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CLIMATOLOGY

A multicentennial mode of North Atlantic climate
variability throughout the Last Glacial Maximum

Matthias Prange’*, Lukas Jonkers', Ute Merkel', Michael Schulz', Pepijn Bakker®

Paleoclimate proxy records from the North Atlantic region reveal substantially greater multicentennial temper-
ature variability during the Last Glacial Maximum (LGM) compared to the current interglacial. As there was no
obvious change in external forcing, causes for the increased variability remain unknown. Exploiting LGM sim-
ulations with a comprehensive coupled climate model along with high-resolution proxy records, we introduce
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an oscillatory mode of multicentennial variability, which is associated with moderate variations in the Atlantic
meridional overturning circulation and depends on the large-scale salinity distribution. This self-sustained
mode is amplified by sea-ice feedbacks and induces maximum surface temperature variability in the subpolar
North Atlantic region. Characterized by a distinct climatic imprint and different dynamics, the multicentennial
oscillation has to be distinguished from Dansgaard-Oeschger variability and emerges only under full LGM
climate forcing. The potential of multicentennial modes of variability to emerge or disappear in response to
changing climate forcing may have implications for future climate change.

INTRODUCTION
Climate variability at multicentennial scales is poorly understood
but has important implications for attributing past changes and pre-
dicting future climate trends (I, 2). The understanding of climate
variability is complicated by its dependence on the climatic mean
state (3). Paleoclimate proxy records have shown substantial
changes in climate variability before and after Termination I, the
last major transition in global mean climate (4). During the Last
Glacial Maximum (LGM) [approximately 23 to 19 ka (kiloyears
before present)] before Termination I, temperature variability at
multicentennial time scales was globally about four times larger
than afterward during the Holocene (4). By far, the greatest
change in variability between glacial and interglacial climate was
found in the northern North Atlantic region, where Greenland
ice cores reveal particularly strong multicentennial temperature var-
iability in the ~300- to 800-year band throughout the LGM (Fig. 1,
A to C). A sea surface temperature (SST) record with sufficiently
high temporal resolution and chronological constraints from the
adjacent Irminger Sea (sediment core SO82-5) also reveals pro-
nounced multicentennial variations during the LGM that have
been correlated with Greenland ice core records (5). In particular,
the SST record shows three distinct peaks after Heinrich Stadial 2
(HS 2) between ~23 and ~21.5 ka (Fig. 1D), where the first one
appears to be related to Dansgaard-Oeschger (DO) event 2, an un-
characteristically weak and short DO event compared to its marine
isotope stage (MIS) 3 counterparts (6, 7). Smaller SST variations are
found before and after these peaks (Fig. 1D). This high multicenten-
nial variability found in LGM SST records from the subpolar North
Atlantic was previously postulated to be linked to continuous DO
cyclicity over MIS 2 (8), whereas other studies argue for a minor
influence of DO cyclicity on LGM climate variability (4, 9).
However, the spatiotemporal coverage of SST time series is still
insufficient to resolve patterns of multicentennial climate variability
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during the LGM. There are only few records with sufficient tempo-
ral resolution, and their analysis is further complicated by dating
uncertainties. Moreover, the simulation of low-frequency climate
variability to investigate underlying physical mechanisms is still a
challenge for general circulation models (I, 10). Causes and mech-
anisms of the high multicentennial LGM temperature variability in
the Greenland and subpolar North Atlantic regions are therefore
still unknown (4). As there is no obvious external forcing on this
time scale, internal mechanisms are the most likely cause of this var-
iability. Here, we present a mechanism of spontaneous multicenten-
nial oscillations in the North Atlantic realm found in simulations
with the Community Earth System Model CESM1.2 under LGM
boundary conditions (see Materials and Methods). We demonstrate
that this mode of variability is specific to the LGM and disappears if
the boundary conditions deviate from full glacial conditions. We
further show that this type of climate variability has to be distin-
guished from DO variability as it clearly differs in terms of spatial
pattern, magnitude, time scale, and dynamics.

Besides the (oscillating) reference experiment LGM.y, three sen-
sitivity experiments (LGM,;9, LGMj99, and LGM;;4) were per-
formed to explore the role of atmospheric greenhouse gas (GHG)
concentrations for the oscillatory behavior (Table 1). Experiment
LGM;jc examines the role of different initial conditions using the
same boundary conditions as experiment LGM,.r. Experiment
LGM|c,gug uses still another initialization, while GHG concentra-
tions are slightly different but still characteristic for the LGM. Last,
experiment LGM|cgeg Was set up to explore the role of ice sheets
using the ICE-6G_C reconstruction (11) instead of GLAC-1D
(12-14). Experiment LGMjcgeg Was supplemented by GHG sensi-
tivity experiments LGMcgsG 2100 LGMicgsG,199- and LGMicgeG,176
that use the same set of GHG concentrations as the corresponding
sensitivity experiments with GLAC-1D ice sheet. Both GLAC-1D
and ICE-6G_C ice sheets used in this study refer to the 21-ka
time slice. No prescribed meltwater fluxes were added such that
simulated oscillations are “unhosed.” Table 1 summarizes the
experiments.
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Fig. 1. Evidence of multicentennial variability at high northern latitudes
during the LGM. Reconstructed temperatures for the North Greenland Ice Core
Project (NGRIP) site are based on 8N isotope measurements on the
ss09sea06bm time scale (7). (A) Wavelet (Morlet) power spectrum of the NGRIP
temperature time series shown in (B) for the interval of 26 to 18 ka. Hatching in-
dicates the 0.01 significance level using a red noise background (72). (C) Temper-
ature time series from (B) bandpass-filtered for the 300 to 800 years range using a
zero-phase sixth-order Butterworth filter. The bandpass filter highlights the multi-
centennial component in the NGRIP record and reveals the amplitude of the multi-
centennial temperature oscillations. (D) Summer SST reconstruction from Irminger
Sea sediment core SO82-5 (5) on a new age scale (69). For ages younger than about
20.5 ka, the temporal resolution of the record is not sufficient to capture multicen-
tennial variability (dashed curve). HS 2 and DO 2 are marked. Locations of NGRIP
and SO82-5 are shown in Fig. 3B.

RESULTS

The mean Atlantic meridional overturning circulation (AMOC) in
experiment LGM, ., averaged over the entire 1540 years of the ex-
periment, has a weaker and shallower upper overturning cell (Fig.
2A) compared to a preindustrial control run of the model (fig. S1A)
(15). The simulated glacial Atlantic is characterized by strong

Prange et al., Sci. Adv. 9, eadh1106 (2023) 1 November 2023

salinity stratification in the deep ocean (Fig. 2B). Shoaling of
glacial North Atlantic deep water and a stronger stratification are
consistent with reconstructions (16, 17). Moreover, there is proxy-
based evidence for more saline Antarctic bottom water (18, 19) and
relatively fresh and shallow Antarctic intermediate water (AAIW)
(20) during the LGM, which corroborates the simulated water
mass characteristics. We note that a high-saline deep ocean has
been suggested previously as a prerequisite for the glacial termina-
tion (21). A multicentennial oscillation of the AMOC around this
mean state is revealed by the time series of the AMOC index,
defined here as the maximum of the overturning stream function
at 30°N. Within the 1540 years of integration, four cycles are
found, i.e., a period of ~400 years (Fig. 3A). The peak-to-peak am-
plitude of the oscillation is about 4 Sv (1 Sv = 10° m’ s™'). Despite
this moderate amplitude of AMOC variations, there is a clear
impact on North Atlantic sea-ice extent and Greenland temperature
(Fig. 3, A to C). During a strong AMOC interval, annual mean
surface air temperature in central Greenland is about 4°C warmer
than during a weak AMOC interval. The magnitude of the simulat-
ed temperature variations is thus comparable to the reconstructed
North Greenland Ice Core Project (NGRIP) temperature variations
at the multicentury scale (Fig. 1C). In addition, the long-term LGM
mean temperature at the NGRIP site (Fig. 1B) is well reproduced by
the model. Even larger surface air temperature contrasts between
strong and weak AMOC intervals are found south of Iceland and
over the Irminger Sea associated with a retreat (expansion) of the
North Atlantic sea-ice margin during the strong (weak) AMOC
phase (Fig. 3, B and C), which leads to a reduction (increase) in
surface albedo and an increase (decrease) in ocean-atmosphere
surface heat fluxes (see below). While the wintertime northern
North Atlantic is largely ice-covered during intervals of weak
AMOC (Fig. 3C), vast areas in the Nordic Seas are ice-free in
summer during strong AMOC intervals (Fig. 3B). The sea-ice feed-
backs are crucial for inducing particularly large surface air temper-
ature variations in the northern North Atlantic region, over
Greenland, and over parts of Europe. The rest of the globe is
hardly affected. In particular, the AMOC oscillations are too
small in amplitude and too short in duration to induce a global-
scale bipolar seesaw pattern. The same is true for precipitation,
where substantial changes are only simulated over the North Atlan-
tic and parts of Greenland and western Europe, while changes in
other regions, such as the tropics, are insignificant (Fig. 3C). In
the global annual mean, the multicentennial oscillation causes a
surface air temperature variation in the range of 0.8 K (fig. S2).
Note that no such multicentennial oscillations are found in the pre-
industrial control run (fig. S1B).

The leading empirical orthogonal functions (EOFs) of various
ocean variables provide further insight into the spatiotemporal dy-
namics of the multicentennial oscillation. Figure 4 shows the first
EOFs of North Atlantic winter mixed layer depth, sea-ice fraction,
surface heat flux, SST, and ocean temperature at 1000 m in depth.
The principal components covary with the AMOC time series. A
short lag of the AMOC index with respect to changes in North At-
lantic surface variables is attributable to the duration of dynamic
adjustment to North Atlantic convection accomplished by internal
ocean waves (22, 23). Hence, deepening of the mixed layer in the
North Atlantic is directly related to enhanced convection and a
strengthening of the AMOC (Fig. 4A), whereby the AMOC index
lags ~20 years behind the leading principal component of mixed

20f13

€202 ‘YT JOGUWBAON U oL [0 I0SIFRSIBAIUN PUn SIEEIS - UBLdag 1uN e B.10°90Us 108 MM/ S W) POPED lUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 1. Summary of experiments. See Materials and Methods for further details including description of initialization methods.

Experiment CO, (ppm) CH, (ppb) N,O (ppb)

Ice sheet Initialization method Integration length (years)

GLAC-1D 1

LGMICEGG,1 76

layer depth (fig. S3). Enhanced convection, in turn, is associated
with increased ocean surface heat loss under reduced sea-ice condi-
tions (Fig. 4, B and C). When the AMOC is strong, winter sea ice
disappears south of Iceland and in the Irminger Sea (cf. Fig. 3B),
allowing for deep convection, while the region becomes winter
sea ice—covered when the AMOC is weak (cf. Fig. 3C). While
AMOC strengthening goes along with North Atlantic sea-ice
retreat and higher SSTs (Fig. 4D), subsurface temperatures decrease
over large regions, including the Irminger Sea (Fig. 4E).

Temporal changes of the large-scale salinity distribution play a
key role in the dynamics of the multicentennial oscillation. Figure
5A shows the first EOF of equatorial and North Atlantic salinity at
400 m, which is about the depth of the shallow and fresh glacial
AAIW (cf. Fig. 2B). The leading EOF (the time series of which
lags behind the AMOC variations as seen in the right panel of
Fig. 5A) indicates a large-scale freshening of the North Atlantic
equatorial and subtropical regions in response to a strengthening
of the AMOC, most strongly pronounced between 5°N and 10°N
off the South American coast. As the AMOC is directly related to
meridional velocities, the leading principal component of upper-
ocean (400 m in depth) meridional velocity in the tropical Atlantic
covaries with the AMOC index (Fig. 5B, right). The strongest var-
iations are found off the South American coast (Fig. 5B). It has been
shown previously that the western boundary currents in this region
are highly sensitive to changes in the AMOC (24). A northward
current along the South American coast, which transports glacial
AAIW across the equator into the North Atlantic, therefore corre-
sponds to a glacial version of the modern Intermediate Western
Boundary Current (25). Variations in this current system, as re-
vealed by the EOF analysis (Fig. 5B), result in transport variations
of the relatively fresh glacial AAIW into the northern hemisphere
and hence control the North Atlantic salinity budget. These fresh-
water transports explain freshening of the North Atlantic tropical
and subtropical regions in response to AMOC strengthening (Fig.
5A). Maximum salinity variations between 5°N and 10°N off the
South American coast are attributable to the combination of
strong meridional velocity variations (Fig. 5B) with a steep merid-
ional salinity gradient (Fig. 2B). The freshwater accumulating in the
subtropical North Atlantic (Fig. 5A) eventually reaches the
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ICE-6G_C 1 720

northern North Atlantic, where it enters the convective regions
and, through its effect on density, leads to a weakening of
the AMOC.

The sequence of processes causing the North Atlantic climate
oscillation is depicted in Fig. 6. An increasing AMOC goes along
with a decreasing net salinity flux across 5°N toward the subtropical
North Atlantic due to an increasing northward transport of low-
saline water in the upper intermediate western Atlantic (Fig. 6A).
As a consequence, the tropical-subtropical North Atlantic gradually
freshens (Fig. 6B). This freshening, in turn, results in a decreasing
salinity flux across 35°N into the northern North Atlantic (Fig. 6A).
This anomalously low-salinity flux eventually leads to a freshening
of the convective regions, hence weakening the AMOC. The weaker
AMOC reduces the northward flow of fresh glacial AAIW, thus
leading to an increasing net salinity flux across 5°N toward the sub-
tropical region, such that the tropical-subtropical North Atlantic
salinity increases. An increased salinity flux into the northern
North Atlantic amplifies the AMOC again, thereby closing the os-
cillation cycle. These processes clearly suggest a salt-oscillator
mechanism as the main cause for the multicentennial oscillations,
which is also supported by the meridional propagation of Atlantic
salinity anomalies over an oscillation cycle (Fig. 7 and fig. S4).

While freshening of the upper northern North Atlantic leads to
enhanced density stratification, increased sea-ice cover, and reduced
convective mixing (Fig. 4), advective and diffusive heat fluxes cause
the subsurface ocean to gradually warm up, thereby increasing the
vertical temperature gradient (Fig. 6B). While this tends to counter-
act the density stratification (26), the vertical density gradient still
increases because of salinity changes (Fig. 6B). Another positive
feedback mechanism we identified is related to the strength of the
North Atlantic subpolar gyre, which favors deep-water formation
by transporting salt toward the convective regions. Similar to previ-
ous studies (27, 28), the subpolar gyre covaries with the AMOC (fig.
S5). However, in its simplest form, the salt-oscillator mechanism
also works without these feedbacks as shown by a simple box
model that consists of two coupled ordinary differential equations
(ODEs), which describe salinity changes in a subpolar and a sub-
tropical ocean box (see Materials and Methods and fig. S6). In
this two-box model, the inflow of low-saline AAIW into the sub-
tropical box is a crucial element. Oscillatory solutions with
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Fig. 2. Atlantic Ocean mean state in the LGM,¢ simulation. (A) Atlantic merid-
ional overturning stream function. Negative (positive) contour lines are dashed
(solid) and indicate counterclockwise (clockwise) flow direction. (B) Zonally aver-
aged Atlantic salinity. Shown are averages over 1540 years. Note the presence of a
shallow, low-saline AAIW tongue with a core around 400 m in depth.

multicentennial period (~400 years) can only occur if the AMOC
transports sufficiently fresh AAIW into the subtropical box (fig.
S7A). If the salinity of the AAIW is too high, then the oscillations
disappear (fig. S7B).

Sensitivity experiments were conducted to explore the influence
of changes in boundary conditions on the multicentennial oscilla-
tion. In a first set of experiments, atmospheric GHG concentrations
were varied, ranging from MIS 3 conditions (experiment LGM;,)
via intermediate (LGM;q9) to extremely low (LGM, ) conditions
(see Materials and Methods). Moderate shifts in GHG concentra-
tions away from LGM values in experiments LGM ;99 and LGM, 7
cause the multicentennial North Atlantic climate and AMOC var-
iability to be suppressed (Fig. 8), suggesting that the oscillations
only exist in a very narrow range around full LGM boundary con-
ditions. GHG concentrations exceeding those of the LGM reference
concentrations (as listed in Table 1) amplify the hydrologic cycle in
the warmer atmosphere (29), such that net evaporation over the
subtropical North Atlantic increases. As a result, surface salinity
rises in the North Atlantic (fig. S8A). In combination with a pole-
ward retreat of the sea-ice margin and enhanced surface heat loss in
the northern North Atlantic, this favors deep convection and
pushes the AMOC into a strong stable state (Fig. 8), although
more low-salinity glacial AATW is transported toward the subtrop-
ical North Atlantic as revealed by the Atlantic salinity distribution
(fig. S8A). The opposite processes occur in the cold climate scenario
of experiment LGM, ¢ (fig. S8B), such that the AMOC adopts a
weak steady state (Fig. 8). In sum, we find a disappearance of the
multicentennial oscillatory mode for non-LGM GHG concentra-
tions along with a general trend of increasing AMOC strength
with larger GHG forcing.

Prange et al., Sci. Adv. 9, eadh1106 (2023) 1 November 2023

Minor changes in LGM boundary conditions with respect to
LGM,.s, however, do not remove the multicentennial oscillation dy-
namics as demonstrated by experiment LGMc gyg. Along with ex-
periment LGMjc, this experiment further shows that LGM
multicentennial oscillations are robust to changing initial condi-
tions (fig. S9).

Last, experiment LGMcggg reveals that the multicentennial
mode is suppressed when the ICE-6G_C reconstruction is applied
(Fig. 8). The major difference of ICE-6G_C compared to GLAC-1D
is a higher ice elevation over North America, which is up to ~1 km at
some locations (14). The higher Laurentide ice sheet has an impact
on the atmospheric circulation including a southward displacement
of the North Atlantic mid-latitude jet in line with previous model
studies (30, 31). Moreover, the North Atlantic wind-driven ocean
circulation changes, implying southward shifting subtropical and
subpolar gyres (fig. S10), which hampers the transport of salty
waters from the subtropics toward convective regions in the north-
ern North Atlantic. The resulting fresher conditions in these regions
prevent phases of strong convection required for the multicenten-
nial oscillation to occur. While we suggest a role of gyre transports
in suppressing the multicentennial mode, this does not rule out a
potential role of other processes, such as changes in precipitation
and evaporation patterns (32), effects of surface cooling (33), or
changes in deep-water formation regions in response to ice sheet
alterations (34). Regardless of the mechanism, the sensitivity to
ice sheet height may explain why previous LGM simulations with
the same climate model (CESM1.2) but other ice sheet boundary
conditions than GLAC-1D did not exhibit multicentennial
climate oscillations (35, 36).

Additional sensitivity experiments with the same ICE-6G_C ice
sheet configuration but different GHG forcing (LGMjcgeG,210s
LGMcEsG,199, and LGMjcgeg,176) did not show the multicentennial
oscillation either (fig. S11). While this does not rule out the possi-
bility of multicentennial oscillations under ICE-6G_C for other pa-
rameter ranges, we note that further studies are required for a more
complete understanding of the role of ice sheet height in suppress-
ing low-frequency oscillations. Moreover, as in the GHG sensitivity
experiments with GLAC-1D, we find again that the AMOC
strengthens with increasing GHG forcing (fig. S11).

The multicentennial oscillation of experiment LGM,¢ has its
largest imprint on the surface climate in the northern North Atlan-
tic region (Fig. 3, B and C). Figure 9A shows the variance of low
pass—filtered simulated North Atlantic SST. Besides some hot
spots of high variability in the subpolar and mid-latitude North At-
lantic, there is a general trend of decreasing variance from the
northern to the tropical North Atlantic. Only a few paleo-SST
records from North Atlantic sediment cores exist that have high
enough temporal resolution and sufficient age control to be ana-
lyzed in terms of multicentennial variability during the LGM (see
Materials and Methods). Analyzing these records for variance at the
multicentury scale, we find a qualitative agreement between the lat-
itudinal patterns of modeled and reconstructed variances in that the
SST proxy records also reveal high variability in subpolar and mid-
latitudes and almost no variance in low latitudes (Fig. 9B). This con-
firms the model result that multicentennial variability during the
LGM was predominantly a North Atlantic phenomenon. By con-
trast, this pronounced multicentennial variability is absent in
both the CESM1.2 preindustrial control run (15) and SST proxy
records from the late Holocene (fig. S12). Moreover, it is also
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Fig. 3. Climate signature of North Atlantic multicentennial mode in the LGM,¢ simulation. (A) Time series of AMOC strength (defined as the maximum of Atlantic
overturning stream function at 30°N; black), Northern Hemisphere total sea-ice area (blue), and surface (2 m) air temperature (SAT) at NGRIP site (red). All time series are
smoothed with a 21-year running mean. The time axis refers to the model integration years of the LGM, s experiment after spin up. (B) Mean (50-year averages) surface air
temperature difference between strong AMOC interval [marked by red bars in (A)] and weak AMOC interval [marked by blue bars in (A)]. Blue (green) line shows the
February (August) mean sea-ice margin (defined here as the 50% ice concentration contour line) for the strong AMOC interval. (C) Same as (B) but for precipitation. Here,
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0.05 level. In (B), circles over Greenland and in the Irminger Sea mark the locations of the NGRIP ice core (gray) and the SO82-5 marine sediment core (black). Continental

outlines according to GLAC-1D.

found that the modeled SST variances are generally lower than the
proxy-based variances during both the LGM and the late Holocene.
Part of this discrepancy may be related to local processes that cannot
be resolved by the global model, such as amplification of SST vari-
ations due to changes in coastal upwelling or frontal shifts. An
impact of other modes of large-scale climate variability or external
forcing mechanisms, not included or underestimated in the model
simulation, cannot be ruled out either (I). On the other hand, non-
climatic noise and possible proxy-specific biases might lead to an
overestimation of the SST variance derived from marine sediment
archives (37), which would be consistent with the good agreement
between the magnitudes of simulated and reconstructed multicen-
tennial temperature variations over Greenland from the NGRIP ice
core (see above).

DISCUSSION

Multicentennial glacial climate variability has been little explored so
far. We presented an internal mode of multicentennial North At-
lantic variability simulated in a comprehensive coupled climate

Prange et al., Sci. Adv. 9, eadh1106 (2023) 1 November 2023

model under full LGM boundary conditions. The multicentennial
mode is associated with self-sustained AMOC oscillations that are
relatively small compared to the millennial-scale DO oscillations of
MIS 3. While model-based estimates for DO-type AMOC variations
of MIS 3 are about 10 Sv (38) or even higher (39-41), the range of
multicentennial AMOC variations is only ~4 Sv in experi-
ment LGM .

Only few proxy records exist that have a temporal resolution high
enough to capture climate variability at this time scale. The Ir-
minger SST record of core SO82-5 suggests several oscillation
cycles following HS 2, before a reduction in the record's resolution
around 20.5 ka prevents any detection of multicentennial oscilla-
tions. The SST record of sediment core MD95-2002 from the north-
ern Bay of Biscay (42) shows further multicentennial oscillations
after 20.5 ka (fig. S13). Sea surface salinity reconstructions from
core SO82-5 show high-saline conditions during warm multicen-
tennial phases and fresher conditions during cold phases (5), in
agreement with our simulated oscillations. Unlike the millennial-
scale DO cycles of MIS 3 (DO 3 to 17), which had a global
impact on climate (43), the LGM multicentennial mode is primarily
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North Atlantic region are shown for (A) mixed layer depth, (B) sea-ice concentration, (C) surface heat flux, (D) SST (note that the color code only resolves positive values in
the map), and (E) potential temperature at 1000 m in depth. EOF maps (left) were obtained by regressing the fields onto the corresponding standardized (dimensionless)
principal component time series (right). The standardized principal component time series (black) are plotted together with the standardized AMOC time series (as
defined in Fig. 3; cyan). Explained variances of each leading EOF are specified below the time series. Gray box in (E) marks approximately the region of maximum variations
in sea-ice cover and surface heat flux, which is used for calculating averages in Fig. 6B. In this region, a strong (weak) AMOC is associated with an anomalously deep
(shallow) mixed layer, low (high) sea-ice concentration, high (low) surface heat flux from the ocean to the atmosphere, high (low) SST, and prevailing low (high) 1000-m
subsurface temperatures.

a North Atlantic phenomenon, contributing to the generally higher
climate variability in northern high latitudes during the LGM than
today (fig. S14) (4).

Given the more regional character and shorter time scale, the
multicentennial mode must be clearly distinguished from the mil-
lennial-scale DO mode. Moreover, warming and cooling phases of
the multicentennial oscillation are of nearly equal duration, whereas
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DO cycles are characterized by an abrupt transition from cold to
warm states and a slow transition from warm to cold states (44).
The different spatiotemporal patterns and amplitudes of AMOC
variation point to different modes of operation, although the mil-
lennial-scale DO mode may also rely on a meridional salt oscillation
as suggested previously (41, 44-46).
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Fig. 5. EOF analysis for salinity and meridional velocity at 400 m in depth and relation to AMOC variations. Leading EOFs for different regions are shown for (A)
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Methods applied as in Fig. 4. The standardized (dimensionless) principal component time series (black) are plotted together with the standardized AMOC time series (as
defined in Fig. 3; cyan). The EOFs indicate a freshening of the tropical and subtropical North Atlantic in response to an increased northward transport of low-saline glacial
AAIW along the South American coast associated with an increased AMOC and vice versa (note that the EOF time series of salinity lags behind the AMOC variations).

A key characteristic of a DO-type cycle is the formation of a
strong halocline in the North Atlantic covered by a winter sea-ice
lid extending southward to the Bay of Biscay during the cold
stadial phase (28, 44, 47-49). This suppresses surface heat loss
from the subpolar ocean and prevents convection and deep-water
formation. Without convective mixing, the subsurface ocean
warms by up to 5 K (28, 44, 45). Erosion of the strong halocline
takes several centuries, where the exact mechanism appears to
differ between models (50). Subsurface warming may also destabi-
lize the vertical stratification (26, 28, 45, 51). Eventually, an abrupt
recovery of convection sets in by a thermohaline instability, which,
in some models, is associated with the formation of an extensive
polynya south of Greenland (28, 47, 51). This sets the stage for
the fast transition from the stadial to the interstadial DO phase as-
sociated with a massive release of heat accumulated for centuries
from the subsurface reservoir in a “thermohaline flush” and the de-
velopment of an exceedingly strong AMOC, which weakens only
slowly during the interstadial “relaxation” phase (41, 44, 48).
Again, details of the relaxation dynamics differ among models (50).

While variations in surface salinity, sea-ice cover, convection,
and subsurface temperatures also play a role for the multicentennial
oscillation, the magnitude of these variations is substantially smaller
than in the simulated DO-type variability (28, 41, 44). Our LGM,¢
simulation reveals several key regions of winter convective mixing in
the northern North Atlantic (fig. S15). Convective mixing covaries
with the multicentennial oscillation in all the regions except for the
northern Labrador Sea where winter convection is active but decou-
pled from the multicentennial variability. In contrast to a DO-type
cycle, we suspect that steady Labrador Sea convection always
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Fig. 6. Time series of ocean variables playing a key role in the multicentennial
oscillation mechanism. (A) Time series of AMOC strength (as defined in Fig. 3;
black), total integrated northward advective salinity flux in the Atlantic across
5°N (blue) and across 35°N (red). (B) Time series of subtropical Atlantic salinity (av-
eraged zonally over the entire Atlantic, latitudinally from 5°N to 35°N and vertically
over the top 1000 m; black), vertical temperature gradient in the North Atlantic
(blue), and vertical potential density gradient in the North Atlantic (red). Vertical
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corresponding variable and averaged over the box depicted in Fig. 4E (40°W to
20°W, 55°N to 65°N; region of maximum variations in sea-ice cover and surface
heat flux). All time series are smoothed with a 21-year running mean. See main
text for a detailed description of the oscillation mechanism.
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Fig. 7. Salt-oscillator mechanism of multicentennial mode illustrated by changes in the Atlantic salt distribution over one oscillation cycle. The middle panel
depicts the time series of AMOC strength over the first 400 years in experiment LGM, ¢, comprising the first oscillation cycle (cf. Fig. 6A). Panels 1 to 8 show the evolution of
zonally averaged Atlantic salinity anomalies (with respect to the 400-year mean) as consecutive 50-year averages. Size of the curved black arrow symbolizes the strength
of the AMOC during each 50-year chunk. Size of the horizontal blue arrow indicates the magnitude of shallow, low-saline glacial AAIW transport. A weak AMOC in panel 1
is associated with relatively fresh subpolar conditions in the upper ocean. High tropical/subtropical salinities result from a reduced glacial AAIW transport into the North
Atlantic. The oceanic salinity flux from the subtropics into the subpolar convective regions is high during this phase, leading to a gradual increase in subpolar upper-
ocean salinity and AMOC strength (panels 2 to 4). With the stronger AMOC, more low-saline AAIW is transported northward, resulting in a freshening of the North Atlantic
tropics/subtropics (panel 5). The salinity transport from the subtropics to the subpolar regions is therefore low during this phase, which, in combination with net pre-
cipitation and sea-ice melt, leads to a gradual decrease in subpolar upper-ocean salinity and AMOC strength (panels 5 to 8).

maintains a substantial overturning circulation and hampers the
formation of an overly strong DO-type stadial halocline. As a
result, moderate salinity flux anomalies from the subtropics are suf-
ficient to bring moderately reduced deep-water formation and
AMOC back into high gear (Fig. 6A). We thus hypothesize that per-
sistent local winter convection is instrumental for the multicenten-
nial mode and constitutes a key difference to DO-type AMOC
oscillations that have larger magnitudes and longer periods. In
this conceptual framework, subpolar North Atlantic conditions
would modify the dynamics of the low-frequency mode, while me-
ridional salt oscillations would be the driver.

The LGM oscillatory mode we introduce in the present study
also appears to be distinct from multicentennial modes described
in previous climate model studies under modern boundary condi-
tions. Those modes were attributed to Southern Ocean/Weddell Sea
“flip-flop oscillations” driven by subsurface ocean heat content var-
iations (52-56) or "loop oscillations,” which are linked to the advec-
tion of salinity anomalies by the deep overturning (57-60). Recent
modeling studies suggested mechanisms of multicentennial AMOC
variability driven by salinity anomalies that build up in the upper
layers of the Arctic Ocean and are eventually released into the
North Atlantic deep-water formation regions (61-63). By contrast,

Prange et al., Sci. Adv. 9, eadh1106 (2023) 1 November 2023

we found no role of the Arctic Ocean in driving the LGM multicen-
tennial mode as variations in Arctic Ocean salinity and salinity
fluxes out of the Arctic do not vary at this time scale (fig. S16).
Instead, the multicentennial mode we suggest here relies on the
transport of particularly fresh and shallow AATW that is specific
to the glacial ocean. Moreover, we suggest that the existence of
this mode depends sensitively on the North Atlantic freshwater
balance, such that moderate deviations of the boundary conditions
(GHG concentrations and ice sheet geometry) from LGM condi-
tions lead to its suppression.

In this study, we presented results from model experiments with
fixed boundary conditions. As a logical next step, transient simula-
tions that take into account varying boundary conditions over the
LGM interval should be conducted. These boundary conditions
would include moderate variations in GHG concentrations,
orbital parameters, ice sheets, meltwater, solar, and volcanic
forcing. We speculate that the multicentennial oscillations would
become less regular because of the varying forcing, possibly match-
ing the noisier variability found in the NGRIP record (cf. Fig. 1)
more closely.

Modes of climate variability can change, emerge, or disappear in
response to changing climate forcing and boundary conditions.
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3. Different colors refer to different experiments applying different GHG concen-
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sheet configuration (LGMcges, gray). All time series are smoothed with a 21-year
running mean. All simulations start with the same initial conditions; hence, there is
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This study suggests the emergence of an internal multicentennial
mode under conditions much colder than present day. Similarly,
new modes of variability may arise or existing modes may be sup-
pressed under future warmer conditions. Here, we suggest a salt-os-
cillator mechanism that necessitates appropriate freshwater
budgets. It cannot be ruled out that a sweet spot for multicentennial
oscillations can also be attained under other climate conditions—
both colder and warmer than present day—that create the required
salinity gradients. A much deeper understanding of climate vari-
ability on time scales ranging from years to millennia must be ac-
quired, as the emergence of new or previously undetected modes of
variability could have implications for future climate change.

MATERIALS AND METHODS

Climate model experiments

The fully coupled CESM1.2 (64) includes the Community Atmo-
sphere Model (CAMS5), the Community Land Model (CLM4.0),
the Parallel Ocean Program (POP2), and the Community Ice
Code (CICE4). In all our CESM experiments, we use a horizontal
resolution of 1.9° latitude by 2.5° longitude with 30 levels in the at-
mosphere. The ocean and sea-ice components share the same hor-
izontal grid with a nominal 1° resolution and the North Pole
displaced over Greenland. The ocean grid has 60 levels in the
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vertical. The time step of the atmosphere model is 30 min, while
the ocean model has a time step of 1 hour. Model analysis is
based on monthly mean output. Analysis of ocean and sea-ice
model output was preceded by a remapping of the fields from the
model grid to a regular 1° latitude-longitude grid. The land model
uses the same horizontal resolution as the atmosphere and includes
a representation of the carbon-nitrogen cycle. This allows the prog-
nostic and interactive simulation of leaf and stem area indices and
vegetation height, although the vegetation biogeography is fixed as
in a previous study (65).

LGM boundary conditions refer to the 21-ka time slice, remain
fixed throughout each model experiment, and include GHG con-
centrations, insolation changes due to orbital parameters, ice
sheet extent, land surface elevations, and land-sea mask, resulting
in the closure of several key ocean passages, such as the Bering
Strait. POP2's overflow parameterization is applied in Denmark
Strait and the Iceland-Scotland region as in Brady et al. (65),
while tidal mixing was modified for the LGM as in DiNezio et
al. (35).

The standard simulation, experiment LGM,., uses 21-ka GHG
concentrations based on Kohler et al. (66). It was initialized from
the end of a quasi-transient simulation that ran from 24 to 21 ka
with an acceleration factor of 5 using GLAC-1D ice sheets. This
transient run, in turn, was initialized with a previous CESM LGM
simulation (67) (initialization method 1). Despite this quasi-tran-
sient approach, the deep-ocean trend in the past 100 years of the
spin-up is only —0.001 K century_1 for temperature and —0.002
psu (practical salinity units) century™" for salinity (global averages
at 4000 m).

Three sensitivity experiments serve to explore the role of GHG
concentrations: In experiment LGM,,, GHG concentrations char-
acteristic for MIS 3 (here 38 ka) from Kohler et al. (66) were applied.
Experiment LGM, 99 uses the average GHG concentrations between
LGM,f (21 ka) and LGM,,, (38 ka). The GHG difference between
LGM,99 and LGM,s was taken and subtracted from LGM,. to
obtain an artificially cold climate state in experiment LGM, 7.

Experiment LGM|¢ examines the potential role of initial condi-
tions. While the same GHG are used as in experiment LGM,., the
model was initialized from another previous LGM run that used a
slightly different model setup with different boundary conditions
(35) (initialization method 2). Experiment LGMjc gug uses still
another initialization and GHG concentrations that are slightly dif-
ferent but still characteristic for the LGM. This experiment was ini-
tialized from a continuation of another previous CESM LGM
simulation (67) (initialization method 3).

Experiment LGMcgeg differs from experiment LGM, ¢ only in
the applied ice sheet reconstruction. We used the same land-sea
mask as in LGM,¢ such that the effect of ice sheet height is isolated.
The experiment was initialized from the same state as experiment
LGM, (initialization method 1). Additional GHG sensitivity ex-
periments LGMICE6G,210) LGMICEGG,IQQ) and LGMICEGG,176 use dif-
ferent GHG concentrations (see above). All experiments have
different integration lengths (as spin-up times turned out to be dif-
ferent) and are summarized in Table 1.

Two-box model

A simple formulation of the salt oscillator consists of two coupled
nonlinear autonomous ODEs. The first one describes the change of
upper-ocean salinity S; in a high-latitude (subpolar) North Atlantic
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Fig. 9. Model-proxy comparison of multicentennial SST variability during the LGM. (A) Variance of modeled summer SST in experiment LGM,¢ calculated over the
entire period of 1540 years after removal of high-frequency variability by means of a 150-year running average. (B) Local variances estimated from SST records of North
Atlantic sediment cores for the LGM interval 23 to 19 ka at different latitudes. SST time series were first binned at 150 years and high pass—filtered to remove millennial-
scale variability. Selection of the records followed strict criteria for age control and resolution. Colors refer to different methods of SST reconstruction. PFA, planktonic
foraminifera assemblages. Red dots in (B) show the modeled variances at the core locations marked by the dots in (A). See Materials and Methods for a detailed descrip-
tion of the sediment cores, selection criteria, processing of the time series, and uncertainty estimation. Note that depending on the reconstruction method some records
are interpreted as annual mean SST rather than summer SST; however, the large-scale pattern of modeled SST variance is similar for summer and annual mean.

box, while the second one describes the change of upper-ocean sal-
inity S, in a low-latitude (subtropical) North Atlantic box (fig. S6).
In both boxes, salinity can change because of surface fluxes (net pre-
cipitation P over the subpolar box and net evaporation E over the
subtropical box) and advective transports by the AMOC with a
volume flux q. The AMOC transports low-saline AAIW with a
constant salinity S; into the subtropical box, from which subtropical
water with salinity S, is transported into the subpolar box. From
here, subpolar water with salinity S; is transported into the deep
North Atlantic by the downward (convective) limb of the AMOC.
This deep-water formation is controlled by the subpolar surface sal-
inity. In the box model, a simple linear relation between AMOC
volume flux g and subpolar salinity S; is assumed. The system of
ODEs thus reads

ds,/dt = (q/V1)- (S, —S1) — (So - P/Dy) (1)

ds,/dt = (q/V,) - (S5 — 82) + (So - E/D;) (2)

with

q ="k (S —S)+k (3)

where S, is a constant reference salinity; k; and k, tune the AMOC
volume flux g; V; and V, are the volumes of the subpolar and sub-
tropical upper-ocean boxes, respectively; D; and D, are the depths
of the subpolar and subtropical upper-ocean boxes; and t is time.
For a particular range of parameters, the system is oscillatory
with multicentennial period. Figure S7A shows one possible oscil-
latory solution using the following set of parameters, which are
based on integrated values from the LGM, simulation: Sy = 35.5
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psu, k; = 11.15 Sv psu™’, k, = 10 Sv, V; = 25:10° km?, V, = 15-10°
km?, D; = 2.0 km, D, = 1.0 km, P= 0.8 m year™ !, E = 1.0 m year™’,
and S; = 34.4 psu. The ODEs were numerically solved by a simple
forward Euler method using a time step of 1 week. Reducing the
time step below 1 week has a negligible effect on the solution.

The input of sufficiently fresh AAIW into the subtropical box is
crucial for the self-sustained oscillation to occur. The oscillation
disappears if the AAIW is too salty, as shown in fig. S7B, where
S5 has been set to 34.7 psu.

Selection and analysis of North Atlantic SST records

SST record selection followed strict criteria for age control and res-
olution. We only selected time series from the North Atlantic Ocean
south of 70°N that covered at least 4000 years within 6 to 0 ka (for
the late Holocene analysis of SST variability) or 24 to 18 ka (for the
LGM analysis of SST variability) at an average resolution of at least
200 years without a single time step exceeding 1000 years.
Minimum requirements for age control were at least two radiocar-
bon ages with a minimum spacing of 2000 years in the selection in-
terval. Before selection, the age-depth models were recalculated to
ensure uniform methodology, estimation of the chronological un-
certainty, and calibration to the most recent radiocarbon calibration
curve (68). The methodology is described in detail elsewhere (69).
Temperature reconstructions were used as provided by the authors.
We averaged reconstructions in cases where multiple reconstruc-
tions based on the same sensor were available (e.g., seasonal tem-
perature estimate based on planktonic foraminifera assemblages).
The search yielded a total of 11 time series based on different
proxies from nine different sites for the Holocene and nine time
series from seven sites for the LGM (tables S1 and S2). Only two
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time series met the selection criteria for both periods. The time
series have an average resolution of 93 and 138 years for the Holo-
cene and LGM period, respectively.

To estimate the SST variances in the late Holocene and LGM in-
tervals, the time series were first binned at 150 years to reduce chro-
nological uncertainty. Subsequently, millennial-scale variability was
removed using a high-pass Butterworth filter. The uncertainty of
the variance estimates was assessed using a Monte Carlo approach
by repeating the calculation over 1000 realizations that accounted
for chronological and reconstruction uncertainty of each time
series. For simplicity, we assumed a uniform reconstruction uncer-
tainty of 1°C, which is a reasonable approximation (70, 71). We note
that the latitudinal pattern in variance is insensitive to a doubling of
the uncertainty.

Supplementary Materials
This PDF file includes:

Figs. S1to S16

Tables S1 and S2
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