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Human activities are expected to delay the next glacial inception because of the long atmospheric
lifetime of anthropogenic CO,. Here we present Earth system model simulations for the next 200,000
years with dynamic ice sheets and interactive atmospheric CO,, exploring how emissions willimpact a
future glacial inception. Historical emissions (500 PgC) are unlikely to delay inception, expected to
occur under natural conditions around 50,000 years from now, while a doubling of current emissions
(1000 PgC) would delay inception for another 50,000 years. Inception is generally expected within the
next 200,000 years for emissions up to 5000 PgC. Our model results show that assumptions about the
long-term balance of geological carbon sources and sinks has a strong impact on the timing of the next
glacial inception, while millennial-scale variability in the Atlantic Meridional Overturning Circulation
influences the exact timing. This work highlights the long-term impact of anthropogenic CO, on

climate.

Over the past 2.6 million years (the Pleistocene), Earth’s climate has been
characterized by glacial cycles, ie., quasi-periodic patterns of long, cold gla-
cials followed by shorter, warm interglacials. These glacial cycles were driven
by seasonal variations in insolation caused by changes in orbital configura-
tion, and shaped by internal feedbacks between ice sheets, the climate, the
solid Earth'?, and the carbon cycle’. According to Milankovitch theory, a new
glacial cycle begins (i.e., glacial inception) when there is a prolonged period of
low summer insolation in high-latitude regions of the Northern Hemisphere
(NH). Snow that is not completely melted during summer turns into ice, and
the increasing albedo reinforces ice accumulation year after year”".

Although summer insolation during the Holocene has already reached
its minimum, there is no sign of an imminent glacial inception despite the
100 kyr cyclicity that has persisted during the last 800 kyr. Some argue that,
under hypothetical non-anthropogenic conditions, the current interglacial
would have already ended®"; others suggest that we were already pre-
dispositioned for an interglacial longer than 10 kyr as a result of a minimum
in the 100-kyr and 400-kyr eccentricity cycles”™", similar to the prolonged
interglacial observed during Marine Isotope Stage 11'>'°. Various estimates
have been given for the potential duration of this exceptionally long inter-
glacial. A few studies have proposed that the current interglacial would
persist until ~10 kyr AP (after present)'”'* or ~20 kyr AP'’, but more often,
estimates of ~40-60 kyr AP have been provided using a variety of modeling
tools™ .

Considering that anthropogenic activities over the past few centuries
have increased atmospheric CO, concentration beyond natural Pleistocene
levels to ~420 ppm™, the natural length of the Holocene interglacial may
now only be of theoretical interest. This is because atmospheric greenhouse
gas concentrations, particularly CO,, will also affect summer temperatures
in the NH, and the critical insolation required to trigger glacial inception will
vary with atmospheric CO, concentration™’". Although glacial inceptions
were triggered by decreasing summer insolation over the past ~1 million
years, the timing of the next glacial inception will additionally depend on the
amount of anthropogenic carbon emissions. This CO, effect is particularly
relevant for the next ~100 kyr because of weak orbital forcing associated
with a minimum in Earth’s eccentricity’”. Given that anthropogenic CO,
emissions will remain in the atmosphere over the coming millennia due to
their long lifetime™***, elevated CO, concentrations will likely delay the
onset of the next glacial period”*”. Predicting the timing of the next glacial
cycle under anthropogenic conditions, therefore, strongly depends on our
ability to model long-term carbon cycle dynamics.

Despite efforts to model climate change over the next century, the long-
term trajectory of the Earth system is essential for both ethical and practical
reasons. From a broad perspective, such simulations help to understand the
full extent of the Anthropocene: will anthropogenic impacts become neg-
ligible in a few multi-millennia, or will they fundamentally change the
Earth’s natural cycles on orbital timescales and beyond? On a more practical
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level, long-term climate projections are necessary to assess the safety of high-
level radioactive waste repositories, which must remain secure for hundreds
of thousands of years. While this is not the first work to discuss the deep
future climate evolution and the impact of human activity on future glacial
cycles'****%*%3% e revisit this topic now with ongoing discussions on the
definition of the Anthropocene, and the construction of the fast Earth
system model CLIMBER-X, which represents a substantial advancement in
model complexity compared to previous studies on this topic.

Here, we present a set of long-term transient coupled climate-carbon
cycle-ice sheet model simulations under different emission scenarios for
the next ~200 kyr using CLIMBER-X (section “Model”). We explore how
the timing of the next glacial inception depends on the magnitude of
cumulative anthropogenic CO, emissions. Our results show that assump-
tions about the long-term balance of geological carbon sources and sinks
have profound implications on the timing of the next glaciation. This calls
into question assumptions used by most previous studies that the carbon
cycle was in quasi-equilibrium at the pre-industrial time, as the carbon cycle
responds over very long timescales and is therefore heavily influenced by the
climate history of previous glacial cycles. In addition to this, we highlight the
potentially critical role of millennial-scale variability in the Atlantic Mer-
idional Overturning Circulation (AMOC) on a future glacial inception. To
the best of our knowledge, these are the first transient simulations of the next
glacial inception under natural and anthropogenic conditions performed
using a fully coupled (climate-carbon cycle-ice sheet) Earth system model.

Results

Effect of imbalances in the carbon cycle

To project the long-term evolution of atmospheric CO, and climate, it is
necessary to make assumptions about the initial conditions of the carbon
cycle. The ocean and land carbon cycle can be assumed to be reasonably
close to equilibrium during the pre-industrial time as a result of relatively
stable conditions persisting over most of the Holocene (~12 kyr). This time
is sufficiently long even for the equilibration of slow ocean biogeochemical
processes (e.g., ocean circulation) and permafrost carbon. For centennial
projections, carbon exchange between the atmosphere, ocean, and land is
generally sufficient to consider. On multi-millennial timescales and beyond,
however, the response of marine sediments becomes important, and geo-
logical sources and sinks of carbon from sediment burial and chemical
weathering on land must be accounted for. In such an open carbon cycle
setup, the absence of a long-term drift in CO, implies that, on the long-term
average (i.e., a few hundreds of thousands of years), volcanic CO, outgassing
has to provide half of the atmospheric CO, consumed by silicate
weathering”**, for more details see section S1.1.

Some studies investigating the long-term response of the climate
assume that the pre-industrial state was in equilibrium, which also implies
that a constant volcanic outgassing is assumed to balance half of the pre-
industrial silicate weathering rate***. However, it is well established that
the silicate weathering rate depends on climate, the so-called geological
“thermostat” of Earth”™"', meaning that it is expected to vary substantially
over glacial-interglacial cycles. Since most of the last ~1 million years has
been colder than the pre-industrial, and CO, concentrations have remained
nearly constant when averaged over multiple glacial cycles, it is reasonable to
assume that volcanic outgassing should provide the equivalent of one-half of

Table 1 | Overview of configurations used for the main
experiments in this study

Experiment name Volcanic outgassing Interactive ice sheets

(PgCyr™)
Pleq 0.0706 Off
LGCeq 0.0559 Off
LGCeq_ice 0.0559 On

The procedure for obtaining values for volcanic outgassing is described in the section “Initialization
of the carbon cycle”.

the average CO, consumption by silicate weathering over one or more
glacial cycles. The maximum imbalance between the two has been shown to
be less than 1-2% over the Pleistocene™.

In a set of experiments using prescribed present-day ice sheets, we
apply two different constant volcanic outgassing rates to first examine how
different assumptions about the pre-industrial balance of the carbon cycle
influence the natural (ie., in the absence of anthropogenic emissions)
evolution of simulated future atmospheric CO, concentrations. These rates,
determined in the section “Initialization of the carbon cycle,” correspond to
(1) half the estimated pre-industrial silicate weathering rate and to (2) half
the average silicate weathering rate over the last glacial cycle.

In our model, the assumption that the carbon cycle is in balance at the
pre-industrial time (Pleq) corresponds to a constant volcanic outgassing of
0.0706 PgC yr* (Table 1). This results in simulated CO, concentrations that
remain relatively stable for the whole simulation period of 200 kyr (Fig. 1).
In the Pleq experiment, atmospheric CO, concentration responds to the
evolving orbital configuration of the Earth, oscillating by up to +20 ppm
around the long-term average of about 280 ppm (Fig. S1). The more realistic
assumption where volcanic outgassing is equal to half the average CO,
consumption rate by silicate weathering over the last glacial cycle (LGCeq)
requires a constant volcanic outgassing of 0.0559 PgC yr~" (Table 1), which
is about 20% smaller than in Pleq. This rate is similar to those used in other
studies that have successfully simulated previous glacial cycles”**** and leads
to a CO, decreasing trend induced by the pre-industrial imbalance between
geological carbon sources and sinks. This results in a substantial change in
simulated atmospheric CO, from Pleq within only a few tens of kyr (Fig. 1).
In the LGCeq experiment, atmospheric CO, concentration reaches
~220 ppm after 200 kyr, and is substantially lower than in Pleq, which is
~280 ppm at this time (Fig. 1). Although we assume that the LGCeq setup is
the most realistic, it should be noted that, due to poor constraints on present-
day silicate weathering rates and the sensitivity of both silicate weathering
and volcanic outgassing to glacial-interglacial variability*™, the value used
for volcanic outgassing in LGCeq has considerable uncertainties. Therefore,
we also present results from the Pleq setup, which represents an upper
bound on future CO, concentrations.

Natural length of the current interglacial

We use Eq. (1), the critical insolation-CO, relation for glacial inception
to predict the timing of the next glaciation using the simulated atmospheric
CO, and the well-known future evolution of maximum insolation at 65°N
(smx65 in Wm™?, ). This is done by determining when simulated atmo-

spheric CO, falls below the “inception threshold" (CO, ., in ppm):

28,31

cO — 2806(465_SMX65)/75 (1)

2,cr
At different insolation minima over the next 200 kyr, the associated level of
CO,,, ranges between approximately 185 ppm (at 37 kyr AP) to approxi-
mately 325 ppm (at 170 kyr AP) (Table S1). The relation suggests that,
under present-day insolation conditions, an imminent glacial inception
would only be possible if CO, concentration drops below approximately
235 ppm (Table S1), demonstrating that the current climate is far from
conditions required for glacial inception. Present-day inception thresholds
for CO, concentration identified by other studies (e.g., 210 ppm®™,
245 ppm®, or 270 ppm™) would not be crossed either. For the Pleq
experiment, glacial inception under the natural evolution of the Earth
system (i.e., the “natural timing” of glacial inception) is predicted to occur
around 126 kyr AP, with a CO, concentration of approximately 285 ppm
(Fig. 2d, Table S2). For the LGCeq experiment, the natural timing changes
considerably, and glacial inception is predicted to occur around 52 kyr AP
with a CO, concentration of approximately 260 ppm (Fig. 2e, Table S2).
This aligns with some previous estimates placing the next glacial inception at
arOllnd 50 l(yr APZO,ZZ*ZG,Z&Z‘).

To evaluate our prediction for the natural timing of glacial inception,
done using Eq. (1), we repeat the LGCeq simulation with interactive ice
sheets (LGCeq_ice) in the NH (Table 1). For this, we consider a doubling of
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b Pleq: Half the silicate weathering rate over pre-
industrial conditions is balanced by volcanic outgassing

c LGCeq: Half the silicate weathering rate over average
glacial cycle conditions is balanced by volcanic outgassing
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Fig. 1 | The natural evolution of atmospheric CO, concentration when using
different assumptions for volcanic outgassing. In (a), we show atmospheric CO,
concentration for the past 200 kyr, and the simulated natural evolution of atmo-
spheric CO, for the next 200 kyr. With this, we demonstrate the resulting long-term
trend in atmospheric CO, evolution due to the carbon cycle imbalance arising
between outgassing and weathering (Pleq vs. LGCeq), leading to substantially dif-
ferent climate evolutions over the 200 kyr period. In (c), we display the assumption
that the carbon cycle is in balance with average glacial cycle conditions (LGCeq),
which necessitates a constant volcanic outgassing of 0.0559 PgC yr " that ultimately
produces a negative decreasing trend in atmospheric CO,. Given considerable
uncertainties in this value, we simulated future atmospheric CO, concentrations for
values which are £5-10% the constant volcanic outgassing used in LGCeq. In light of
this, we also display in (b) the assumption where the carbon cycle is in balance at the

pre-industrial time (PIeq). We consider this to be an upper bound on plausible future
CO, concentrations, which necessitates a constant volcanic outgassing of

0.0706 PgC yr". The proxy record (black) shows a reconstruction of atmospheric
CO, concentration from the EPICA Dome C and Vostok ice cores”. A 300-year
rolling mean was applied to the simulated data shown here for visibility. Sketches
(b, c) were created in part using modified images from the UMCES IAN Media
Library under a Creative Commons license https://creativecommons.org/licenses/
by-sa/4.0/CC BY-SA 4.0. In these sketches, we show volcanic outgassing must equal
one-half atmospheric CO, consumption via silicate weathering on timescales
>100,000 years. This is explained with further detail in section S1.1. It should be
noted that most of the carbon from volcanic CO, outgassing originates from
hydrothermal sources (e.g., along mid-ocean ridges), and only a small amount is
contributed from sub-aerial volcanoes.

present-day NH ice sheet area as our criterion for a simulated glacial
inception (section “Definition of glacial inception”). Over the first 40 kyr of
the simulation, some high-altitude areas become glaciated (e.g., Baffin
Mountains) due to successive insolation minima at ~17 kyr and ~37 kyr
(Table S1). However, more sites become nucleated around 45kyr AP
(Fig. 3c), and global mean sea-level, which remained nearly constant for the
first ~40 kyr of the simulation, starts to fall at this time due to an increase in
land ice volume (Fig. 3d). This change in sea-level is particularly hetero-
geneous, due to the 3D Earth structure employed from Bagge et al.*’
(Fig. 4g). Millennial-scale variability in AMOC also begins around 45 kyr
AP (Figs. 3b and 5a, h) and closely resembles past Dansgaard-Oeschger
events’”', which are realistically reproduced by CLIMBER-X*".

This variability in AMOC can be attributed to convective
instability in the northern North Atlantic, which arises when the net
surface buoyancy loss averaged over northern North Atlantic and
Arctic approaches zero. As outlined in Willeit et al.”>, deep convec-
tion in these regions can only be sustained under net negative surface
buoyancy flux conditions. As CO, levels decline, buoyancy loss
progressively decreases, driven by several factors related to a wea-
kened meridional heat transport, and a reduced thermal expansion
coefficient of seawater at lower temperatures’. Generally, the abrupt

weakening of the AMOC into a Stadial state leads to a reduction in
the northward transport of warm surface waters and an expansion of
sea ice (Fig. S2). This causes widespread cooling in the northern
North Atlantic, thereby facilitating the formation of these additional
nucleation sites and the lateral expansion of NH ice sheets. The effect
of AMOC-induced summer cooling dominates over the decrease in
annual precipitation, and leads to a net increase of the surface mass
balance over ice sheets (Fig. S2). The orbital configuration is also
expected to influence the stability of the AMOC, as contributing
factors such as sea ice area are strongly shaped by insolation.

The simulated natural timing of glacial inception generally agrees well
with the predicted timing determined by the critical insolation-CO, relation,
with a doubling of NH ice area by ~52 kyr AP (Fig. 3¢, Table S2). At this time,
deep convection in both the Arctic and North Atlantic cannot be sustained,
and ice area rapidly increases over the Canadian Arctic Archipelago and
Scandinavian Mountains (Fig. 4d, g). Widespread ice sheet growth at
nucleation sites over Svalbard, Franz Josef Land, Novaya Zemlya, the Scan-
dinavian Mountains, and the Pacific and Arctic Cordillera coalesce into the
Barents, Fennoscandian, Cordilleran, Innuitian, and Foxe-Baffin ice sheets.
This is consistent with patterns of ice sheet development during the last glacial
cycle in North America and Eurasia™ . Following this, ice sheets in North
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Fig. 2 | Planetary and climatic conditions over the past and future 200 kyr. The
orbital parameters of (a) eccentricity modulated precession and (b) obliquity have
been taken from Laskar et al.””. The maximum annual insolation at 65°N in (c) was
also taken from Laskar et al.”. Atmospheric CO, concentrations over the last 200 kyr
(gray) in (d, e) were taken from the EPICA Dome C and Vostok ice cores”. The

glacial inception threshold (light blue) was calculated using Eq. (1). Future CO,

concentrations were plotted for the (d) Pleq ensemble and (e) the LGCeq ensemble.
The vertical lines in (d, e) correspond to the predicted timing of glacial inceptions
(Table S2). For reference, 280 ppm is denoted using a horizontal gray line in (d, ).

America and Eurasia merge by 53 kyr AP, demonstrating the formation of
future North American and European ice sheet complexes (Fig. S3). After
inception, the relative sea-level rises around the ice sheets due to an increased
gravitational attraction and regional subsidence by the growing ice sheets,
while sea-level falls in the far field due to the accumulation of ice on land
(Fig. 4g). The forebulge surrounding the subsiding regions lowers sea-level,
and is most pronounced in regions where the considered mantle viscosity is
small, e.g, in the mid-Atlantic, and at the northwestern Pacific coast.

Anthropogenic global warming and the next glaciation

Anthropogenic activities are projected to further raise atmospheric CO,
levels and global temperatures. In the absence of considerable carbon
dioxide removal efforts, it is expected that the land and ocean in

combination will absorb up to ~60% of emissions™******, leading to a sharp
decline in atmospheric CO, concentrations over the first millennium after
anthropogenic emissions cease. On longer timescales, however, the
climate-silicate weathering feedback will control the lifetime of anthro-
pogenic CO,"***”, shaping the Earth’s long-term carbon cycle response. In
the LGCeq experiment, this is combined with a CO, decreasing trend, as the
pre-industrial state is not in balance, and half the CO, consumption rate by
silicate weathering is not completely compensated by volcanic outgassing.
This results in atmospheric CO, concentrations returning to pre-industrial
levels faster than in some previous studies™, bringing the Earth system
closer to the inception threshold.

The timing of the next glacial inception, as predicted by Eq. (1), varies
substantially depending on the level of cumulative emissions (ensemble
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Predicted timing of glacial inception
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Fig. 3 | The timing of the next glaciation in coupled ice sheet experiments in an
ensemble of different emission scenarios. This figure depicts NH ice sheet and
climate conditions from the LGCeq_ice experiment. Colors for the timeseries and
trajectories here correspond to the different emission scenarios shown in Fig. 2. The
simulated (a) change in global mean temperature from the pre-industrial, (b)
maximum strength of the AMOC, (c) NH ice sheet area, and (d) NH ice sheet
volume in m sle (meters sea-level equivalent) is shown. In (e), the evolution of
simulated ice area as a function of the difference between maximum summer
insolation and smx65,, (the “critical insolation” for glacial inception, determined by
inverting Eq. (1) and using simulated atmospheric CO, concentration) is presented,
showing trajectories corresponding to the different emission scenarios. All trajec-
tories in (e) from present-day (white marker). A crossing below 0 in the x-axis,

180 -20 0 20 40 60 80 100 200

Maximum insolation at 65°N (Wm™2) - smx65.,

synonymous with CO, crossing the inception threshold (here represented through
smx65.,), is shown here to lead to a rapid expansion of ice sheet area that puts
trajectories in a glacial state. For visibility, a 300-year rolling mean was applied to
(a-d), and a 30-year rolling mean was applied to (e). The predicted timing for glacial
inception in the different emission scenarios (as determined using Eq. (1) and shown
in Fig. 2e, Table S2) is given by the shaded vertical lines in (a—d). The simulated
timing of glacial inception (Table S2), defined in our study as the time when NH ice
sheet area doubles from present day (horizontal gray line in ¢), is denoted in (c, e)
using colored markers. Data is only shown here for 5 kyr after the simulated timing
of glacial inception (indicated using dashed lines), as discussed in the sections
“Experiments” and “Definition of glacial inception”.

ranging from 0 to 5000 PgC) and on the assumed carbon cycle (im)balance
(PIeq vs. LGCeq). In the Pleq experiment, glacial inception is predicted to
occur around or after ~170 kyr AP for emission scenarios 500 PgC and
larger (Fig. 2d, Table S2). In contrast, the predicted timing of glacial
inception in the LGCeq experiment is more evenly distributed over the
200 kyr simulation duration during four periods of sufficiently low insola-
tion (Fig. 2e, Table S2).

Similar to the section “Natural length of the current interglacial,” we
rerun the LGCeq experiment with interactive ice sheets (LGCeq_ice) to
evaluate our prediction. Ice sheet volume in the 500 PgC scenario closely
follows the natural evolution, and glacial inception is simulated at
approximately the same time as for the natural evolution at ~50 kyr AP, as
predicted (Figs. 3¢ and S4a, b). Cumulative CO, emissions of 1000 PgC are
enough to evade inception at ~50kyr AP (Fig. 4h) and postpone it to
~100 kyr AP (Figs. 3¢ and S4c, d). Emissions higher than 1000 PgC lead to
an initial loss of the Greenland ice sheet due to a combination of high CO,
and several summer insolation maxima (Figs. 3¢ and 4h, i). Although glacial
inception in the 4000 and 5000 PgC scenarios is simulated when predicted
at ~170kyr AP (Figs. 3c and S4i-1), it does not occur when predicted at
~125 kyr AP for the 2000 and 3000 PgC emission scenarios (Fig. 3c). Two

interconnected reasons could explain this. Not only is there a regional
warming effect from the missing Greenland ice sheet® that is not accounted
for in the critical insolation—-CO, relation (since Eq. (1) was derived in the
presence of the Greenland ice sheet), but the 2000 and 3000 PgC emission
scenarios also lack millennial-scale AMOC variability at ~125kyr AP as
atmospheric CO, concentrations are too high®. Despite this, the low
insolation minimum at ~170 kyr AP ensures that inception occurs at the
latest during that time, at least for emissions up to 5000 PgC (Fig. 3c,
Table S2). The spatial patterns of ice sheet growth during glacial inception is
similar to that of the natural evolution, with an initial ice nucleation over
high altitude sites, followed by widespread expansion and thickening of ice
sheets (Fig. S$4).

Discussion

We presented, to the best of our knowledge, the first, fully coupled climate-
carbon cycle-ice sheets model simulations for the next 200,000 years and
investigated how the timing of the next glacial inception varies under dif-
ferent scenarios of cumulative anthropogenic carbon emissions. For emis-
sions of 500 PgC and less, glacial inception is simulated around 50 kyr AP,
while a doubling of present-day emissions (~1000PgC) would delay
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Fig. 4 | Future ice sheets under different emission
scenarios. The time slices of (a—c) 45 kyr AP, (d-f)
51 kyr AP, and (g-i) 55 kyr AP correspond to the
timing before, during, and after the simulated nat-
ural timing of glacial inception in the LGCeq_ice
experiment (~52 kyr AP). The (a, d, g) natural
evolution, (b, e, h) 1000 PgC, and (c, f, i) 5000 PgC
scenarios were plotted to show the complete range of
potential ice sheet evolutions, with changes in rela-
tive sea-level highlighting the effects of glacial iso-
static adjustment and ice sheet melt.
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inception at the 50 kyr AP insolation minimum to approximately 100 kyr
AP. Although historical carbon emissions have already contributed
~500 PgC in cumulative emissions, low-emission scenarios with net nega-
tive emissions (e.g., SSP1-2.6, SSP4-3.4, SSP5-3.4-OS) are projected to result
in similar levels of cumulative emissions (Fig. S5). To further frame this in
the context of climate policy, cumulative emissions are expected to reach
1000 PgC by ~2070 in intermediate-emission scenarios such as SSP2-4.5
and as early as ~2050 in high-emission scenarios like SSP5-8.5 (Fig. S5). Our
study shows that the next glacial inception will likely occur before 200 kyr
AP in all emission scenarios (up to 5000 PgC) when accounting for the long-
term CO, decreasing trend resulting from the imbalance between geological
carbon sinks and sources (Fig. 2e). If this trend is not accounted for, glacial
inception is predicted to occur by the 170 kyr AP insolation minimum at the
latest for all emission scenarios less than 5000 PgC (Fig. 2d). This is because
summer insolation is substantially lowered at this time, allowing glacial
inception to be triggered even at relatively high CO, concentrations of
~325 ppm.

Both the predicted and simulated timing of glacial inception are in
agreement with some previous studies’>>', but are notably different than
others, whose results suggest that even intermediate emissions could
postpone glacial inception for up to 500 kyr***. There are two reasons for
this. First, the strength of the silicate weathering feedback in CLIMBER-X,
while within range of other models, is relatively strong and falls on
the higher end of the spectrum™. Secondly, the latter studies made the
implicit assumption that the carbon cycle was in equilibrium during the

pre-industrial time, such that atmospheric CO, concentration would
eventually return to and remain around 280 ppm following an anthro-
pogenic perturbation. This assumption is equivalent to the one made in
the Pleq experiment, where there is no negative trend in the long-term
CO,; evolution due to the carbon cycle imbalance arising between
outgassing and weathering (Fig. 2d).

The simulated timing of the next glaciation in the LGCeq_ice experi-
ments is generally well predicted by the critical insolation—-CO, relation***".
The only exceptions occur in two scenarios where the Greenland ice sheet is
initially melted and fails to regrow before glaciation starts in other parts of
the NH, as the ice sheet exhibits hysteresis behavior®*. This is to be
expected, as the critical insolation-CO, relation was derived under the
implicit assumption of an ice-covered Greenland. An ice-free Greenland
would warm the climate in some inception regions®, thus requiring lower
CO, concentrations to trigger widespread glaciation. Future AMOC
variability is also shown to influence the timing of the next glacial inception,
suggesting a potential causal relationship between rapid climate shifts in the
North Atlantic and the onset of glaciations (Figs. 5, S6 and S7). Sediment
core data partly confirms this behavior, as strong millennial-scale climate
variability has almost always occurred after the end of each interglacial
stage”. A potential role of AMOC weakening for the last glaciation has also
been suggested by different modeling studies®*". AMOC variability is likely
to play a more prominent role in facilitating a future glacial inception than it
did for many past glacial inceptions. This is because summer insolation
minima in the coming ~150 kyrs are comparatively weak (Fig. 2c), and low
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CO, concentrations will be required to trigger glacial inception, which in
turn implies a more unstable AMOC™.

Although simulated atmospheric CO, concentrations in the Pleq
experiment fall below the inception threshold at the 170 kyr AP insolation
minimum (<325 ppm, Table S1), millennial-scale variability in AMOC still

requires a lower CO, concentration to occur™. If such variability plays an
important role in triggering glacial inception, then it is still possible that
elevated CO,, by inhibiting this variability, can continue to delay inception.
This is especially relevant for Pleq experiments with interactive ice sheets,
where glacial inception does not occur when expected based on the critical
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insolation—-CO, relation, due to the lack of such millennial-scale variability
(Fig. S8). While the critical-insolation COj relation is valid for present-day
conditions with respect to temperature and ice volume, future research
should extend this framework to account for different states of the Green-
land ice sheet and examine when millennial-scale AMOC variability
(shaped by atmospheric CO,, insolation, and the configuration of the
Greenland ice sheet) leads to glacial inception.

The timing of the next glacial inception strongly depends on the long-
term trends in atmospheric CO, that can result from imbalances between
geological sources and sinks of carbon, which remain uncertain. For example,
present-day values for silicate weathering and volcanic outgassing, and the
response of weathering to climate change, remain poorly constrained”.
Although our model represents global silicate weathering in a way that it acts
like a global thermostat, this is an assumption that is still debated” and
alternative hypotheses for stabilizing the long-term climate (e.g., continental
uplift) cannot be tested at this time with Earth system models. While it is still
uncertain whether the global silicate weathering rate during glacial times was
lower than the pre-industrial time””*”', we have some confidence that glacial
rates were lower due to advancements in Earth system modeling since those
early estimates. Though silicate weathering is still considered to be the pri-
mary regulator of Earth’s climate on long timescales, it is still not clear if other
processes like phosphorus weathering fluxes and organic carbon burial could
comparably influence the long-term carbon cycle’”. As uncertainties in
climate sensitivity and in the representation of other carbon cycle processes
will also affect the long-term evolution of atmospheric CO, and the climate®,
so too are they expected to influence the timing of the next glaciation.

Methods

Model

We use CLIMBER-X v1.3.0”, a fast Earth system model with a compre-
hensive representation of the global carbon cycle® and interactive ice
sheets’*. CLIMBER-X includes the statistical-dynamical semi-empirical
atmosphere model SESAM”, the 3D frictional-geostrophic ocean model
GOLDSTEIN">", the dynamic-thermodynamic sea ice model SISIM”, the
land surface and dynamic vegetation model PALADYN”, the bio-
geochemistry and marine sediments model HAMOCC™*™, the ice sheet
model SICOPOLISY, the surface mass balance model SEMIX”, and the
viscoelastic solid Earth model VILMA***, With the exception of SICO-
POLIS, SEMIX, and VILMA, all components share a common horizontal
grid at 5° x 5° resolution. CLIMBER-X is a fast model and allows to simulate
many realizations on long timescales. Currently, it is capable of running up
to 10,000 simulation years within a single day, making it highly suitable for
deep-past and deep-future Earth system modeling. The detailed carbon
cycle representation allows the model to interactively simulate the atmo-
spheric CO, concentration, and has already been applied to study the cli-
mate evolution over the next millennium®, and to assess the sensitivity of
the long-term carbon cycle under different cumulative emissions™.

In experiments where we seek to describe NH ice sheets and glacial
inception, we enable SICOPOLIS v5.1, VILMA, and SEMIX. SICOPOLIS
uses a shallow-ice/shallow-shelf approximation for grounded and floating
ice and is used to simulate NH ice sheets with a horizontal resolution of 32
km. The surface mass balance of the ice sheets is computed using the
physically-based surface energy and mass balance interface SEMIX, as
described in detail in Willeit et al.”. The viscoelastic solid Earth model
VILMA accounts for changes via GIA, controlling surface displacement and
sea-level. All experiments are run using the 3D mantle viscosity structure
described in Bagge et al.”’. With interactive ice sheets, CLIMBER-X has been
applied to study the future evolution of the Greenland ice sheet™* and
glacial inceptions’, demonstrating that the model effectively replicates the
last glacial inception, whilst simulating no inception during the Holocene’
(see also Fig. S9).

Our study strongly relies on the silicate weathering scheme imple-
mented in CLIMBER-X, which is dependent on both temperature and

runoff, and has been shown to realistically reproduce the present-day global

silicate weathering rate™. It incorporates 14 lithological classes from
the GLiM lithological map (the highest resolution map available), repre-
sented as fractional areas within a given grid cell, each characterized by its
own activation energy and weathering rate***’. The formulation implicitly
assumes a silicate weathering “thermostat,” as the weatl(lTeeriOI}g rate follows an
Arrhenius-style equation which takes the form F;; oc e 7T R -, where Fyy is

silicate weathering rate (TmolC yr™"), T is temperature (K), Tj is the

reference (i.e., pre-industrial) temperature, and R,is annual runoff (kg m?

yr'). In CLIMBER-X, silicate weathering increases with rising temperature
and runoff (proportional to precipitation through soil infiltration and
drainage, which increases with temperature™). Likewise, under colder and
drier climates, such as those during the last glacial maximum, the model
produces lower silicate weathering rates (Figs. S10 and S11). Therefore, our
silicate weathering formulation is based on the assumption that both tem-
perature and runoff influence weathering rates, with runoff increases in a
warming climate contributing comparably to temperature to the total
weathering increase, see Fig. E6 in ref. 34. Although it is unclear how exactly
silicate weathering depends on these factors (and potentially others, such as
soil erosion and primary production), the silicate weathering thermostat
remains the leading assumption for Earth system models. The relationship
between silicate weathering and temperature in CLIMBER-X is similar to
those used in other studies (see Kauthold et al.** for a comparison).

Not only is the silicate weathering scheme in CLIMBER-X con-
siderably more advanced than that used in previous studies on this topic
(e.g., with CLIMBER-2), but CLIMBER-X is a substantial advancement in
terms of model complexity. Beyond its higher spatial resolution and spatially
explicit weathering scheme, it has a much more detailed representation of
the climate and carbon cycle. Further information can be found in
refs. 38,73. In contrast to previous studies on the long-term future evolution
and timing of the next glacial cycle, this study specifically explores a wider
range of cumulative emission scenarios and employs a fully coupled model.
This coupling is especially important, as it accounts for potential feedback
between the carbon cycle and ice sheets from present day until glacial
inception. This work is, to the best of our knowledge, the first to present the
spatial extent and size of future ice sheets, discuss the long-term balance of
geological sources and sinks, and focus on how millennial-scale AMOC
variability can influence the timing of glacial inception.

Initialization of the carbon cycle
Since the carbon fluxes due to weathering are interactively computed in
CLIMBER-X, a proper value of volcanic outgassing can be chosen to
guarantee a balance of the carbon cycle with atmospheric CO, under any
boundary conditions. The balance of the long-term carbon cycle necessitates
volcanic outgassing to compensate for one-half the consumption of atmo-
spheric CO, via silicate weathering (see section S1.1 for further details). In
one experimental configuration, we assume that the pre-industrial (PI)
carbon cycle is balanced, and therefore, volcanic outgassing was set to half
the global silicate weathering rate at pre-industrial. This value, taken from
the 100,000-year spin-up procedure as described in Willeit et al.*, corre-
sponds to 0.0706 PgC yr " (Fig. S10), and ensures that the atmospheric CO,
is in equilibrium under pre-industrial conditions”*. The estimated pre-
industrial silicate weathering rate (0.1413 PgCyr ") falls within observa-
tional estimates”"*"*, but is notably higher than those found in previous
studies on the long-term evolution of CO,"™*". While this choice of model
initialization is important to “close” the carbon cycle and is commonly
adopted in studies examining the long-term climate-carbon cycle response
to anthropogenic emissions, it may not be appropriate for modeling of
carbon cycle (or glacial cycles) on orbital timescales.

Since no considerable long-term climate drift was observed during the
past ~1 million years, we postulate that volcanic outgassing must offset half
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the average CO, consumption rate by silicate weathering during the last
glacial cycle (LGC). This was determined by using the simulated silicate
weathering rates at the pre-industrial, described above, and determining the
silicate weathering rate at the last glacial maximum (LGM) (Fig. S10). By
running an equilibrium experiment under LGM conditions for 10 kyr, we
determined that a rate of 0.0402 PgC yr ' (corresponding to half the global
silicate weathering rate calculated by CLIMBER-X at LGM, Fig. S10) would
maintain atmospheric CO, in equilibrium at that time. This value is subject
to considerable uncertainty, however, as global weathering rates during the
LGM are poorly constrained, and empirical data do not offer a definitive
answer as to whether or not weathering was weaker during glacial times*"’.
Some evidence suggests that the physical weathering from glaciers and the
exposure of continental shelves may have increased weathering’***”', but
these effects on the global silicate weathering rate are still poorly quantified.
Therefore, we proceed with the current understanding that silicate weath-
ering functions as a global thermostat, and that colder and drier conditions
(as reported during the LGM) are expected to reduce the global weathering
rates™”,

We then computed an average silicate weathering rate over the LGC
from the simulated PI and LGM weathering rates using the Spratt and
Lisiecki sea-level stack as scaling factor™ (Fig. S11). We assume that global
mean sea-level can be used as a proxy for the broader Earth system state,
given that it reflects ice sheet extent, and therefore, varies with key climate
variables which drive silicate weathering over glacial-interglacial timescales.
In a way, this scaling factor also implicitly accounts for weathering differ-
ences from the exposure of continental shelves. This approach allowed us to
derive a value that represents the average volcanic outgassing over the LGC
(0.0559 PgC yr'). This value is reasonably close to the corresponding values
used by Brovkin et al.* to simulate the last glacial cycle (0.0660 PgC yr ™),
and Ganopolski and Brovkin® to simulate the last four glacial cycles without
a long-term drift (0.0636 PgC yr '). Furthermore, a +10% change in pre-
scribed volcanic outgassing has been previously shown to cause nearly a
30 ppm drift in atmospheric CO, concentration over 100 kyr’ (a pattern also
seen in these experiments, Fig. 1). To further validate our choice of volcanic
outgassing during the LGC, we conducted an additional transient experi-
ment from —120 kyr BP (before present) to present-day, with prescribed
GHGs (from refs. 94-97) and NH ice sheets (from Ganopolski and
Brovkin®). Antarctica was held constant at its present-day state, as it con-
tributed minimally (less than 10%) to sea-level variations during the last
glacial cycle” . This method yielded an average silicate weathering rate
over the LGC of 0.1119 PgC yr ', requiring an average volcanic outgassing
over the LGC of 0.5595 PgC yr'; close to the value derived using sea-level as
a scaling factor.

Experiments
Simulations begin from a pre-industrial equilibrium state achieved through
a 100,000-year spin-up of the carbon cycle model, detailed by Willeit et al.”.
The experimental setup here is largely inherited from Kaufhold et al.**, but
now includes evolving orbital parameters (and ice sheets, in select experi-
ments). To investigate the effect of anthropogenic CO, emissions on the
long-term evolution of the climate, we introduce a set of idealized CO,
emission scenarios to create an ensemble with cumulative CO, emissions
ranging from 500 to 5000 PgC. This is done through a Gaussian function
over the course of ~200 years (Fig. S12). The upper limit of 5000 PgC has
been used in many studies as it broadly represents our maximum estimated
fossil fuel reserves'”"'”. In addition to this, we provide a run with no
anthropogenic emissions (0 PgC), which we refer to as the “natural evolu-
tion,” i.e., climate evolution without anthropogenic influence.
Experiments were conducted using both the Pleq and LGCeq initi-
alizations (with the climate and carbon cycle components enabled) for
different emission scenarios. As CLIMBER-X does not resolve synoptic-
scale and inter-annual variability in the atmosphere and ocean, we apply
Gaussian white noise in the surface ocean freshwater flux (0.50 kg m > day '
amplitude) in the Atlantic (latitudinal belt between 50-80°N) to represent
the impact of such variability on the AMOGC, as it was shown that this is

important to properly represent millennial-scale AMOC variability in the
model™'”. Recognizing the critical role of temperature biases in glacial
inception modeling, we introduced a 2m temperature bias correction over
northern North America in the surface mass balance calculation following
the method described in Ganopolski et al."™. The spatial distribution of this
bias correction is detailed in Willeit et al.” (in Fig. B1). As we use the critical
insolation-CO, relation determined in Talento et al.”', we similarly apply a
globally uniform temperature offset of —0.5 °C in the surface mass balance
scheme. We make the simplification that Antarctica is prescribed by its
present-day state in all simulations, assuming that its dynamics will have a
negligible impact on summer temperatures over NH land (and therefore,
glacial inception).

All experiments in this study run for 200,000 years, although we do not
display the evolution of the LGCeq_ice experiment (e.g., in Fig. 3) more than
5 kyr beyond inception, as we are not yet fully confident that the complex
carbon cycle response to large-scale glaciation is sufficiently well represented
in CLIMBER-X. This will be evaluated in future studies investigating the
CO, response to changes in ice sheets over the last glacial cycle. Some
additional experiments were performed to assess the model drift in our
experiment, the effect of different noise amplitudes in the surface ocean
freshwater flux, and the effect of different noise realizations in the surface
ocean freshwater flux (by recalling “random_seed" in FORTRAN). These
experiments are shown in the Supplementary (Figs. S6 and S7). To evaluate
the sensitivity of the prescribed LGCeq volcanic outgassing and its impact
on atmospheric CO, concentrations on long timescales, we ran a set of
experiments that were +5% and +10% the LGCeq value only for the natural
evolution. A summary of all main and sensitivity experiments is listed in
Table S3.

In addition to the suite of long-term future climate simulations, we
also performed additional experiments for Marine Isotope Stages 11, 5,
and 1 (Holocene) to validate that we can reasonably predict when glacial
inception will begin, and demonstrate the model’s ability to simulate
past glacial inceptions. As Marine Isotope Stage 11 has a similar orbital
configuration to the present-day, and is close to the threshold in the
critical insolation-CO, relation (identified in Fig. 3b in Ganopolski
et al.”®), it specifically provides a useful test of the model’s capability to
replicate past climate behavior and simulate glacial inception. These
experiments were run with prescribed GHGs from refs. 94-97, transient
orbital forcing, and interactive ice sheets. The same model configuration
as described above was used here. These additional simulations show
that the model can successfully reproduce glacial inceptions during
Marine Isotope Stages 11 and 5, while not simulating glacial inception
under Holocene boundary conditions (Fig. S9). Like in the LGCeq_ice
experiments, we find that the timing of rapid ice sheet expansion is
ultimately controlled by millennial-scale variability in AMOC. These
results demonstrate that the model is able to reproduce the key processes
driving past glacial inceptions.

Definition of glacial inception

Studies generally agree that glacial inception is marked by the rapid growth
of ice sheets in North America®*"'**'* and is considered a bifurcation in the
climate system’. This latter point is important, as it implies that there is a
potential “irreversibility” of glacial inception’. However, this is not easily
quantifiable, and only a few studies have attempted to precisely define the
onset of glacial inception. In Talento et al.”’, they define it as the point at
which ice volume exceeds 15 m sle, roughly equivalent to twice the current
ice volume of the Greenland ice sheet. Similarly, Bahadory et al.” use ice
volume to define glacial inception, but with a threshold of 24 m sle. Here, we
define glacial inception as (1) the rapid expansion of ice sheets, and (2) a
doubling of present-day NH ice area (~4.26 x 10° km®). Although we do not
simulate the evolution of these ice sheets through a full glacial cycle here, the
simulated ice sheets should generally persist through periods of higher
insolation, showing the irreversibility from an interglacial to a glacial state.
In Fig. 3, ice area and volume are shown in dashed lines for a brief period
following inception to highlight this persistence.

Communications Earth & Environment| (2025)6:1016


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02867-0

Article

Data availability
Data used in this study are archived on Zenodo (https://doi.org/10.5281/
zenodo.14861208).

Code availability

The CLIMBER-X model is available at https://github.com/cxesmc/climber-
x/releases/tag/v1.3.0. For this study, we used the tagged v1.3.0 of the model
(last accessed: 27 September 2024).
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