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Abstract Glacial-interglacial oscillations exhibit a periodicity of approximately 100 Kyr during the late
Pleistocene. Insolation variations are understood to play a vital role in these ice ages, yet their exact effect is still
unknown; the 100 Kyr ice ages may be explained in two different ways. They could be purely insolation-driven,
such that ice ages are a consequence of insolation variations and would not have existed without these
variations. Or, ice ages may be self-sustained oscillations, where they would have existed even without
insolation variations. We develop several observable measures that are used to differentiate between the two
scenarios and can help to determine which one is more likely based on the observed proxy record. We
demonstrate these analyses using two representative models. First, we find that the self-sustained model best fits
the ice volume proxy record for the full 800-Kyr time period. Next, the same model also shows a 100 Kyr peak
consistent with observations, yet the insolation-driven model exhibits a dominant 400 Kyr spectral peak
inconsistent with observations. Our third measure indicates that midpoints in ice volume during terminations do
not always occur during the same phase of insolation in both observations and the self-sustained scenario,
whereas they do in the insolation-driven scenario. While some of these results suggest that the self-sustained ice
ages are more consistent with the observed record, they rely on simple representations of the two scenarios. To
draw robust conclusions, a broader class of models should be tested using this method of producing observable
differences.

1. Introduction

Over the past 800,000 years, climate has been dominated by saw-tooth-like glacial oscillations with a periodicity
of about 100,000 years. The driving force behind these oscillations, the cause of the saw-tooth structure, the
periodicity of 100 kiloyears (Kyr), and the reason for and role of CO, changes are still not well understood.
Although it is broadly accepted that Earth's orbital variations play a role in these cycles, the precise extent and
mechanism of influence of these variations on the ice sheets' evolution is still unclear. Due to the variations in
orbital parameters (eccentricity, obliquity, and precession), the insolation variation is characterized by approx-
imately 20, 40, and 100 Kyr cycles. Although there is a 100 Kyr periodicity in the incoming solar radiation due to
variations in Earth's orbital eccentricity, the amplitude of this signal is quite small, while the 100 Kyr cycle
dominates the ice volume records. This seeming mismatch is commonly referred to as the Milankovitch paradox
or the 100 Kyr problem (Hays et al., 1976; Imbrie, Mix, & Martinson, 1993; Paillard, 2001).

Proposed mechanisms for the role of Milankovitch forcing can be divided into two different classes, describing
the glacial oscillation either as an oscillation driven by the variations in insolation that would not have existed if
insolation were constant (we refer to this as the first scenario or as the insolation-driven oscillations). Alterna-
tively, the ice ages may be seen as a “self-sustained” oscillation that is driven by internal climatic feedbacks and
that would have existed even without orbital variations, possibly with somewhat different periodicity and
different termination times than observed (second scenario). In this second scenario, orbital variations determine
the phase of the oscillations, as expressed by the time of terminations, but are not responsible for their existence.
In this scenario, Milankovitch forcing thus acts as a “pacemaker” of the glacial cycles, in the spirit of Hays
et al. (1976). This convergence of glacial cycles to the observed record due to the insolation variations is referred
to as nonlinear phase locking or synchronization. We define internally driven/self-sustained glacial cycles by the
existence of an oscillation even without Milankovitch forcing. We consider phase locking to be relevant to an
oscillating dynamical system that is self-sustained, following Pikovsky et al. (2001), although there can be other
definitions. Figuring out which of these two scenarios is more plausible would be a significant step toward an
improved understanding of ice ages and is the motivation of this study.
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Example glacial models of the first scenario (insolation-driven oscillations) include, for example, Weert-
man (1976), Imbrie and Imbrie (1980), Paillard (1998) and the recent Abe-Ouchi et al. (2013, hereafter AO2013).
Example mechanisms and glacial models that follow the second scenario (self-sustained oscillations phase-locked
to Milankovitch forcing) are Ghil and Saltzman (1984), Maasch and Saltzman (1990), Hyde and Peltier (1987),
De Saedeleer et al. (2013), Crucifix (2013), and the sea-ice switch model (Gildor & Tziperman, 2000; Tziperman
et al., 2006). It is not always clear into which scenario published models fall (e.g., Ganopolski & Brovkin, 2017
Pollard, 1982; Willeit et al., 2019) as the classification sometimes requires further analysis that was not the focus
of a given paper.

In this paper, we develop a series of analyses to distinguish between these two alternative scenarios using two
simple models and the comparison to observations. The use of simple models allows us to perform mechanism
denial experiments and parameter sensitivity tests and examine the tolerance to noise, which are all not possible
with a comprehensive climate model. To study the insolation-driven ice ages scenario, we create a simple model
based on the work of AO2013, while to describe a phase-locked self-sustained glacial oscillation scenario, we use
amodified version of the sea ice switch (SIS) model (Gildor & Tziperman, 2000; Tziperman et al., 2006). We use
these simple models to showcase our approach to producing observable differences. This approach could be
combined with a broader set of models and data sets to draw more robust conclusions than are possible here.

To identify observable differences between the two scenarios, we use the benthic 580 stack of Lisiecki (2010) as
a proxy for ice volume, although the benthic 630 encodes both land ice volume and benthic temperature (Adkins
& Schrag, 2001; Emiliani, 1955; Epstein et al., 1953; Shackleton, 1967). This stack takes the same benthic stack
as Lisiecki and Raymo (2005) and assigns a non-orbitally tuned age model assuming a constant sedimentation
rate. The deep ocean temperature contribution was estimated to be about half the §'0 signal for the Last Glacial
Maximum (LGM) (Adkins & Schrag, 2001). Spratt and Lisiecki (2016) produced a sea level stack for the last
800 Kyr by removing the temperature contribution using the temperature-dependent fractionation effect and using
orbital tuning. The tunning makes the resulting record less appropriate for our purposes, as one of our objectives is
to examine the phase relationship between Milankovitch forcing and terminations.

In the following, we first describe the data and proxy records used as observations in Section 2.1. Then we discuss
the formulation of our simple model of insolation-driven ice ages (the insolation-driven simple model, hereafter
the IDSM, in Section 2.2) and a modified version of the SIS model (Section 2.3). Our results in Section 3 are
broken into an exploration of several issues: the fit to proxy records (Section 3.1), the phase of Milankovitch
forcing during terminations (Section 3.2), the relationship between termination-integrated insolation and ice
volume drop during terminations (Section 3.3) the sensitivity to initial conditions (Section 3.4), and then the
effects of and sensitivity to noise (Section 3.5). Finally, we conclude with a discussion in Section 4.

2. Methods: Models and Data

In this section, we discuss the proxy records used and present the insolation-driven simple model we developed
following AO2013 as well as a modified version of the SIS model we created based on Gildor and Tziper-
man (2000) and Tziperman et al. (2006).

2.1. Data

We use the insolation forcing for June 21st at 65°N calculated by Berger (1978). Since the difference between
Berger (1978) and Berger and Loutre (1991) is minor over the last 800 Kyr, we proceed with Berger (1978) to be
consistent with Tziperman et al. (2006). Many different measures of insolation have been proposed to play a role
inice ages. An integrated insolation above some prescribed threshold was suggested by Huybers (2006) to explain
the 41-Kyr cycles. If the 100-Kyr oscillations occurred during an overall cooler climate, they may be better
explained with a higher insolation threshold, where the integrated insolation is effectively equivalent to using the
June 21st value. Insolation integrated over the caloric summer half of the year was used by some studies (Mitsui
et al., 2022; Tzedakis et al., 2017). Similarly, Roe (2006) found a relationship between global ice volume rate of
change, dV/dt, and the June 21st summer insolation. Clearly, forcing the models examined here with different
insolation measures may lead to different results. It is not obvious apriori which one might be best, leading us to
use the simple measure of June 21st insolation.
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Figure 1. A simple model reproducing the results of AO2013. (a) The prescribed piecewise linear function f{V) from
Equation 1 which leads to the hysteresis loop in panel (b). (b) The hysteresis loop. The stable upper branch is shown by the
red solid line, and the stable lower branch in solid blue. The unstable branch is indicated by the dashed black line. The
background colors indicate the sign of dV/dt at each value of the insolation and ice volume, following AO2013. The red
shading indicated a negative mass balance and the ablation of ice sheets, whereas the blue corresponds to a positive mass
balance or accumulation of ice volume. The gray line shows AO2013's hysteresis curve for comparison; see text for details.
The red and blue arrows correspond to the direction of the expected change in ice volume for different insolation and ice
volume values. The python functions used to create this simple model are available through Koepnick (2024).

Global ice volume change is represented here by the oxygen isotope ratio, 5'0, in benthic foraminifera found in
marine sediment cores. We use the §'0-based reconstruction of Lisiecki (2010, hereafter LR04 untuned) that is
not orbitally-tuned. This stack takes the same benthic stack as Lisiecki and Raymo (2005) and assigns a non-
orbitally tuned age model assuming a constant sedimentation rate. We chose this reconstruction because it
does not involve orbital tuning to Milankovitch forcing, as one of our goals is to test the models' predictions of the
phase between the Milankovitch cycles and ice age termination or peak times. In our analysis, we define
termination 6 (hereafter T6 and similarly for the other terminations) to be split into two steps: T6b (540-529 ka)
and T6a (518-496 ka), motivated by the work of Spratt and Lisiecki (2016) who suggested that the first state is
mostly temperature dominated while the second reflects ice volume changes.

We analyzed the 400 Kyr ice volume time series from AO2013 by digitizing their results (using Rohatgi, 2022) in
order to compare the skill of our IDSM at replicating AO2013 before using the IDSM to explore the insolation-
driven scenario.

For the spectral analysis shown in Section 3.1, we first linearly detrend the data. Then the power spectrum and
associated 95% uncertainty range are computed using the multi-taper method with adaptive weighting (Donald &
Percival, 1993; Huybers, 2022; Thomson, 1982). We also use Savitzky-Golay smoothing (python package
scipy.signal.savgol) on the proxy record for plotting Figure 4 to make it more legible, using a window
length of 9, and a polynomial order of 1. See supplementary material for the effects of smoothing (Figure S2 in
Supporting Information S1).

2.2. Insolation-Driven Glacial Cycles: A Simplified Model of the AO2013 Mechanism

A02013 used an ice sheet model driven by parameterized atmospheric feedback developed from a suite of general
circulation model experiments (Abe-Ouchi et al., 2007) using the MIROC model (K-1 model developers, 2004).
They find multiple ice sheet equilibria for a range of time-independent prescribed insolation amplitudes. Starting
with either no ice volume or large ice volume, their model converges to two different steady states shown by the
upper and lower gray dots and circles in Figure 1b. Because the model converges to a steady state with prescribed
fixed insolation rather than developing ice age oscillations, while it develops glacial oscillations when Milan-
kovitch variations in insolation are introduced, it represents the insolation-driven ice age scenario. The existence
of multiple equilibria implies a hysteresis loop in the value of insolation over the range for which multiple
equilibria are found: if the insolation is very slowly increased and then decreased, such that the ice volume is
always in equilibrium with the insolation forcing, the volume is different in the increasing versus decreasing paths
for any insolation amplitude in the range of multiple equilibria, as shown by the solid red and dashed blue curves
of Figure 1b.
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(a) Insolation-Driven Oscillations (IDSM)
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Figure 2. Overall fit of both scenarios to proxy record. (a) A time series for the insolation-driven simple model in blue and
A02013's results in dashed blue, both superimposed on observations (LR04 untuned). (b) Modified sea ice switch time series
plotted in red against observations (Lisiecki, 2010) in thick gray.

We note that a hysteresis loop driven by multiple equilibria (two back-to-back saddle-node bifurcations, e.g.,
Sections 3.1 and 7.5 of Strogatz, 1994) involves an unstable branch and two abrupt jumps of ice volume as a
function of insolation. It is not completely clear where the two jumps are in the AO2013 results, and the loop
indicated by their Figure 2b, therefore, seems inconsistent with a standard hysteresis loop. We, therefore, took the
liberty of assuming that the three AO2013 equilibrium points indicated in the figure by empty circles have perhaps
not converged completely in their complex model simulations and should have led to the same ice volume value at
a steady state as the full circles shown for the same insolation forcing amplitudes. This results in the hysteresis
shape shown by the thin blue and red arrows in Figure 1b marking the presumed jump locations. We tested various
locations of the jump locations and found the shown hysteresis loop resulted in the best match to the ice volume
time series results of AO2013. We also show the implied location of the unstable solution expected in such a
system (dashed black line). This unstable branch connects the last point of stability in the upper branch and the
lower branch (Strogatz, 1994). Our red and blue background colors indicate the negative and positive values of the
right-hand side (RHS) of the ice volume equation calculated by our model below, following AO2013. Unlike in
A02013, these colors also fill the area inside the hysteresis curve, allowing a detailed interpretation later in the

paper.

A02013 showed that when forced with a time variable Milankovitch forcing, this hysteresis loop leads to
observed-like 100 Kyr oscillations, also roughly reproducing the observed timings of the glacial terminations
even when holding CO, constant. Since including the observed CO, forcing would introduce an explicit 100 Kyr
timescale and influence the timings of terminations, we only consider the AO2013 runs when holding CO,
constant. As explained by AO2013, when including CO,, ice ages were amplified, but the termination times were
roughly the same. To allow performing various analyses and sensitivity experiments with this proposed mech-
anism, we create a simple model reproducing the results of the AO2013 mechanism under constant CO,.

We only consider AO2013's North American ice sheet hysteresis and create a nonlinear ordinary differential
equation (ODE) with a matching prescribed hysteresis loop. To begin, we consider a non-dimensional ice volume
(V) equation of the form dV/dt = (V) where V = 0 indicates no ice volume and V = 1 denotes the maximal ice
volume. We construct a piecewise linear function f{V) (Figure 1a) that leads to the desired bistability as seen in
Figure 1b. The hysteresis loop exactly matches the one found by the IcIES-MIROC model in AO2013 (noting our
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above-mentioned minor modification of their results to make the hysteresis loop consistent with what one expects
mathematically).

Our full nonlinear ODE based on the AO2013 results, which we refer to as the insolation-driven hysteresis simple
model, or IDSM, is given by,

78 .
v 5% 10 if f(V)<0,

1
=B 7( 0=-5+ ”0”(1)) g é X107 it f(V)> 0. v

All variables are nondimensional except for time, which is measured in Kyr. The function /(¢) is June 21st
insolation at 65°N (Berger, 1978), rescaled to vary between 0 and 1. The parameter y = 9 x 1078 Kyr~! sets the
amplitude of the solar forcing term in the surface mass balance of the ice sheet. The function f{V) on the RHS, is
our nondimensional piece-wise linear function shown in Figure 1a. To induce the expected slow growth and rapid
melting, we introduce a scale, # Kyr™', which strengthens the negative mass balance and weakens the positive
pull. Although ice growth is slow over long periods of time (e.g., 90 Kyr average), ice volume actually varies in a
sequence of rapid increases and decreases (Broecker & van Donk, 1970). We do not attempt to model these rapid
steps, including millennial-scale variability, although it has been suggested that they may be an important part of
the dynamics (Barker & Knorr, 2021).

We introduce an optional stochastic (noise) forcing through the term v2(#) in Equation 1. The stochastic forcing is
a Markov process with an amplitude v, in Equation 1, and with,

I/(l”) = Ry(tn—l) + H(tn) m (2)

Here, R = exp(—A#/3Kyr), At = 1 Kyr, and 6(z,) describes a white Gaussian noise with a zero mean such that
6,0,y = 0.0425,,,, and &,,, denotes the Kronecker delta. A similar noise term was used by Tziperman
et al. (2006).

The IDSM has three explicit tunable parameters (two values of # and y), as well as the additional seven points used
to construct the shape of the hysteresis curve, each specified by two parameters of insolation and ice volume (plus
three more for the stochastic forcing term, when included). The IDSM has, therefore, 17 tunable parameters,
which were adjusted to fit the last 400 Kyr results of AO2013. We use the IDSM given in Equation 1 to represent
the insolation-driven ice age of the first scenario.

2.3. Internally Driven/Self-Sustained Glacial Cycles: A Modified Sea Ice Switch Model

We use a modified version of the SIS mechanism (Gildor & Tziperman, 2000; Tziperman et al., 2006) to represent
self-sustained ice ages of the second scenario. The simplified SIS model is used here because it combines several
elements useful for this study: First, it represents a self-sustained mechanism (setting Milankovitch forcing to a
constant, still results in ice ages, see Figure S3c in Supporting Information S1). Second, it is a falsifiable
mechanism in the sense that future proxy observations of sea ice during ice ages may prove it wrong, which is not
the case for many idealized glacial models. Finally, its formulation is simple and easily reproducible.

The equation for the ice volume in the version of the SIS model used here (Tziperman et al., 2006) is,

= (= k) (1 = 0 = 150 + Sl + 200(0)], G)

where p, denotes the snow (ice) accumulation rate when the ice sheets and sea ice are entirely melted, k represents
the elevation desert effect by which accumulation decreases with ice sheet volume (and height) so that the
accumulation in the absence of sea ice is p, — kV. The parameter a; is the nondimensional area fraction covered
by sea ice: when sea ice is “off,” a,; = 0, and otherwise, it is set to another constant value d; > 0. I,,,,. () is based
on the June 21st insolation at 65°N (Berger, 1978). This insolation is filtered using Paillard's truncation method
(Paillard, 1998) with Equation 4,
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Table 1 1
Modified Sea-Ice Switch Model Parameter Values f)= E(x +Vda® +x? ) 4)
Parameter Value
V. 1 With @ = 1 and x representing the insolation standardized by dividing by its
V. 0.0667 standard deviation, this filtering damps negative insolation anomalies, ac-
e counting for a weaker effect of negative insolation anomalies on ablation than
“ 04 positive anomalies. We then re-scale I,,,,,.(f) to be between 0 and 1.
ZO (; (I)Ti(l) We modify the SIS model to adjust the conditions determining when sea ice
(the a; parameter) is turned on or off, via a parameter « introduced as follows.
i 0-36 Consider the SIS mechanism, starting from a point with low ice volume and
So 0.09473 o sea ice. The accumulation rate is high, and as the land ice volume grows,
Su 0.25265  the growth is at first quick but slows due to the elevation desert effect. When

the land ice volume increases, the induced cooling leads at some point to the
growth of sea ice. An extensive sea ice cover lowers the snow accumulation over land ice significantly by
reducing the moisture supply to the ice sheet by cooling the atmosphere and reducing evaporation, thus starting
the deglaciation phase. We assume here that the atmospheric/upper ocean temperature affecting the formation of
seaice is influenced by both ice volume, via the albedo effect, and insolation, via a combination of the form V — al
(1) (which decreases with increasing insolation). Therefore, when V — al(f) becomes larger than a specified
threshold V.., the atmospheric and sea surface temperatures are assumed cold enough to induce a rapid for-
mation of sea ice, and the nondimensional sea ice area is set to ;. This causes the accumulation to be less than the
ablation due to the (1 — ag;) term in Equation 3. Ablation continues, and the land ice begins to retreat as net
ablation exceeds net accumulation until V — al(¢) is smaller than a threshold V,;,. The implied climate warming
would lead to the melting of sea ice, and the model, therefore, sets a,; = 0, leading to an increase in snow
accumulation and the rebuilding of the ice sheet. We set the SIS model constants to the values given in Table 1.
The modified SIS has 8 tunable parameters, and they were adjusted to fit the observed ice volume proxy record.
We use the modified SIS given in Equation 3 to represent the self-sustained ice ages scenario.

3. Results

Our objective is to identify differences between the predictions of the two scenarios for ice age dynamics that can
be tested against the observed record. We do this by examining several aspects of the results of each scenario: (a)
how well it fits the observed proxy record time series, (b) how well it fits the observed power spectrum, (c) the
implications of each scenario for the phase relation between Milankovitch forcing and ice age termination times,
(d) is there a significant relationship between the magnitude of ice volume fall during terminations and the
insolation integrated over that period, (e) sensitivity to initial conditions, and (f) sensitivity to noise.

3.1. Fit to Proxy Record and Spectrum

Starting with how well each scenario fits the observed record, Figure 2a shows the results of our simple IDSM,
compared to both ice volume proxy records and the results from AO2013. The IDSM fits the results of
A02013's complex model surprisingly well for the first four terminations (solid vs. dashed blue in panel 2a).
The saw-tooth shape is well captured by the IDSM, and the terminations are consistent with the proxy records
for the last 400 Kyr, except for the second cycle (218126 ka), in which the glacial maximum does not reach as
high as observed, and there is a dramatic drop in ice volume during the build-up toward the maximum. The
model representing this insolation-driven scenario also does not capture the record for the previous 400 Kyr
well, and, in addition, the most recent termination does not reach the same minimum in ice volume. Both
simple models appear to have some offsets from the observed timings of terminations which could be due to
errors in the age model of the benthic stack or the inability of the simple model to capture all of the com-
plexities of glacial cycles. This is further explored in Figure 3. A notable difference between the IDSM and
observations occurs at TS (419 ka), which is missed by the IDSM. This “missed termination,” is further
investigated in Figure 4.

Figure 2b shows the time series for the self-sustained scenario as represented by the modified SIS. The modified
SIS model also does not always capture the precise volume of the proxy record. Specifically, the SIS reaches a
much higher land ice volume during a glacial maximum than is seen in the proxy record of Marine Isotope Stage 8
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(a) SIS - LR04 Untuned

(b) IDSM - LR04 Untuned
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Figure 3. Quantifying the fit to observations. (a) The SIS's ice volume values minus observations with the mean (—2.88) removed. The colored vertical lines indicate the
timings of the midpoints of ice volume during each termination. (b) and (c) are the same as panel (a) but for the IDSM (mean of —2.99) and AO2013 (mean of —3.02).
(d) Scatter plot of the time of the midpoints of each termination minus the mid-point termination time from observations. Red marks sea ice switch (SIS), blue IDSM,
and cyan AO2013. The gray region indicates the uncertainty range as calculated and shown in Figure S1 in Supporting Information S1 of Lisiecki (2010). Note that the
second and first termination of the SIS are overlapping with the IDSM. All but T2 of the SIS fall within the 1 standard deviation error range of observations, whereas
both the third and second of the IDSM do not fall within the range. The SIS has an root mean square (RMS) of 4.14, IDSM 9.74, and AO2013 12.09. Model-proxy
differences in ice volume for each termination are shown for glacial ice volume maxima (e) and minima (f). The gray range is the standard error of the benthic 5'80 stack
of Lisiecki and Raymo (2005). For glacial maxima, the SIS has an RMS of 0.16, IDSM 0.12, and AO2013 0.15. For glacial minima, the SIS has an RMS of 0.10, IDSM
0.22, and AO2013 0.16.

and 13 (248 and 540 ka). Despite this, it nicely depicts the overall trends in the records, especially the timings of
terminations over the entire time period. Interestingly, the modified SIS does show a two-stepped termination for
T6 similar to (with different magnitude) that shown in the observations (540-496 ka). We consider only the
second step a termination and ignore the first, which is smaller in this model.

(a) Termination | (b) Termination V
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Figure 4. Ice volume versus insolation: (Plot format follows AO2013) The curves describe the ice volume trajectory with the
dots spaced every 1 Kyr and increasing time indicated with the dots changing color from purple to yellow. (a) Smoothed
proxy records for the last 120 Kyr (T1) and (b) smoothed proxy records for T5 (between 450 and 380 ka).
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To quantify the fit of the models examined here, we use three diagnostics. First, we plot a time series difference
(model ice volume values minus observations) in Figures 3a-3c. The shown time series are with the means
removed and with the root mean square (RMS) value indicated. It seems that the self-sustained scenario fit is
slightly better based on the RMS value of 2.90 compared to the IDSM's 3.02, although the difference is quite
small. Next, we calculate the times of the midpoints of each termination in the models and subtract the midpoints
times of the observations (Figure 3d). The SIS termination times (RMS value of 4.14) are much closer to the
observed than the IDSM (RMS value of 9.74). Note that we used T6a as the “truth” for this analysis as Spratt and
Lisiecki (2016) suggested that the majority of ice volume change happens during this termination. Specifically,
the first two terminations of both simple models compare well to observations. The IDSM's T3 and T5 differ by
~20 and 10 Kyr from observed, whereas the SIS deviates by around 5 Kyr, and all terminations except for T2, fall
within the age uncertainty range of the observations (Lisiecki, 2010).

In Figure 3e, the nondimensional ice volume for each glacial maximum is plotted, showing that the SIS mostly
overestimates land ice volume extent and the IDSM mostly underestimates it. Based on the RMS values, the SIS
and IDSM approximate glacial maximum extent to the same level though the IDSM does slightly better (RMS of
0.12 compared to 0.16 of the SIS). Finally, Figure 3f shows the ice volume for each glacial minimum. In this, the
SIS estimates ice volume minima somewhat better than the IDSM based on the RMS values (RMS of 0.1
compared to 0.22).

A comparison between the most recent glacial cycle of the last 120 Kyr and TS (450-380 ka) is plotted in Figure 4
following the visualization approach of AO2013. The figure shows a blue region on the left side of the hysteresis
loop and a red region on the right side, corresponding to positive and negative ice volume rates of change,
respectively, as calculated using Equation 1. In the red regions, an initial ice volume for a given fixed insolation is
expected to decrease, as indicated by the red arrows. Similarly, an initial ice volume in the blue regions will grow,
as indicated by the blue arrows. Also shown in this figure is a black dashed line which is the hysteresis' unstable
branch. The colored dots connected by a gray curve correspond to the observed ice volume trajectory as a function
of insolation.

In panel 4a, the observed ice volume (smoothed) depicted by the purple to green dots (representing 120-20 ka)
mostly grows in the blue positive mass balance regime, as expected by a dynamic governed by this hysteresis
shape. Then the ice volume mostly decays in the red negative mass balance regime shown by the green to yellow
dots (20-0 ka), again as expected. However, panel 4b shows that during T5, which is not simulated correctly by
the IDSM, the ice volume decreases when in the blue positive mass balance regime. This suggests that this
termination is inconsistent with the idea that ice ages are due to insolation driving this hysteresis. This analysis
was not possible to perform in AO2013 where the mass balance was indicated on their similar plot only sche-
matically and not inside the hysteresis loop, and where the unstable branch and its effect on the mass balance
inside the hysteresis loop was not noted.

Figure 5 shows a log-log plot of the power spectral densities (PSD) of observations (Figure 5a), SIS (Figure 5b),
IDSM (Figure 5c) using the last 800 Kyr. Figure 5d shows the PSD of the last 400 Kyr of the results of AO2013.
The spectrum of the SIS nicely replicates the 100-Kyr peak in observations, whereas the IDSM's 100-Kyr peak is
not as dominant as in the observations nor in comparison to the other spectral peaks at 40 and 20 Kyr. In fact, the
IDSM has a low-frequency 400-Kyr peak which is not seen for the proxy record reconstruction of LR04 untuned.
Note that the robustness of a 400 Kyr peak is not known, given the length of the time series is only 800 Kyr.
However, an artificial 400 Kyr peak is a well-known issue with many insolation-driven theories (Imbrie &
Imbrie, 1980; Paillard, 2001).

3.2. Phase Between Ice Age Termination Times and Milankovitch Forcing

The mechanism by which Milankovitch forcing affects the time of terminations is different for the two
scenarios we are considering. In the case of insolation-driven ice ages, a large summer insolation value due to
Milankovitch variations simply pushes the ice sheets into a negative mass balance (red region in Figure 1),
leading to a termination. In the self-sustained scenario, the relation is more refined: a gradual weak nudging
toward a certain phase over the entire cycle leads to a certain phase relation between Milankovitch forcing
and ice volume, but there is no expectation that the termination is directly driven by, or occurs during the
time of high insolation, necessarily. The phase relation between Milankovitch forcing and ice volume (to be
defined more precisely momentarily) is, therefore, an important testable diagnostic. Raymo (1997) has
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Figure 5. Log-log plots of the power spectra calculated using the multi-tapering method for the last 800 Kyrs of (a) LR04 untuned; (b) self-sustained oscillations (sea ice
switch); (c) insolation-driven oscillations (IDSM); and the last 400 Kyrs of AO2013 in panel (d). The 95% confidence ranges are given by the shaded regions of each

plot.

examined this issue for observations, for example, and the relation was examined for the unmodified SIS
mechanism in Tziperman et al. (2006).

Figure 6 shows all the terminations for the past 800 Kyr, plotting the proxy data and the corresponding insolation
(Figure 6a), obliquity (Figure 6b), and precession (Figure 6¢). For the observations in Figure 6a, the timings of the
peaks in insolation are different during the different terminations. To compare the phase of insolation (or obliquity
or precession) during terminations, the value of the phase of insolation during the midpoint of the termination is
examined. Define 7, ;4 as the time of the midpoint ice volume of the termination (defined as the average of the
nearby peak and minimum in ice volume). Then define ¢, to be the time of the closest maximum in insolation
preceding 7,,.,4 and 7, to be the time of the closest maximum after 7.,;4. Then to calculate the phase of insolation
during termination, 6, we use 0,4 = 27(tq — 10)/(t; — 1o)-

In Figure 7, all Milankovitch phases during the seven terminations are plotted on the unit circle following Huybers
and Wunsch (2005). The phases of insolation for the proxy reconstruction data in Figure 7a shows a wide dis-
tribution of angles. It is unfortunately not possible to determine with certainty whether this is a result of the
dynamics of ice ages and insolation variations or if this is due to errors in the age model of the §'0 records. The
stated error in the age model of the 5'®0 records is approximately < + 9 Kyr (Lisiecki, 2010, Figure S1 in
Supporting Information S1). The average cycle length is ~23 Kyr giving an approximate error of < + 7/97 (140°),
which is a considerable range. So from a formal point of view, the data does not allow us to examine the

KOEPNICK AND TZIPERMAN

9of 18

85UBD17 SUOWILLOD BA81D) |geal|dde sy Ag peusenob e sepile O ‘8sn Jo sajni Joy AkiqiauluQ A8 |1/ Uo (SUONIPUOD-pUe-SWBYW0D A 1M Aelq 1 pul|uo//Sdny) SUOIPUOD pue swie | 8yl 885 *[720z/70/50] uo Arigiauluo A8|im ‘Aiseaiun peaeH Aq 6€/700VdEZ0Z/620T 0T/I0p/wod A8 im Akeiq jpuljuo sgndnbe//sdny wouy pepeo|umoq ‘€ ‘v20z ‘SZSreLSe



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2023PA004739

(a) Insolation during Terminations
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Figure 6. Phase of Milankovitch Forcing During Terminations. All the peaks of each termination are overlayed to be at time
0 on the top half of each of the plots, where the corresponding insolation measure during each termination is displayed in the
lower half. (a) The LR0O4 untuned stack and the corresponding insolation, (b) obliquity, and (c) precession. A red color
corresponds to T7, brown T6b, orange T6a, pink T5, green T4, blue T3, cyan T2, and purple corresponds to the Last Glacial
Maximum or termination T1. A visual representation of the color coding used in this paper is shown in Figure 9. Note that we
break T6 into two steps (termed here a and b, see also Spratt & Lisiecki, 2016), see Figure 9a for the definition of this
termination. T6a (orange) reaches a smaller ice volume maximum than the other terminations making it appear misaligned.
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Figure 7. Plot of the phase of insolation (first row), obliquity (second row), and precession (third row) at the midpoints of terminations of observations in panel (a), the
self-sustained oscillations using the modified sea ice switch (SIS) model in panel (b), insolation-driven oscillations using the IDSM model in panel (c), and finally
A02013 in panel (d). Red corresponds to T7, brown T6b, orange T6a, pink T5, green T4, blue T3, cyan T2, and purple corresponds to the Last Glacial Maximum or
termination T1. A visual representation of the color coding used in this paper is shown in Figure 9. The black dashed line represents the observational circular mean of
the phase of insolation, obliquity, and precession for each row. The thicker black arrow depicts the € = 0 with increasing angles clockwise around the circle. The phase of
insolation for observations has a circular mean of 5.97 with a circular standard deviation of 1.32, for SIS circular mean of 5.89 and STD of 0.77, IDSM has a mean of
5.81 with a STD of 0.14, and AO2013 a mean of 6.21 with STD of 0.13. For the phase of obliquity, observations has a circular mean of 5.84, SIS 5.94, IDSM 5.87,
A02013 6.02 as well as has a STD of 1.04, 0.73, 0.56, and 0.58. Finally, for the phase of precession, observations has a circular mean of 2.79 and STD of 1.36, SIS 2.72
with 0.87 STD, IDSM 2.77 with 0.075 STD, and AO2013 has a circular mean of 3.25 with 0.16 STD.
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PDF of Standard Deviations Milankovitch phase in any meaningful way. We proceed, understanding that
— Observations our discussion is subject to this caveat.

3 1o _ IS]I)ZM Figure 7 depicts the phase of insolation during a termination as a clock with
§0.8 ---- A02013 increasing angles clockwise about the circle. A midpoint at a maximum in
> insolation would occur at the top point (0,1) on the circle. So, a clustering of
%5 0.6 midpoints close to 2z would imply that a minimum in ice volume corresponds
g to a maximum in insolation. In Figure 7c, the midpoints of terminations of the
g 04 IDSM occur just before a maximum of insolation, with all of them closely
Z 02 clustered together. This is consistent with this model being insolation-driven,
as a significant decrease in ice volume requires a maximum in insolation. The
0.00.0 03 0 20 25 30 circular mean of the IDSM midpoints occurs slightly before that of obser-
Standard Deviation (radians) vations as well. In Figure 7b, the modified SIS shows a seemingly similar
clustering of phases with T5 as an outlier (although see further analysis of the
Figure 8. The probability distribution function (PDF) of the standard std below in Figure 8). In Figure 7d for the AO2013 results, the terminations
deviations of an ensemble set of seven randomly generated angles. The during the last 400 Kyr resemble the result of the IDSM, and the terminations

vertical lines superimposed on the PDF represent the standard deviations of again occur just before a maximum of insolation.

the phases of insolation during terminations of each model and observations

(black: observations (25.3%), red: the modified sea ice switch (0.7%), blue: We have carried out a similar analysis of the phase of obliquity and precession

the IDSM (0.0%), dashed blue: AO2013 (0.0%)). Note that the blue and

dashed blue lines are overlapping.

during terminations (see second and third rows of Figure 7). The figure shows
that the phases of obliquity for all models fall on one side of the unit circle.
For observations, there is a wider spread of angles, but they mostly fall on one
side as well. Interestingly, the pattern of terminations and the corresponding phase of obliquity for observations
and the SIS are remarkably similar; however, the mean of phases for the IDSM is closer to observations. For
precession, the Stage-11 problem is clearly seen by the pink dot denoting TS being outside of the cluster for the
SIS (column b), but not as clearly shown in observations (column a). As explained by AO2013, precession drives
the results of AO2013, and it seems to drive also the IDSM here, as is clearly shown by the clustering of pre-
cessional phases in the IDSM and AO2013 (columns c, d). We note that our analysis examines the mid-point of
terminations rather than the initiation of a termination (defined as a 2 standard deviation drop in ice volume in
Huybers and Wunsch (2005) or as the local maxima as in Huybers (2011)).

To test if the Milankovitch phases during the seven terminations shown in Figure 7 are random, we follow a
similar procedure to that used by Huybers and Wunsch (2005), and repeatedly sampled eight randomly generated
angles between 0 and 2z. Note we include eight as T6 is broken into two steps and thus includes two phases. We
then calculated the circular mean and circular standard deviation of this set. This was repeated 50,000 times to
generate a histogram of the probability distribution function (PDF) of the standard deviations of each ensemble.

In Figure 8, the PDF of standard deviations of the randomly sampled phases is plotted with vertical lines cor-
responding to the circular standard deviation of the Milankovitch phases during terminations for observations
(black), modified SIS (red), AO2013 (dashed blue), and IDSM (blue). The observation's circular standard de-
viation corresponds to the 25.3 percentile of the standard deviation of the distribution of random angles, implying
that the observed distribution of Milankovitch phases during terminations is random within the usual 90% sig-
nificance test.

The modified SIS's red line corresponds to the 0.7 percentile of the random distribution, and the IDSM and
A02013 results are effectively at the 0.0 percentile of the ensemble set of standard deviations. This analysis
shows that the distributions of angles of the models representing both scenarios are not random, unlike obser-
vations. The standard deviation of the insolation-driven models is far smaller than that of the observations and of
the self-sustained model. This one piece of evidence suggests that ice ages may not be insolation-driven but rather
phase-locked by insolation, subject to the caveat that our analysis is based on two specific simple models, etc. The
equivalent analysis for obliquity and precession are also shown to not be random for the models yet random for
observations in Figure S4 in Supporting Information S1 with the percentiles listed in the supplementary material.

In summary, we find that the model used here to represent the self-sustained phase-locked scenario leads to a
somewhat better fit to termination times (Figure 3), a more realistic spectral peak at 100 Kyr (Figure 5), and a
weaker relation between the phase of Milankovitch forcing and termination time, again consistent with obser-
vations (Figure 7). Although no robust conclusions can be made due to age uncertainty, this analysis produces
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Figure 9. Plots of the ice volume drop during each termination versus insolation integrated over that same period. Observations are plotted in panel (a) with the
corresponding color coding plotted below. The sea ice switch relationship is shown in panel (b), IDSM in panel (c), and AO2013 in panel (d). Shown in panels (e-h) are
the time series for the observations and models with the glacial maxima and minima denoted by the colored dots marking the terminations.

observable differences between the two models, and we present this as a possible avenue of distinction if more
certain, untuned stacks were to be presented and a larger class of untuned stacks were to be analyzed.

A similar analysis was performed using the orbitally tuned LR04 stack (not shown) and showed that observations
and the modified SIS shared remarkable similarities. Interestingly, the results for the insolation-driven models
were very different from those of the tuned observations. This further highlights the uncertainties in the analysis
we attempt here due to the proxy record age model.

3.3. Ice Volume Drop During Terminations Versus Insolation Magnitude

We next compare the ice volume drop during terminations to the insolation integrated over the period of
termination. On the one hand, Roe (2006) found that dV/dt can be approximated by I(¢) throughout time, and
Mitsui et al. (2022) found that the size of terminations is directly related to the amount of insolation integrated
over the caloric summer half of the year. On the other hand, one expects physical processes other than insolation
to significantly contribute to the retreat of the ice sheets during terminations (e.g., sea ice shutting off snow
accumulation in the SIS mechanism), so it is not obvious that there should be a relation between dV/dt and ice
volume change during terminations, specifically. These two different contrasting views of the role of Milanko-
vitch forcing during glacial terminations suggest that analyzing this relation, as done in the current subsection,
may help distinguish between different model scenarios.

We calculate the drop in ice volume as the ice volume at the peak of an ice age minus the ice volume during the
following minimum (see bottom row of Figure 9). This analysis tests if ice volume V changes during terminations
are directly driven by Milankovitch forcing I(#): integrating a schematic equation of the form dV/dt « I(t) over the
termination period, the left-hand side becomes the ice volume drop during the termination and the RHS the
termination-integrated insolation over the termination period.

We then fit a line to each scatter plot and use a bootstrapping resampling technique to estimate the error bounds
and statistical significance of the best-fit lines to the data. In this, we randomly sample eight times out of our eight
data points (representing observed terminations) on each graph (and similarly 7 out of 7 terminations for the SIS, 5
for the IDSM, and 4 for AO2013). The slope, intercept, p-value, and r* value of each sampling are calculated. This
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is then repeated N = 10,000 times, and a histogram of each of the four parameters is plotted as a PDF in sup-
plementary Figure S4 in Supporting Information S1. We use these histograms to estimate the 90% confidence
range for the fitted line in Figure 9 (details in supplementary information).

For observations, Figure 9a shows what appears to be a correlation between the size of ice volume drop and
termination-integrated insolation. However, this involves significant uncertainty due to the large error range
indicated by the gray shading, the small * value of 0.31, and the ambiguity in the definition of T6. T5, depicted by
the pink point, appears to be the most obvious outlier, exhibiting the Stage-11 problem. For the SIS, there appears
to be a similar positive trend with a smaller uncertainty ranger and similar > = 0.33 value (see Figure 9b). The
positive correlation is a reflection of the activation of the SIS being a function of insolation in addition to the
effects of nonlinear phase locking. In Figure 9c, we also see little to no correlation (+* = 0.18) between ice volume
drop and termination-integrated insolation in the IDSM with a very large uncertainty bound due to the fact that we
are only including five data points as the IDSM misses the fifth and sixth terminations. The large uncertainty
range in Figure 9c also comes from the fact that even in an insolation-driven scenario, as represented by our
IDSM, the volume rate of change during termination is not determined only by the variations in insolation but is
strongly affected by the piece-wise linear RHS (see Equation 1 and Figure 1), which encodes different feedbacks.

In summary, there is no statistically significant relationship between the size of ice volume fall and termination-
integrated insolation for the observations, nor for any of the models, and we further discuss this in the conclusions
section. This analysis suggests that one cannot use this measure to distinguish between internally- or insolation-
driven glacial cycles. Note that this result is affected by our analysis choices, such as defining T6 to include two
steps, the choice of insolation measure as opposed to other possibilities (e.g., caloric summer half-year insolation,
Mitsui et al., 2022), etc.

3.4. Sensitivity to Initial Conditions

In both scenarios considered here, Milankovitch forcing sets the time of glacial inceptions and terminations. We
wish to study this aspect in detail and identify any testable differences between the way this occurs in the two
scenarios. One way to do so is to study the sensitivity of the model results to its initial conditions (i.e., the initial
ice volume). To investigate the dependence of each model on the choice of initial conditions, we start with 10
initial conditions for the nondimensional ice volume, uniformly spread over O to 1, and plot the resulting time
series. We repeat with such an ensemble of initial conditions prescribed at different starting times (900, 700,
500 ka). These results are seen in Figure 10.

A02013 explained that their results are not sensitive to initial conditions beyond some adjustment period, and we
find the same to be true for the IDSM, which reproduces their mechanism (Figure 10a). In the IDSM, the paths
starting from different initial conditions quickly converge after a short adjustment period of up to 20 Kyr, with
occasional initial conditions taking up to 80 Kyr to adjust (Figure 10a). This results from the insolation variations
directly affecting ice volume as it is forced through the hysteresis loop. As explained in AO2013, when the ice
volume is large, a strong Milankovitch forcing puts it in the negative surface mass balance regime and leads to a
rapid decrease of the ice volume and to a termination. This direct relation between Milankovitch forcing and
terminations leads to the convergence of different initial conditions to the same path.

In the modified SIS model (Figure 10b), the runs using different initial conditions eventually converge to two
distinct trajectories. The convergence occurs after less than 100 Kyr, but still over a longer adjustment period than
in the IDSM. Such a convergence is a characteristic of a nonlinear phase locking between the self-sustained
oscillations of glacial cycles and the Milankovitch forcing (Crucifix, 2013; Gildor & Tziperman, 2000; Hyde
& Peltier, 1987; Tziperman et al., 2006). “Phase locking,” or “nonlinear resonance,” refers to the synchronization
of a nonlinear oscillator to a periodic forcing (or to another nonlinear oscillator). For strict phase locking to occur
in the sense used, for example, by Pikovsky et al. (2001), the existence of unforced, self-sustained oscillations is
required. When the forcing is perfectly periodic, the locking occurs such that the oscillation frequency @, and the
forcing frequency Q satisfy w/Q = p/q with p, g integers (Pikovsky et al., 2001; Strogatz, 1994). Phase locking
occurs by the periodic forcing applying weak nudging throughout the cycle toward a certain phase. In the two
scenarios of glacial cycles considered here, only the scenario involving ice ages as self-sustained oscillations can
be considered as phase-locked to Milankovitch cycles.
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Figure 10. Plot of the dependence of initial conditions for the IDSM (a) and the modified sea ice switch (b). Each color
represents a different initial condition and is the same in both (a, b).

To see why two paths of ice volume as a function of time might emerge from the many different initial conditions
in Figure 10, consider an idealized Milankovitch forcing (a pure sine wave) with a period of 40 Kyr and a glacial
cycle that locks into an 80 Kyr period (see Figure 1c in Tziperman et al. (2006)). Because the model is phase
locked at p/q = 1/2, the model time series can adjust such that terminations happen either at ¢, #, + 80, 7, + 160...
or at 7y + 40, t, + 120, t, + 200... where 1, is the relevant initial start time. The non-uniqueness of the phase
locking occurs due to the shift in the forcing time series by 40 Kyrs that produces the exact same forcing.

The results of Figure 10 suggest an important way of differentiating between the self-sustained and insolation-
driven ice age scenarios. In the first, different initial conditions lead to a unique ice volume time series, while
in the second, different phase-locked time series are possible. This does not lead to an observable difference using
the proxy record. Yet, using this test of different initial conditions with a realistic climate model can help us
understand what scenario applies in that model, and, in turn, in the climate system as well. Of course, current
state-of-the-art climate models that can be run over multiple glacial cycles are limited in their ability to include
accurate representations of the most basic climate processes and thus, in their ability to provide information about
the real climate system.

3.5. Effects of Noise

Climate variability ranges from long timescales, such as glacial cycles, to shorter timescales that can be treated as
“noise” or stochastic forcing in the context of glacial cycles. We are interested in the effects of such noise on the
two scenarios studied here. To investigate such effects, we run the model N = 200 times for each noise amplitude
(see Equation 2) and with different realizations of noise. For each such run, we calculate the deviation from the
no-noise case (averaged sum of squares, at a resolution of 1 Kyr), and then the mean (over noise realizations)
deviation for each noise level. Figure 11b, shows that for some noise realizations, at a noise amplitude of 0.01, the
modified SIS jumps to a different path altogether rather than slightly deviating from the original path. This is
evidence of the modified SIS model phase locking to a different path due to the periodicity of the precession
forcing (Tziperman et al., 2006), consistent with the results of the previous subsection. Figure 11a shows that the
locking of the insolation-driven case, as represented by the IDSM to Milankovitch, is much more robust to noise.
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Figure 11. Ice volume time series from 200 runs for a noise amplitude of v, = 0.01. (a) The ensemble for the IDSM in the
colored dashed lines. (b) The same, for the sea ice switch.

The noise merely broadens the ice volume time series, except in one case between 180 and 130 ka, where a second

path emerges briefly. This is again consistent with the robustness of the IDSM to different initial conditions seen

in the previous subsection.

To test the sensitivity to different noise amplitudes, we repeat the same analysis for ten different noise amplitudes

in the range of 0-0.09. We plotted the mean deviation as a function of the noise amplitude with a shaded region

corresponding to 1 standard deviation spread around the mean value at each noise level. These results are plotted

in Figure 12. In this, we see the general increase in difference from a no-noise run for both the SIS and the IDSM,

although the SIS is clearly much more sensitive to an increase in noise amplitude.

The larger sensitivity of the self-sustained phase-locked (SIS) scenario to noise can be explained as follows.

Increasing the noise amplitude slightly smears the IDSM, yet it occasionally causes the SIS to take completely

Effects of Noise
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Figure 12. The effects of noise on the two scenarios. The deviation of the
model time series from the no-noise case for the modified sea ice switch
mechanism is given by the red line. The equivalent result for the insolation-
driven simple model (IDSM) is given by the blue line. The shading
represents a range of =1 standard deviation.

different ice volume paths that are still consistent with phase locking to
Milankovitch forcing. Such different paths are expressed as a large deviation
from the no-noise solution, as seen in the difference from the no noise run
shown in Figure 12. The lower sensitivity to noise of the IDSM is an expected
feature of insolation-driven models: in phase-locked models insolation only
weakly affects the mass balance, allowing a more dominant role for stochastic
forcing. Yet in insolation-driven models, the mass balance is dominated by
the effects of insolation, making the effects of stochastic forcing less
dominant.

We conclude that the phase-locked mechanism is more sensitive to noise for
the two models considered here, but likely more generally due to the more
fundamental role Milankovitch variations play in the insolation-driven sce-
nario. To be relevant, the self-sustained scenario must be robust to reasonable
amplitudes of noise so that termination times are consistent with the observed
record. However, given a different noise realization due to different internal
climatic variability, if ice ages are represented by a self-sustained oscillation
like the SIS, then we might have seen different timings of the records if ice
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ages were phase-locked. As in the sensitivity to initial conditions discussed above, this does not lead to an
observable difference between the two scenarios but helps our understanding of the implications of the two.

4. Conclusions

Over the past 800,000 years, Earth's climate has been dominated by the wax and wane of massive Northern
Hemispheric glacial oscillation with an approximate 100,000-year periodicity. Although it is clear that Milan-
kovitch insolation variations played a role in these cycles, the exact influence of these variations on the evolution
of ice sheets is still to be resolved, and we considered two scenarios. In one, the effect of Milankovitch variations
is driving the cycles, which would not have existed without these variations. In the second, Milankovitch vari-
ations only set the phase of the oscillation (e.g., the timing of terminations), but the glacial oscillation is self-
sustained and would have existed even without Milankovitch changes.

To develop methods that may allow us to figure out which scenario is more relevant to the observed ice ages, we
examined two different glacial models corresponding to these two possibilities. First, representing the insolation-
driven glacial cycle mechanism, we developed a simple model (the IDSM) based on the work of Abe-Ouchi
et al. (2013, AO2013). Second, representing the self-sustained glacial cycle mechanism, we used a modified
version of the SIS model (Gildor & Tziperman, 2000; Tziperman et al., 2006). The modified SIS was tuned to fit
observations whereas the IDSM was tuned to fit the work of AO2013 in order to allow testing their proposed
mechanism. Our interest is not in these two particular models but in them representing the two different roles of
insolation variations.

We developed and used six tests to produce observable differences between the two scenarios. First, we
found that the ice volume time series of the self-sustained glacial cycle mechanism was a better fit to the
proxy record than that of the insolation-driven (Figure 2). The second test examined the PSD of the proxy
record and the two scenarios (Figure 5). The self-sustained glacial oscillations produced a dominant 100 Kyr
peak similar to observations. The insolation-driven model produced a 100-Kyr peak; however, an additional
dominant 400-Kyr spectral peak emerged—inconsistent with observations and a well-known problem of
insolation-driven models (Imbrie, Berger, et al., 1993; Paillard, 2001). Our third attempt at an observable
difference between the two scenarios diagnoses the phase of Milankovitch cycles during ice terminations
(Figures 7 and 8). We find that the midpoint of ice volume during terminations for observations occurs over a
wide range of Milankovitch forcing phases.

We find both scenarios lead to a strong clustering of the phases, more than observations. In that sense, both are
inconsistent with the observed record, although the insolation-driven results are significantly more clustered,
showing a much stronger phase relation between termination time and Milankovitch variations than the self-
sustained oscillations or observations. We emphasize that age model errors imply that no robust conclusion
can be drawn from this analysis.

Our fourth analysis examines the relationship between the size of deglaciation events and the insolation integrated
over this period (Figure 9). Naively one often assumes that, at least in the insolation-driven case, a stronger
summer insolation should lead to a larger ice volume loss. This is supported by the finding that the ice volume rate
of change (Roe, 2006) and magnitude of termination (Mitsui et al., 2022; Tzedakis et al., 2017) are correlated with
different insolation measures. However, we find that there is no statistically significant correlation between the
size of the ice volume drop and the termination-integrated insolation in the observed proxy record or in the models
examined. Specifically, in either scenario, while the insolation plays a role, there are other terms (piece-wise
linear RHS (Figure 1) in the IDSM and the SIS dynamics), which dominate deglaciation events. It seems that this
fourth analysis cannot distinguish in which scenario glacial cycles fall, but rather points to the importance of
internal feedbacks in determining the shape of ice ages.

Finally, we tested two diagnostics that can be used to separate the two scenarios in models but are not directly
observable: the sensitivity to initial conditions and to noise forcing of each of the two scenarios (Figures 10 and
12). These diagnostics showed that the insolation-driven model (IDSM) loses memory of initial conditions
quickly and, as aresult, is also very robust to noise. For the modified SIS, we show the emergence of (at least) two
possible ice volume trajectories (time series) due to phase locking of the self-sustained glacial cycles to
Milankovitch variations. Because noise can trigger a switch to an alternative phase-locked trajectory, the SIS is
more sensitive to noise than the IDSM. This implies that if ice ages were self-sustained oscillations, we could have
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seen different termination times than observed based on different initial conditions and noise realization in the
climate system.

Our reading of these results is that, for the two example models considered here and with significant caveats to be
mentioned shortly, the above observable differences seem to suggest that the self-sustained scenario is more
consistent with the observed record than the insolation-driven case. This includes the time series fit and the power
spectrum. The self-sustained scenario produces all terminations whereas the insolation-driven case misses TS.
Yet the means of the insolation phases during terminations are comparable in both scenarios, and these means
seem to be consistent with observations. However, the self-sustained scenario shows a wider spread of phases due
to the phase for T5, whereas the insolation-driven case shows a strong clustering, having missed this termination.
Neither scenario replicated the results of the observations sufficiently well when it comes to some of these tests. A
broad class of models in each category is required to test these conclusions more robustly.

There are multiple caveats to note. We use 830 as a proxy for ice volume, neglecting the fact that a significant
part of the signal reflects deep ocean temperatures (Adkins & Schrag, 2001; Spratt & Lisiecki, 2016). The un-
certainty in the dating of the records results in large errors in our analysis, significantly limiting our ability to
produce conclusive results. Our analysis completely relies on the two specific simple models; while some of the
analyses seem to suggest robust results of more general validity, they would need to be tested with a broader set of
models in each scenario. Our work omits multiple potentially important factors and feedbacks, including, for
example, southern hemispheric interactions (Denton et al., 2010; Wolff et al., 2009) and millennial-scale feed-
backs (Barker & Knorr, 2021) that have both been suggested to play an important role in terminations. Regardless,
we feel that understanding whether ice ages are insolation-driven or self-sustained is a goal worthy of further
study.

Data Availability Statement

Python files for the simple models used and explained in this paper can be retrieved from Koepnick (2024).
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