shetland Channel and/or over the Iceland-Faroe Ridge, at
the onset and during the LGM!>21-28_ This active Atlantic water
inflow was maintained by a southern return flow at intermediate
depths formed through convection in the Nordic Seas?3:2%:30,
Additionally, it has been proposed that the Atlantic surface water
in the Nordic Seas likely subducted and continued as a subsurface
flow northward3!:32 due to increased seasonal meltwater input
from surrounding ice sheets, which stratified the water
column?3-24, Despite progress in the field, the Nordic Seas remain
a challenging region for climate reconstructions as large dis-
crepancies between the different temperature and sea ice extent
reconstructions exist!7>2# and absolute age control is problematic.

The difference between a perennially frozen ocean and an open
or seasonally open ocean has wide climatic implications. The
advection of warm and saline Atlantic surface water into the
Nordic Seas increases evaporation and precipitation in the area. As
such, it has been hypothesized that seasonally open eastern Nordic
Seas during the LGM could have acted as an essential moisture
source for the Fennoscandian Ice Sheet build-up, e.g., refs. 133334,
However, more data with sufficient spatial coverage and robust
age control is needed to demonstrate that there were seasonally
open ocean conditions and what the quantitative implications of
those were on the Fennoscandian ice sheet growth.

To explore this, we first investigate near-surface circulation
changes at the onset of the LGM in the high-latitude North
Atlantic by reconstructing near-surface (based on planktic for-
aminifera) marine 4C reservoir ages (MRAs) from a spatial
network of ten marine sediment cores. Nine of these cores are
situated along the path of Atlantic surface currents entering the
Nordic Seas and one is in the Irminger Sea (Figs. 1, 2 and Sup-
plementary Fig. SI1). MRAs are an established tool for
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Fig. 1 Annual mean sea surface temperature (SST (°C)) and sea-ice fraction from the transient marine isotope stage (MIS) 3- MIS3 LOVECLIM
simulation averaged over 26.7-26.6 ka BP. Black dashed contour refers to the 15% sea-ice edge. Red contours refer to 300 m mixed layer depth. This
contour thus shows the location of deep-ocean convection. Black circles and numbers denote the locations of sediment cores included in the study. (1)
GS16-204-18CC, (2) ENAM33, (3) ENAM3O0, (4) ENAM93-20, (5) ENAM93-21, (6) JM11-19PC, (7) LINKO4, (8) LINK17 (9) MD99-2284, (10) MD99-
2289. The inset map (generated using Ocean Data View®%) shows the modern bathymetry with main surface water currents. EGC East Greenland Current,
IC Irminger Current, NAC North Atlantic Current, WNAC Western North Atlantic Current, ENAC Eastern North Atlantic Current, IF- inflow Iceland -
Shetland Atlantic inflow, FS-inflow Faroe - Shetland Atlantic inflow, ES- inflow European Shelf Atlantic inflow40.
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Fig. 2 Reconstructed near-surface marine reservoir ages (MRAs) in the high-latitude North Atlantic at 26 690 BP (i.e., FMAZ II-1 event).

A Reconstructed MRAs plotted on the base map generated using the ODV software®® sediment cores are numbered following Table S1. B West-east
Atlantic depth transect showing the mean annual temperature (25° grid) for the 1955-2017 time period from the World Ocean Atlas 2018 database'©0, the
approximate position of N. pachyderma depth habitat for sediment core location is shown. Numbers follow Table S1. NAC North Atlantic Current, ENAC
Eastern North Atlantic Current, WNAC Western North Atlantic Current, NADW North Atlantic Deep Water, IFR Iceland-Faroe Ridge, FSC Faroe-Shetland
Channel., FI Faroe Islands. € Reconstructed MRAs. Sediment cores are numbered following Table S1. The background shading refers to the simplified east-
west positioning of the sediment cores relative to the approximate bathymetry of the FSC and IFR. Error bars are calculated using the summation in

quadrature method (see material and methods).

investigating past changes in the North Atlantic surface ocean
circulation3>-37, They reflect an offset between the 14C con-
centration in the contemporaneous atmosphere and surface
ocean3$37,

Today warm and well-ventilated Atlantic waters originating
from the tropics, enter the eastern Nordic Seas mainly via the
eastern branch of the North Atlantic Current in three ways: (1)
the Iceland-Faroe Atlantic inflow over the Iceland-Faroe Ridge,
(2) the Faroe-Shetland Atlantic inflow within the Faroe-Shetland
Channel, (3) the European Shelf Atlantic inflow between the

southeastern boundary of the Faroe-Shetland Channel and the
European continent*%*! (Fig. 1, S1). Another path of warm and
well-ventilated Atlantic waters is via the Irminger Current (IC)
into the Irminger Sea, where the Polar Front separates it from
cold and fresh Arctic origin waters carried by the East Greenland
Current (EGC)*2 (Figs. 1, S1). Thus, the MRAs observed in the
southern Nordic Seas today, of ~350-400 14C years (Fig. S2) are
considered to reflect a modern surface ocean circulation pattern
with Atlantic currents carrying recently equilibrated warm and
saline surface waters northwards from the tropics to the high-
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latitudes. Therefore, the identification of higher than modern
surface MRAs during the Last Glacial period has been suggested
to reflect a reduction in the Atlantic surface water inflow
currents®3, potentially associated with reduced overturning cir-
culation in the Nordic Seas#. Overall, this process would result in
a decreased influence of relatively “young 4C” tropical-sourced
surface waters, and an increased influence of “old 4C” polar-
sourced waters*3.

To quantify MRAs, reliable non-radiometric-based time mar-
kers are essential. Here, we use tephrochronology, one of the most
precise geochronological methods currently available, which has
also proven successful in quantifying past MRAs#*4-46, As such,
the Faroe Marine Ash Zone II, also called Fugloyarbanki (FMAZ
II-1) tephra marker is of particular interest as its traces can be
identified over a large geographical area in the high-latitude
North Atlantic*’~4° and in the Greenland ice-core NGRIP*C.
Based on its occurrence in NGRIP, the FMAZ II-1 tephra event
occurred 26 690 + 390 years BP, which is perfectly positioned to
constrain the onset of the LGM>!.

To assess the climatic conditions prevailing in the high-latitude
North Atlantic as suggested by our proxy record at the onset of
the LGM, we secondly quantify and characterize the Atlantic
water inflow dynamics into the Nordic Seas associated with this
climate background state, as simulated in a transient simulation
performed with the Earth system model of intermediate com-
plexity LOVECLIM®2. Finally, to quantify the influence of Nordic
Seas’ sea-ice cover on Fennoscandian Ice Sheet growth we use the
BErgen Snow SImulator (BESSI). This surface mass balance
(SMB) model is used to compute the Fennoscandian Ice Sheet
SMB in two different hypothesized scenarios where (i) the Nordic
Seas are seasonally sea-ice free and (ii) the Nordic Seas are sea-ice
covered, using the LOVECLIM simulation accordingly.

Hence, our study goes beyond previous work in that, for the
first time to the best of our knowledge, we quantify the effect such
different scenarios would have on the Fennoscandian ice-
sheet SMB.

Results

Surface ocean ventilation changes in the high-latitude North
Atlantic at the onset of the LGM. Figure 2 displays the recon-
structed variability in near-surface MRAs from ten marine sedi-
ment cores included in this study. The results indicate that at the
onset of the LGM, higher than modern near-surface MRAs
occurred in both the Irminger Sea, site 1 (2523 + 504 4C years,
Fig. 2A, C, Supplementary Table S1) and in the Norwegian Sea,
east of Faroe-Shetland Channel sites 8-10, (1433 +453 to
1803 + 485 14C years, Fig. 2, Table S1)*3. MRAs west of the Faroe-
Shetland Channel (sites 2-7) were lower than found elsewhere
(543 +477 to 1003 + 485 14C years, Fig. 2A, C, Table S1). An
exception in this group is site 6 (JM11-19PC) with a higher MRA
of 1255+468 14C years. These results point towards regional
differences in MRAs around the Faroe-Shetland Channel, where
older ages are found on the eastern side (Fig. 2A, C) along the
Faroe-Shetland Atlantic inflow pathway.

Simulated high-latitude North Atlantic circulation changes
and sea-ice state at the onset of the LGM. To quantitatively
address the state of the Nordic Seas sea-ice cover and the Atlantic
surface water inflow dynamics into the Nordic Seas, we explore
the model outputs from a transient experiment of the Last Glacial
period performed with the LOVECLIM Earth system model of
intermediate complexity>2>3. After an equilibration under 50 ka
BP boundary conditions, the model is forced by the time-varying
evolution of insolation (calculated from the orbital parameters>4),
Northern Hemisphere ice-sheet topography, and albedo®, and

atmospheric CO, concentration®®. To mimic the Dansgaard-
Oeschger variability of the Last Glacial period, the buoyancy of
the North Atlantic region (55°W-10°W, 50°N-65°N) is modu-
lated so that the simulated sea-surface temperatures (SSTs) off the
Iberian margin are in relative agreement with paleo-proxy
estimates®2>7°8, During the period of interest here (i.e., at the
onset of the LGM, ~ 27-25ka BP), the model is forced by a
meltwater input in the North Atlantic of 0.06 Sv between 26.9 and
25.7 ka BP (Fig. S3). As a result, the AMOC strength is ~13.4 Sv at
26.7 ka BP, compared to ~25 Sv for the pre-industrial (PI) control
run. Under glacial boundary conditions, in this version of the
model, the Labrador and Irminger Seas are covered by sea-ice,
therefore inhibiting deep-water formation in that region!0. At
26.7 ka BP, North Atlantic deep-water (NADW) is thus primarily
formed in the Nordic Seas between 65°N and 70°N, which cor-
responds to the annual mean sea-ice edge, while a minor com-
ponent of NADW is formed south of Iceland (Fig. 1). When the
mixed layer depth is deeper than 300 m, there is deep-ocean
convection in the model.

Due to the presence of a large Laurentide Ice Sheet at that time,
the North Atlantic wind stress is ~18% stronger and slightly
shifted to the south. In addition, the wind stress associated with
the polar easterlies is also stronger. Combined, this results in a
30% stronger and eastward shifted subpolar gyre (SPG) at 26.7 ka
BP compared to the PI control run (Fig. 3). These combined
changes in SPG and deep-water formation lead to a northward
transport of Atlantic-sourced waters of 6.6 Sv into the Nordic
Seas which occurs east of Iceland. The equivalent ocean heat
transport at 64°N is 131 TW. In comparison, the volume and heat
transport for the PI control run is 7.4 Sv and 262.6 TW, which
compares relatively well to modern oceanographic estimates®®.
Furthermore, due to changes in the oceanic circulation pattern
and associated deep-water formation, the ocean-to-atmosphere
heat flux is centered in the southern Nordic Seas and the
northeast Atlantic (55°N-70°N, 30°W-10°E) at 26.7 ka BP. The
integrated ocean-to-atmosphere heat flux in the North Atlantic
(north of 56°N) is reduced by 32% from a magnitude of 433 TW
during the PI control run (Fig. 3). As a result, while evaporation is
reduced over most of the North Atlantic region, it increases over
a small region of the northeastern Atlantic/southern Nordic Seas
(50°N-65°N, 25°W-0°) (Fig. S4), which contributes to the
moisture supply towards the Fennoscandian Ice Sheet. Precipita-
tion over Scandinavia is only 12% weaker at 26.7 ka BP compared
to the PI control run (Fig. S4).

As this transient experiment did not include radiocarbon, a
direct MRA model-data comparison cannot be shown. However,
results of a previously published radiocarbon-isotope-enabled
LGM experiment using LOVECLIM can be used. This model run
features an oceanic circulation similar to the one presented here®
(AMOC of 14.7 Sv). Overall, we find that the simulated LGM
MRASs in the Faroe-Shetland Channel are about 150 14C years
higher than the simulated PI ages (Fig. S5). This is in relative
agreement with the reconstructed results from cores 4, 5, and 7
located west in the channel, but at odds with cores 8-10 located
east and north of the channel (more information can be found in
the Supplementary Materials).

Contributions of the Nordic Seas sea-ice state on continental
ice sheet growth. To address the potential influence of the Nordic
Seas’ sea-ice cover on Fennoscandian Ice Sheet growth, we per-
formed two model runs with the surface energy and mass balance
model BESSI®!02, forced by output data from the LOVECLIM
simulation. One way to do so is by comparing two very con-
trasting scenarios: a perennially frozen ocean and an open or
seasonally open one. Therefore, in the first experiment, we use the
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Fig. 3 Annual mean ocean to atmosphere heat flux (W/m?2) and barotropic stream function (Sv). A Pre-Industrial annual mean ocean to atmosphere
heat flux (W/m2). The 0.15 isoline shows the contour of the annual 15% sea-ice concentration (B) 27.7-26.6 ka BP annual mean ocean to atmosphere heat
flux (W/m?2). € 26.7-26.6 ka BP barotropic stream function (Sv) with 0-106 m currents overlaid.

outputs presented earlier, corresponding to 26.7 ka BP, with an
active, but relatively weak AMOC (~13.4 Sv, red dashed vertical
box in Fig. S3) and seasonally sea-ice free Nordic Seas. This
experiment is compared to a 24.9 ka BP state, where the AMOC is
off (black vertical line in Fig. S3) and the Nordic Seas are com-
pletely sea-ice covered. The BESSI simulations show continental
ice growth over Greenland, Iceland, Scandinavia, Scotland, and
the Alps for both AMOC states (i.e., AMOC ~ 13.4 Sv and AMOC
off) (Fig. 4A, B). However, compared to the AMOC off simula-
tion, in the AMOC on scenario, the growth of the Fennoscandian
Ice Sheet is more substantial, in particular, along the Norwegian
coast and further north, where an increase of up to 150% in the
SMB is recorded (Fig. 4C, D). A 50% SMB increase is also
simulated over present-day Finland and the north coast of
Poland.

Discussion
Reconstructed ventilation age patterns suggest active Atlantic
water advection into the southern Nordic Seas. The modern-
day MRAs in the regions of interest are on average 100-150 14C
years (Fig. S2) younger than the global mean of approx. 500 14C
years®3, However, due to lower CO, partial pressure during the
LGM, the surface ocean reservoir ages are expected to be globally
approx. 250 years older than today®*. Thus, we can expect that
near-surface MRA values of ~600-650 14C years at the onset of
the LGM indicate near-surface ocean conditions similar to the
present day in the Nordic Seas. Other lines of evidence suggest
that in the modern Arctic Ocean which is mostly sea-ice covered
and highly stratified, MRAs average around 600-800 !4C
years®>%0, which when corrected for LGM conditions amounts to
approximately 850-1050 14C years.

A striking observation from the reconstructed data is the
large difference in near-surface MRAs along sites situated west

COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:385 | https://doi.org/10.1038/s43247-023-01032-9 | www.nature.com/commsenv

(sites 2-7) and east of the Faroe Shetland Channel (sites 8-10)
(Fig. 2).

First, we consider if the here identified spatial variability in
marine radiocarbon ages at the onset of the LGM can also be
recognized in the modern Nordic Seas. Today, the range of
radiocarbon ages is up to ~200 14C years (averaging between
100-150 !4C years) younger than the mean global ocean values,
e.g., refs. 6768 (Fig, S2). The differences in reconstructed near-
surface MRAs between sites east and west of the Faroe-Shetland
Channel greatly exceed this modern regional variability of ~200
14C (Fig. 2, Table S1). Hence, the higher than modern MRAs
(~600-650 14C) at the onset of the LGM found east of the Faroe-
Shetland Channel (sites 8-10) (1433 +453 to 1803 +485 !4C
years) and in the Irminger Sea, site 1 (2523 +504 4C years,
Fig. 2A, C, Table S1) can be interpreted to represent a reduction
in the influence of Atlantic surface waters at that time.
Conversely, the ages found west of the Faroe-Shetland Channel
(sites 2-7) are closer to a modern-day range within error margins
(543 £477 to 1003 £485 14C years) and thus point to a
maintained, however still likely weaker than modern NAC inflow
to the southern Nordic Seas (Figs. 1-2). This suggests that the
eastern branch, the Faroe-Shetland Atlantic- and European Shelf
Atlantic inflow, was likely reduced and the main inflow geometry
shifted to the western side, the Iceland-Faroe Atlantic inflow
branch, which then acted as the main pathway for heat and salt to
reach the higher latitudes.

We cannot completely rule out that the sites east of the Faroe-
Shetland Channel (sites 8-10) are also influenced by secondary
processes, despite circulation changes, limiting the ocean-
atmosphere 14C exchange. Processes that would drive the
ventilation ages to higher ages include potentially increased sea-
ice cover along the shelf, meltwater input, and upwelling of poorly
ventilated waters to the surface associated with polynya formation
that resulted from katabatic winds blowing seaward of the ice
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Fig. 4 Modeled surface mass balance SMB over the Fennoscandian Ice Sheet. A SMB for Atlantic Meridional Overturning Circulation (AMOC) ~13.4 Sv
scenario with Nordic Seas' sea-ice free conditions as depicted by the LOVECLIM simulation averaged over 26.7-26.6 ka BP. B SMB for AMOC off scenario
with Nordic Seas perennially sea-ice covered. € The difference in SMB between AMOC ~13.4 Sv and AMOC off run. D % SMB increase for AMOC ~13.4 Sv

run compared to AMOC off run.

shelves e.g., refs. 193334 Nevertheless, we interpret our proxy
results to indicate that the main pathway of Atlantic near-surface
water entering the Nordic Seas occurred predominately via the
Iceland- Faroe Atlantic inflow pathway. This is in agreement with
findings from Rasmussen and Thomsen?® in which, based on
foraminiferal abundances and stable isotope work, it was shown
that the warm Atlantic surface water pushed northward into the
Nordic seas both east and west of the Faroe Islands during
the LGM.

We further validate this interpretation with our LOVECLIM
simulation at 26.7 ka BP, which features an active Atlantic inflow
(6.6 Sv) into the Nordic Seas, occurring east of Iceland (Fig. 1).
Additionally, the FMAZ II-1 tephra marker is interpreted to be a
primary tephra deposit (i.e., homogenous geochemistry)*® which
was near-instantaneously deposited on the sea floor either
through primary air-fall or by rafting of seasonal sea-ice
(Table S1). Based on the homogenous tephra evidence alone, all
core sites must have been either seasonally sea-ice free or at least
close to seasonally sea-ice free areas at the time of the FMAZ II-1

volcanic eruption (i.e., at the onset of the LGM).1>21-28 The
latter agrees with the LOVECLIM transient experiment at 26.7 ka
BP, which also suggests seasonally sea-ice free conditions in the
eastern Nordic Seas (Fig. 1). Nevertheless, the authors acknowl-
edge the need for additional sea-ice proxy evidence such as IP25
(a highly branched isoprenoid lipid biomarker) to conclude on
the presented hypothesis.

In the Irminger Sea, we find the oldest near-surface MRA
(2523 £504 14C years) of the study (Fig. 2), suggesting that
surface waters were isolated from the atmosphere during most of
the year. The implied ocean conditions are in line with and
validate the scenario from the LOVECLIM model simulation,
which indicates the reduced influence of Atlantic-sourced waters
and a greater sea-ice cover in that area at the onset of the LGM
(Fig. 1). Based on the model simulation this region is fully
covered by sea-ice, therefore inhibiting deep-ocean convection in
the Labrador Sea region!0. These conditions can be explained by a
stronger EGC, which increases the freshwater input to the region
and suppresses deep-ocean convection in the Labrador Sea®.
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Arctic-sourced, fresh surface waters have an older 14C age
signature’" compared to Atlantic-sourced surface waters. A
stronger EGC coupled with sea-ice cover and a cessation of
deep-ocean convection in the Labrador Sea would explain the
poorly ventilated near-surface ocean signature in the Irminger Sea
at the onset of the LGM (Figs. 1-3).

Mechanisms controlling the advection of Atlantic waters into
the Nordic Seas at the onset of the LGM. Today, the inflow of
warm and saline Atlantic water into the Nordic Seas is modulated
by several processes such as the strength of the AMOC’!, the
intensity and strength of the North Atlantic SPG7273, and North
Atlantic wind stress’47>. A stronger North Atlantic wind stress
increases the barotropic flow component which strengthens the
SPG’6. Furthermore, a strong SPG would enhance the influence
of fresher waters drawn from the western SPG region, which
reduces the export of saline waters from the subtropical gyre
(STG)”7. Building on modern observations, this reduces the
strength of Atlantic water inflow, in terms of heat and volume
transport, into the Nordic Seas’>78, as less saline and warm STG
waters become entrained in the northward inflow’2. The
LOVECLIM simulation at 26.7ka BP presented here suggests
such a scenario. Due to the presence of a large Laurentide Ice
Sheet, the North Atlantic wind stress was slightly shifted south
and stronger, in good agreement with more comprehensive
models’®7%80. As a result, the SPG extended eastwards and was
~30% stronger (Fig. 3C). Comparable to modern observations’?,
the simulated stronger SPG at the onset of the LGM forces a
reduction in the Nordic Seas Atlantic water inflow, of ~12% in
volume (Sv) and ~50% in heat (TW) transport compared to the
PI control run. Despite the reduction in the northward Atlantic
inflow, a substantial amount of heat (131 TW) is still transported
into the Nordic Seas, which helps maintain active deep-ocean
convection centered in the southern Nordic Seas, corresponding
to the annual mean sea-ice edge (65-70°N) (Fig. 3). Collectively,
these processes lead to seasonally sea-ice free conditions in the
southern Nordic Seas at 26.7 ka BP.

Taken together, the proxy data and numerical model
simulation suggest that the southeastern Nordic Seas were
seasonally sea-ice free with an active, but weaker, inflow of
Atlantic waters occurring east of Iceland at the onset of the LGM.

Nordic Seas: an important moisture source for Fennoscandian
Ice sheet build-up at the onset of LGM. At the onset of the LGM
(~27-26 ka BP), the British Isles Ice Sheet and the Fennoscandian
Ice Sheet grew so that the westernmost limits along the British-
Irish and Norwegian continental shelf were reached!3. Such an
extensive growth of large continental ice sheets required a sub-
stantial moisture supply. The BESSI model results show that
under seasonally sea-ice free conditions in the Nordic Seas and
with an AMOC strength of ~13.4 Sv as depicted by the LOVE-
CLIM 26.7 ka BP simulation, the snowfall increased by up to
150% over the Fennoscandian Ice Sheet (Figs. S6, S7), compared
to when the Nordic Seas are sea-ice covered (i.e., AMOC off).
Thus, the Fennoscandian Ice Sheet SMB benefits more from the
additional moisture from the sea ice-free ocean surface than it is
impacted by the simultaneously rising air temperatures. Particu-
larly, the Norwegian coastal regions are most affected by sea-ice
free conditions in the Nordic Seas in terms of increased snowfall
and positive SMB (Fig. 4, Fig. S7). In regions further south, such
as over the southern British Isles Ice Sheet, sea-ice free conditions
have a negative impact on the SMB. This is due to a reduced
snowfall increase, which is not able to compensate for the warmer
temperatures in these regions (Figs. S6, S7). Combined, our
results demonstrate the importance of the Nordic Seas sea surface

conditions for the Fennoscandian Ice Sheet build-up at the onset
of the LGM.

Conclusions

Our findings, taken together with existing studies on LGM Nordic
Seas sea surface conditions!>21-2881 suggest near-surface Atlantic
water advection into the Nordic Seas and likely seasonally sea-ice
free conditions at the onset of the LGM. Active Atlantic water
advection under glacial boundary conditions propagating from
south of the Greenland-Scotland Ridge in the North Atlantic, into
the Nordic Seas (east of Iceland) and northwards to at least
65-70°N is therefore now demonstrated by proxy and model data
(Fig. 1). Ultimately, these oceanic conditions were potentially one
important factor contributing to Fennoscandian Ice Sheet growth,
in particular over northern and coastal Norway. This study only
presents a “snapshot” of the ocean circulation changes at the
onset of the LGM. More work is needed to produce a spatial
network of ocean circulation- and sea ice changes over time to
quantify the impact of ocean moisture source areas on northern
high-latitude ice sheets in the past. Multi-model ensembles may
be used in the future to better decipher the variety of factors
contributing to Northern Hemisphere ice sheet growth.

Materials and methods

Tephra analysis and Accelerator Mass Spectrometry (AMS) 14C
dates. Tephra analysis from all ten marine sediment cores as well
as eight AMS 14C dates are already published and the data is
available (Table S1). Sedimentation rates of the core used in this
study together with their marine reservoir ages are shown in Fig.
S9. Available paleoproxy data from selected sediment cores used
in the study is demonstrated in S10.

Here, we add radiocarbon dates to the existing ones from two
key sites in the high-latitude North Atlantic Ocean: offshore
southeast Greenland (GS16-204-18CC) (site 1) and the southern
Norwegian Sea (MD99-2284) (site 9). For the near-surface MRA
reconstruction, approximately 1.5mg of planktic foraminifera
specimens (150-500 um) in pristine condition were picked from
the same depth level as the identified FMAZ II-1 tephra marker.
The samples were then radiocarbon-dated using AMS !4C
measurement procedures at ETH Ziirich, Switzerland. There,
the samples were processed using a newly developed method®?
involving direct CO, measurements of ~0.5 mg using an AMS
facility equipped with a gas ion source. In addition, we performed
leaching experiments on the sample surface material using HCI
0.02 M, following procedures in ref. 83, The AMS 14C dates from
all sites were measured on the near-surface planktonic species
Neogloboquadrina pachyderma (N. pachyderma) (calcification
depth ~30-200 m348) permitting reconstruction of near-surface
water mass properties. New plankton tow data®® supports this
interpretation demonstrating that the depth habitat of N.
pachyderma varies between 25 and 280 m (average ~100m).
The study shows that sea-ice and chlorophyll concentrations at
the surface, in combination with the time since the sea-ice break-
up, explain almost a third of the variance in the depth habitat
data®>,

We calculated the near-surface MRAs (in 14C years) as the
difference between the measured planktonic (N. pachyderma) 14C
age and the IntCal20 atmospheric 14C calibration curve8. The
uncertainty of the reconstructed MRAs is calculated by combin-
ing the uncertainty (summation in quadrature method) related to
(1) 14C analytical error, (2) GICCO5 ice core age model error for
FMAZ 1II-1 age, (3) IntCal20 calibration curve, and (4) transfer-
function related to IntCal20 and GICCO5 age offset®’. For two of
the marine sediment cores (no. 7 and 10), the AMS 4C date was
not extracted from the exact same core depth as the FMAZ II-1
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tephra layer (Table S1). For sediment core LINKO04 (site 7), the
spacing between the AMS 14C date and the position of the FMAZ
II-1 tephra layer is 12 cm. Therefore, the AMS 14C date was
adjusted using the correction originally provided by ref. 48
(Table S1).

IntCal20 and GICCO5 offset. The independent absolute age of the
FMAZ 1I-1 tephra event is derived from the GICCO5 ice-core
chronology®!. However, to estimate the MRA we compare the
radiocarbon concentration of the near-surface ocean to the con-
temporaneous atmosphere, which is on a different age scale, the
IntCal20. Ref. 87 identified systematic discrepancies between the
precursor of IntCal20 (i.e., IntCall3 curve) and the GICCO5 curve.
At the time of the FMAZ II-1 event, ref. 87 estimates that the
GICCO5 chronology is about 445+ 190 years younger than the
IntCall3 chronology based on synchronizing the ice-core record to
different 14C datasets incorporated in IntCall3. The transfer func-
tion developed by ref. 87 to correct for this offset is still recom-
mended for the IntCal20 curve38. As the tephra-based chronology
follows GICCO5 timescales, we report MRAs that have been cor-
rected for this (Table S1) using the transfer function by ref. 87.

MRA calculation.

Atmospheric "*C age = Absolute age + ref. (87) time
— scale offset —'“C age (IntCal20) MRA
= N.pachyderma '*C age — Atmospheric*C age

(1

The climate model: LOVECLIM. We present the results of a
transient simulation of the last 50,000 years performed with the
Earth System model of intermediate complexity, LOVECLIM?3.
LOVECLIM includes a free-surface ocean general circulation
model with a horizontal resolution of 3degx3deg and 20 uneven
vertical levels, coupled to a thermodynamic sea-ice model®?. The
atmospheric model is a global spectral T21 model, with 3 vertical
levels, based on quasi-geostrophic equations of motion and
ageostrophic corrections”?. LOVECLIM also includes a land
cover and terrestrial carbon model®! as well as a marine carbon
cycle model®>%3. In this simulation of MIS 2, the only adjustment
to the land-sea mask that was made was to close the Bering Strait.

Experimental setup. The transient simulation presented here is
the continuation of the transient simulation of MIS 3 presented in
ref. 22,

The model was equilibrated under 50 ka BP boundary
conditions and then run transiently from 50 ka BP to 20 ka BP
with appropriate boundary forcing: ie. transient changes in
orbital parameters®, greenhouse gases, northern hemispheric ice-
sheet orography and albedo®. The orbital parameters are
calculated by the model with a yearly time step. The greenhouse
gases vary yearly based on a linear interpolation of the data. The
ice-sheet orography and albedo were obtained from an off-line
ice-sheet model simulation® and are updated every 200 years.
Episodic meltwater inputs into the North Atlantic>? are also
included to represent the millennial-scale variability of the last
glacial period (Fig. S3A)>2. Episodic meltwater inputs affect the
strength of the AMOC, which varies between 0 and 40 Sv between
29 ka BP and 20 ka BP (Fig. S3B). The MRA data at ~26.7 ka BP
suggest ocean conditions that are in line with a relatively weak
AMOC, (i.e., ~13Sv). Such an AMOC state was also inferred
from an extensive model-data comparison of the LGM!0:0, To
appropriately assess the state of the Nordic Seas, the model

outputs from 26.7 ka BP to 26.6 ka BP are thus studied here (red
line in Fig. S3). To test the impact of seasonal ice-free conditions
in the Nordic Seas on the Fennoscandian Ice Sheet build-up
under boundary conditions similar to 26.7-26.6 ka BP, we use an
alternate simulation, which featured a shutdown of the AMOC at
25ka BP (black line in Fig. S3).

Model performances limitations. The performances of LOVE-
CLIM are detailed in ref. >3. For modern-day climate, the model
reproduces well the main features of the temperature and pre-
cipitation distributions as well as the large-scale structure of the
near-surface circulation. At low latitudes, the main biases are a
25 degC isotherm being located too far away from the equator
and a precipitation distribution that is too symmetric between the
hemispheres. The zero-degree isotherm is, however, quite close to
the observed one in both hemispheres and the sea-ice cover is also
relatively well represented in both hemispheres, even if the sea-
sonal cycle in the North Atlantic is too weak.

The atmospheric model of LOVECLIM is based on quasi-
geostrophic approximations but includes parametrizations of ageos-
trophic terms to better capture tropical dynamics. As such, some
tropical modes of variability, such as the El Nino Southern Oscillation
(ENSO) are not represented. However, given that the focus of this
study is on a better understanding of the mean climate state during
MIS3 at high northern latitudes, the lack of representation of tropical
variability should not significantly impact the results.

BErgen Snow SImulator (BESSI) experimental design and
limitations. The SMB simulations for the Fennoscandian Ice
Sheet are conducted with the model BESSI®!. BESSI is run with a
40 km resolution over the northern hemisphere, for 500 years
using input from two LOVECLIM simulations: one simulation
with open ocean conditions at 26.7 ka BP (i.e, AMOC on,
strength ~13.4Sv) and one simulation with a perennial sea-ice
cover (i.e., AMOC off) around the Norwegian coast (AMOC oft).
BESSI requires daily input fields of surface air temperature, pre-
cipitation, short- and long-wave downward radiation at the sur-
face, and humidity. All variables are interpolated bilinearly onto
the 40 km grid (Fig. S8). Since suitable fields for radiation are not
available from LOVECLIM, we use CCSM4 radiation forcing®,
which previous simulations have shown to keep the error below
5%. The LOVECLIM fields for precipitation and air temperature
are bias-corrected with modern reanalysis (ERA-interim) data®,
using a simple additive bias for temperature and removing a
multiplicative bias in the case of precipitation to avoid negative
values. This method is described in detail in ref. °°. In addition,
BESSI downscales the temperature vertically to the more finely
resolved topography of its own grid and corrects the longwave-
radiation input with the thus modified temperature data. Two
different lapse rates of 0.00065 and 0.0008 K/m were tested but
led to similar qualitative results, so we include only the
former®497. Due to the simple topography in the LOVECLIM
model, orographic precipitation is underestimated. To a certain
degree, this can be solved via the bias correction used for the
simulations presented here.

Data availability

The radiocarbon data generated in this study and the derived MRA estimates are
available in the Supplementary Information in Table S1 and in the SEANOE
repository”S.
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