Supplementary Materials
Radiocarbon dating

Eight radiocarbon dates were determined from the core IS-1B. We applied two separate age-
depth models to constraint the upper and lower boundary of calendar age estimates according to
the method described by Heaton et al., (2023)".

The first age-depth model was calibrated using the Marine20 curve with an uniformly
Holocene ARpol of -86 + 65 years for the entire core, calculated based on 10 modern AR values

from stations located within 500 km around the core IS-1B site (http://calib.org/marine/; Suppl.

Table 1).

Suppl. Table 1. Location of '“C samples near core IS-1B taken from the marine radiocarbon reser
voir database

Map No Lon Lat (yAel;r) A(}llfl;r Distance (km) Reference

2670 -7.42 66.38 -49 28 162 Pearce et al., 20232
62 -14.00 65.28 -124 41 259 Hékansson et al., 19843
61 -14.25 64.67 -135 41 274 Hékansson et al., 1984°

1994 -6.29 62.20 -190 35 330 Cappelli et al., 2020*

1995 -6.29 62.20 -64 35 330 Cappelli et al.,2020"

1997 -6.29 62.20 -50 35 330 Cappelli et al., 2020*
68 -7.33 62.07 -187 72 331 Krog et al., 19747
67 -15.32 66.25 -53 59 342 Krog et al., 1974
65 -17.50 66.00 -164 34 429 Hakansson S et al.,1984°

2671 -8.38 69.21 -17 24 469 Pearce et al., 2023

The second age-depth model was also calibrated to Marine20 curve but incorporated variable
AR values for different climatic intervals: the same ARpo of -86 + 65 years for the Holocene
(younger than 11500 a BP), a ARcs = ARyo1 + 1320 = 1234 + 65 years for the Heinrich Stadial 1,
and a ARgs = ARl + 1370 = 1284 + 65 years for the glacial period. All the AR offset of ARcsand
ARgs were derived from the modelled latitudinal reservoir age estimates of Heaton et al., (2023) at
66.25°N, near the core IS-1B site!. Both age-depth models were implemented using the Bayesian
age-modeling software Bacon in R. The calendar age estimates resulting from these two models
are intended to represent, respectively, the low limiting depletion scenarios and high limiting
depletion scenarios. Therefore, the combination of both models can provide a bracketing of the

maximum potential calendar age for the radiocarbon dates, encompassing the 95.4% confidence
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interval'.

Due to the absence of independent constraints on whether the IS-1B core site experienced
low- or high-depletion scenarios during glacial periods, we adopted the average of the mean ages
from the two age-depth models as the best estimate for the calibrated calendar ages®.

For comparison, we also calibrated the eight radiocarbon dates using Calib 8.10 with the
Marine20 curve, applying linear interpolation and extrapolation between age control points. The
results showed minimal differences compared to those obtained from the Bacon model (Suppl.
Table 2).

Suppl. Table 2. AMS'C dating data and the calibrated calendar ages using Calib 8.10

Low High

. . . Mean

Depth Laboratory AMSMC LO“.’ depletion ngl.l depletion calendar

(cm) code age (year) depletion calendar age  depletion calendar age ave
sely AR bracketing AR bracketing egar)
(20, year) (20, year) Y

5-7 Beta-426129 1560+30 -86+£65 851-1245 -86 851-1245 1048
17-18 Beta-426130 4350+30 -86£65 4149-4658 -86 4149-4658 4403
30-31 Beta-426131 6780+30 -86+£65 6967-7383 -86 6967-7383 7175
39-40 Beta-497030 8550+30 -86+65 8857-9347 -86 8857-9347 9102
70-72 Beta-426133 15760+50 -86+£65 18087-18619 1234 16455-17037 17537
80-82 Beta-497031 18710460 -86£65 21502-22153 1284 19844-20439 20998
92-96 Beta-426134 22620490 -86+65 25786-26341 1284 24261-25005 25301
125-130  Beta-426135  28010+140 -86+£65 31022-31637 1284 29761-30464 30699

In addition, we provide the age uncertainties for all specific age points mentioned in the main
text of this study (Suppl. Table 3).

Suppl. Table 3. Detail information of the age points referred in the main text

Station ]zsll::)h (;}eii) 95% cont(i;::rc)e interval U(ngl;xlgy Reference
IS-1B 73 18114 17341-18887 / this study
IS-1B 79 20166 19328-21005 / this study

IM11-FI-19PC  226-227 18160 / +196 Ezat et al., 20177
JM11-FI-19PC  246-247 20440 / +260 Ezat et al., 20177

Calcification depth of N. pachyderma (s) in core IS-1B and the hydrographic implications it
reflects

N. pachyderma (s) is the most abundant planktonic foraminifera in the Arctic and subarctic
oceans, thriving in cold waters and also dominating the pelagic calcite production in high

latitudes®!?. Previous studies have identified sea temperature and density stratification as key



controls on the vertical distribution of N. pachyderma (s)!'"13. In addition, ecological observations
suggest that the sea-ice presence and surface chlorophyll @ concentration also strongly influence
its vertical habitat!*">,

In the modern Nordic Seas, it has been reported that N. pachyderma (s) calcifies between 70-
250 m off the Norway coast beneath the Atlantic inflow . In contrast, further to the west N.
pachyderma (s) prefers shallower depth near surface water between 20-50 m in the Arctic domain
and 70-130 m of the western Nordic Seas confined by the East Greenland Current'. In order to
understand the hydrographic information reflected by the biogeochemistry of N. pachyderma (s)
shells in core site, we reconstructed the calcification depth of N. pachyderma (s) in IS-1B core-top
to compare with the upper ocean hydrographic structures in study area.

According to the youngest age control point (depth at 6 cm, 1.05 ka BP) and the calibration
of the Bacon age model, we assumed that the N. pachyderma (s) in I1S-1B core-top was deposited
in modern times (0.32 ka BP). Then the regional gradient of the theoretical equilibrium §'*0 of
calcite above 300m water depth was constructed from the modern vertical profile of ambient
seawater oxygen isotope (8'%0sy) and temperature based on Eq. 2'¢, in order to compare with the
shells 880 (8'%0.) of core-top N. pachyderma (s) in IS-1B. As there are sparse instrumental
3'%04y data in our study region, we calculated the §'*Oy, taking advantage of World Ocean Atlas
2023'7 mean summer salinity data (considering the N. pachyderma (s) is summer bloom
species'®!®) through Eq. 5'°. The results revealed that the core-top shell 'O, fit well with the
theoretical 5'30. at 50 m water depth, suggesting a mean N. pachyderma (s) calcification depth of
50 m in the modern IS-1B sea area (Suppl. Fig 1).

This depth generally falls within the shallow subsurface layer. By comparing the upper-ocean
hydrographic structure of the Norwegian Sea with the temperature—salinity profiles at the core site,
we find that the calcification depth of N. pachyderma (s) lies beneath the surface mixed layer and
at the uppermost part of the halocline'”!°?2, Furthermore, when considering both regional
chlorophyll @ profile near the core site and our reconstructed calcification depth, the results
indicate that N. pachyderma (s) calcified near the base of the chlorophyll ¢ maximum layer,
consistent with previous studies'#!%%3,

Therefore, we consider that the geochemical signals preserved in N. pachyderma (s) calcite



reflect the properties of summer shallow subsurface water mass in the Nordic Seas, and can also
roughly reflect the changes in the upper part of the halocline in study area. Some studies have
suggested that during glacial periods, increased sea ice cover may have caused N. pachyderma (s)
to shift its habitat to shallower depths (50-100 m)'>. However, the expansion of sea ice also
suppresses wind-driven surface mixing and deep-water formation, in turn, leading to the
development of a shallower and more stratified halocline?*?*. Consequently, the geochemical
signals recorded by N. pachyderma (s) reliably reflect the dynamics of shallow subsurface layer

and then the upper halocline in the glacial period.
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Suppl. Fig 1. The profile of theoretical §'0., temperature, and salinity in the upper water column

at the core site of IS-1B (summer of 2023). The black, red and blue lines indicate the theoretical §'°Ok,

temperature and salinity respectively (World Ocean Atlas, 2023'71%). The foraminiferal dot indicates the calcification

depth of core-top N. pachyderma (s).

Calibrations of Mg/Ca temperature

At present, numerous studies have demonstrated that Mg incorporation in the shell of N.
pachyderma (s) appears to be sensitive to seawater carbonate-ion concentration ([CO3]), pH, and
salinity which often covary in the surface water-particularly in cold environments-making it
challenging to isolate the temperature signal’*2°. The study by Morley et al., (2024) show that the
influence of seawater carbonate chemistry (Mg/Ca-[CO ;] sensitivity) on Mg/Ca-derived
temperatures can be successfully quantified and isolated through integration of shell 6*O. and
glacial-interglacial sea-level changes?®. By applying their calibration, we are able to correct for
non-temperature influences on the Mg/Ca ratios, thereby improving the accuracy of our
temperature reconstructions and enabling a more reliable interpretation of the historic

hydrographic conditions at the IS-1B core site.



Here we use the commonly cited value of 0.11%o per 10 m sea-level change for the correction

of the glacial-interglacial sea-level variations on 530"
0"80cor= 0"%0+0.11%o0 x (SL/10) (suppl 1)

Where SL is sea level changes derived from the curve of Lambeck et al**. The Mg/Ca-[CO3]
sensitivity (Mg/Ca[CO3]) for N. pachyderma (s) was then quantified using the suppl Eq. 2 and
suppl Eq. 3%,

[CO3] = (6" Ocor - 7.1367) /-0.0279  (suppl 2)
Mg/Ca[CO;] = 3227.95 x [CO:]"5*  (suppl 3)

The corrected Mg/Ca values (Mg/Cajcor) and corresponding Mg/Ca-based temperatures

were calculated according to the suppl Eq. 4 and Eq. 1, respectively?®.
Mg/Cajcorn) = Mg/Cayest / Mg/Ca[CO3] (suppl 4)

Mg/Cajcor=0.372:£0.014exp(©-0936:0.0045D) (1)

Standard deviations of Mg/Ca-derived temperatures from individual foraminiferal shells

The standard deviation (SD) is a statistical measure that quantifies the degree of dispersion
within a set of data. A smaller SD indicates that the data points are more concentrated around the
mean (showing less variation and greater stability), while a larger SD means the data points are
more widely spread out (showing greater variation and less stability). In this study, we used the
Mg/Ca-derived temperatures of 12 individual shells in every sampling layer to calculate the SD of
temperature in the sampling resolution (representing around 180-720 years).

Based on our reconstruction of the calcification depth of N. pachyderma (s) and modern
observations, we consider the geochemical information of N. pachyderma (s) can reflect the
hydrographic conditions of the shallow subsurface layer beneath the chlorophyll maximum at the
depth of approximately 50 m, as well as variations in the upper part of the halocline. Since each
individual shell Mg/Ca-derived temperature reflects the ambient water temperature at its
calcification depth, the resulting SD of Mg/Ca-derived temperature provides an integrated
measure of temperature variability and fluctuation amplitude in the shallow subsurface layer over
the corresponding time interval. When the SD of Mg/Ca-derived temperatures decrease, the
temperature in the shallow subsurface layer of our core site show less variation and greater

stability, whereas an increase in SD implies greater temperature variability and reduced stability.



TraCE Experiments

Since the late glacial epoch, the evolution of ocean environment in Nordic Seas may have
been influenced remotely by climatic oscillations in the North Atlantic*>. To understand the role of
large-scale ocean-atmosphere circulations in the evolution of the Nordic Seas and Eurasian ice
sheets during this period, we refer to the results of TraCE simulations®**’ to elucidate the remote
North Atlantic forcing, which was relevant to the solar activities.

The TraCE transient climate experiments were performed in the Community Climate System
Model ver. 3°¥4° (CCSM3), a global coupled atmosphere-ocean-sea ice-land general circulation
model (AOGCM) that has a latitude—longitude resolution of ~3.75° in the atmosphere (i.e. over
land and sea) and ~3° in the ocean and includes a dynamic global vegetation module. The
prescribed forcings and boundary conditions for the all-forcing simulation included orbitally
forced insolation changes, increasing atmospheric concentrations of the long-lived greenhouse
gases, and retreating ice sheets and associated meltwater release to the oceans®*’. Meanwhile, the
transient sensitivity experiments adopt a factorized forcing scheme to allow isolating each of these
forcings separately*!.

We extracted the simulation results of both all forcing and isolated forcings from 21-19 ka BP.
The all forcing simulations show an increase in 850 hPa wind velocity south of Iceland, along
with a significant intensification of cyclonic circulation (Suppl. Fig 2a). Furthermore, by
comparing other isolated forcing simulations, we found that the isolated insolation forcing
contributes more to the enhancement of the 850 hPa wind velocity and also notably drives a
strengthen atmospheric circulation in cyclone direction (Suppl. Fig 2b-e). Therefore, we speculate
that the changes in solar insolation are the principal factor to drive the enhanced 850 hPa cyclonic

circulation in this interval.
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Suppl. Fig 2. Comparison of hydroclimate changes simulated by all forcing and isolated forcings
in TraCE experiment. a. Winter anomalies (19-21 ka BP) of 850 hPa wind simulated by all forcing. b-e. Winter
anomalies (19-21 ka BP) of 850 hPa wind simulated by isolated orbital forcing, greenhouse gas forcing, continental ice

sheets forcing and Northern Hemisphere meltwater forcing. The blue star marks the location of core IS-1B.

Information on referenced stations

Suppl. Table 4. Information on reference stations

Station Lon Lat Water depth Reference
(m)
SV-04 13°54'E 74°57'N 1839 Rigual-Hernandez et al., 20174
MD99-2294 10°30'E 68°18'N 1122 Rorvik et al., 2010, 2013434
IM11-F1-19PC 3°52'W 62°49'N 1179 Ezat et al., 2014, 201754
ENAM93-21 3°59'W 62°44'N 1020 Klitgaard-Kristensen et al., 19984
V23-81 16°50'W 54°15'N 2400 Sarnthein et al., 199547; Bond et al., 19924
MDO01-2461 12°55'W 51°45'N 1153 Peck et al., 20084
GeoB18530-1 49°14'W 42°50'N 1888 Max et al., 2022°°
NGRIP 42°17W 75950’ / Rasmussen et al., 2006°!; North Greenland

Ice Core Project Members, 20042
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