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Abstract Understanding long-term cause-and-effect relationships between changes at different locations
and temporal scales is crucial for unraveling the key mechanisms that drive climate dynamics and their impacts
on ecosystems and society. Here, we focus on deconvolving different modes of Sea Surface Temperature (SST)
variability and the coupling between different ocean regions at timescales of orbital (Milankovitch) variability.
To do so, we apply Multivariate Empirical Mode Decomposition (MEMD) and Linear Response Theory (LRT).
Through MEMD, we identify significant SST amplitude modulations at Milankovitch timescales, correlations
between oceanic regions, and a both spatially and temporally variable long-term cooling trend through the last 4
million years. Through LRT we assess nonlinear causal inference at different timescales, highlighting
significant SST coupling between extratropical regions and both the Indian-Pacific Warm Pool and the Eastern
Tropical Pacific at multi-millennial scales. Our methodology offers first insight into causal connections at
different timescales and locations, and into how the large-scale redistribution of oceanic heat across latitudes,
especially between equatorial and polar regions, potentially influences ocean circulation and, consequently, the
observed pattern of SST fluctuations.

Plain Language Summary This study explores how changes in sea surface temperatures (SST) over
millions of years affect different parts of the ocean and climate. By looking at data from various locations and
time periods, we aim to advance understanding of the connections between ocean regions and the underlying
mechanisms. Advanced techniques are used to analyze the data and it is found that SST changes are linked to
natural cycles of orbitally induced insolation change, known as Milankovitch cycles, which occur over tens of
thousands of years. We also reveal a variable long-term cooling trend over the past 4 million years, and
interactions between sea surface temperatures in different ocean regions over thousands of years. Based on our
new results, we suggest possible mechanisms through which the large-scale redistribution of oceanic heat across
latitudes, especially between equatorial and polar regions, potentially influences ocean currents, shaping long-
term SST patterns.

1. Introduction

Over the past 4.5 million years (Myr), the Earth has undergone significant long-term cooling, as a part of a trend
that began ~15 million years ago (Ma) at the termination of the Mid-Miocene Climatic Optimum (Foster
et al., 2012; Herbert et al., 2022; Herold et al., 2012; Holbourn et al., 2013; Meckler et al., 2022; Ravelo
et al., 2004; Rohling et al., 2022). During the past 4.5 Myr, several major climate transitions occurred within the
context of that long-term cooling, including the intensification of Northern Hemisphere (NH) glaciation around
2.5-3 Ma and a shift from ~41 to ~100 kyr variability during the Middle Pleistocene Transition (MPT) from
~1,250 to 750 ka (Berends et al., 2021; Herbert, 2023; Westerhold et al., 2020).

Understanding the evolution of Plio-Pleistocene climate in response to orbital forcing remains a significant
challenge in climate science, partly because of uncertainties in temperature and sea level reconstructions that
hinder a comprehensive explanation of the mechanisms driving ice sheet-climate interactions and their rela-
tionship with orbital forcing (Ashkenazy & Tziperman, 2004; Daruka & Ditlevsen, 2016; Ditlevsen & Ash-
win, 2018; Hays et al., 1976; Imbrie et al., 1993; Lisiecki & Raymo, 2005; Paillard & Parrenin, 2004).
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Table 1 Much of the understanding of global climate change through the Cenozoic
. 18 . .. .
The List of All SST Regions Along With Their Corresponding Boundaries and ~ Telies on 6 "0 records of benthic foraminifera (e.g., Cramer et al., 2011;
Locations Emiliani, 1955; Lisiecki & Raymo, 2005; Miller et al., 1991; Ravelo &
SST region Latitude Longitude Hillaire-Marcel, 2007; E. Rohling & Cooke, 1999; Westerhold et al., 2020;
Northern Hemisnh 090N 03607 Zachos et al., 2001). This isotopic record encompasses a composite signal
orthern Hemisphere a - derived from local water temperature variations and the §'0 composition of
Southern Hemisphere 0°-90°S 0°-360° seawater (5'%0sw) (Shackleton, 1987). Based on 620 records it has been
NH Extratropics 23.5°N-90°N 0°-360° demonstrated that the waxing and waning of ice sheets during the Pleistocene
SH Extratropics 23.5°S-90°S 0°-360° was governed by insolation distribution and intensity variations due to
Tropics 23.5°5-23.5°N 0°-360° changes in Earth's orbital configuration at Milankovitch timescales (20—
Indo-Pacific Warm Pool (IPWP) 15°S_15°N 90°E—180°E 100 kyr). These orbital fOfcmg n}echamsms, interacting with the carbon cy-
) o cle, land cover, ocean circulation, and other Earth system components,
Eastern Tropical Pacific (ETP) 10°S-5°N 150°W-90°W . . o .
translated into deep-sea temperature shifts of 4-6°C and sea level fluctuations
Subtrop upwelling 10°N-30°N 100°W=80°W" 4 up to 135 m (Berends et al., 2021; Rohling et al., 2022). However, sys-
Eq upwelling 5°S-5°N 140°W-90°W  tematic assessments of sea surface temperature (SST) records from diverse
Warm pool 10°S-10°N 120°E-170°E ocean regions and associated SST gradients are lacking, which impedes a
North Atlantic (Natl) 0°-60°N 80°W—0° comprehensive understanding of orbital-scale changes in oceanic tempera-
Tispilestl Akt (fizspAil) 505_5°N 40°W-20"W tures (Clark et al., 2024; Rohling et al., 2014, 2021).
South Atlantic (Satl) 0°-30°S 50°W-10°E Recently, Clark et al. (2024) aimed to address these issues, and compiled sea
North Pacific (Npac) 0°—60°N 120°E—100°W surface temperature (SST) records based on 128 published records of alke-
South Pacific (Spac) 0°-30°S 150°E-80°W none, Mg/Ca, .and faunal proxy time series to reconstruct global and regional
) . temperature differences throughout the past 4.5 Myr relative to the late Ho-
Tropical Pacific (tropPac) 5°S-5°N 160°E-90°W

locene. This compilation provides a framework for understanding global

temperature evolution independent of 'O records.

Here, we extend the scope of previous investigations by combining the data-adaptive Multivariate Empirical
Mode Decomposition (MEMD) method (Rehman & Mandic, 2010) to explore SST variability between different
ocean regions at Milankovitch timescales, with Linear Response Theory (Baldovin et al., 2020) to unravel
intricate cause-and-effect relationships between changes at different locations and temporal scales.

2. Data and Methods
2.1. Data

We use the SST record compilation of Clark et al. (2024) at 1 kyr temporal resolution. They analyzed long-term
temperature evolution over the last 4.5 Myr and stacking them within latitude bands. This produced compre-
hensive SSTs records (with their 1-o uncertainty) for 17 different locations (see Clark et al. (2024)) placed on the
LRO04 age model (Lisiecki & Raymo, 2005) whose orbital tuning has been alleviated by using an independent
depth-derived age model over the corresponding 6'®0 record for each location (Clark et al., 2024). In the
following we analyze all 17 records (see Table 1 for the full list and location), but specifically focus on those from
four selected regions (Figure 1), that is, Northern Hemisphere (NH) extratropics, IPWP (Indo-Pacific Warm
Pool), ETP (eastern tropical Pacific), and Equatorial upwelling, to illustrate the main findings of our analysis.
These regions were selected due to their roles in the global climate system. The NH extratropics provide insights
into atmospheric and oceanic circulation patterns, while the IPWP is crucial for understanding tropical ocean-
atmosphere interactions, including tele-connection phenomena and patterns (as El Nifio and La Nifia phenom-
ena). The ETP is vital for studying ENSO dynamics, and equatorial upwelling is important for ocean productivity
and carbon cycles.

2.2. Multivariate Empirical Mode Decomposition

MEMD (Rehman & Mandic, 2010), an extension of univariate EMD (Huang et al., 1998), belongs to the category
of adaptive decomposition methods (Huang & Wu, 2008). Like EMD, MEMD enables deconvolution of a set of
observables s(¢) (e.g., the 17 SST records) into a finite number 7, of oscillating patterns c,(¢), referred to as
Multivariate Intrinsic Mode Functions (MIMFs), along with a monotonic residue r(¢), as expressed by:
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Table 2

Figure 1. Locations of the four selected regions used in this study.

3

s(0) = D exl(t) + r(D). )

k=1

The MIMFs are obtained through a sifting process (Huang et al., 1998), where local extremes of s() are first
identified, then interpolated via cubic splines to derive upper and lower envelopes u(#) and £(z), respectively
(Rehman & Mandic, 2010). A mean envelope m() = (u(t) + £(r))/2 is derived, and the detail i(¢) = s(t) — m(z)
is evaluated. The first MIMF is obtained if the detail /(7) has the same (or differing by one) number of local
extremes and zeros, along with a zero-average mean envelope. Iteration of the sifting process continues until these
criteria are met (Lovati et al., 2023; Rehman & Mandic, 2010). The process halts when no further MIMFs can
be extracted, yielding the monotonic non-oscillating residue r(¢) (Alberti, Consolini, et al., 2020; Alberti,
Giannattasio, et al., 2020; Alberti et al., 2021; Rehman & Mandic, 2010).

MEMD offers a system representation as a sum of fluctuating contributions at different average timescales
(Huang & Wu, 2008), where each contribution is a non-stationary function with time-dependent amplitude and
phase, expressed as ¢ () = a;(t) cos [gbk(t)] . The instantaneous amplitude a,() and phase ¢,(f) are derived using
the Hilbert transform (Huang et al., 1998; Huang & Wu, 2008), while instantaneous and average timescales are

-1
determined as T,(¢) = ﬁ(‘%f”) and (T) = (T}(?)), Further details can be found in Huang et al. (1998),
Huang and Wu (2008), Rehman and Mandic (2010), Alberti et al. (2014).

For the 17 SST records, MEMD derived a set of 7 MIMFs whose average
timescales (T) with errors as standard deviations are reported in Table 2. It is
interesting to note that all Milankovitch timescales related to precession

Average Timescales (T) With Errors as Standard Deviations for Each MIMF (~21 kyr), obliquity (~41 kyr), and eccentricity (~100 kyr) can be recognized

through MIMFs 35, 6, and 7, respectively. Small-scale cycles (up to the order

MIMF number Average timescales (T) (kyr)
of 10 kyr) are also noted.
1 2.8 +£0.1
2 4.9 £+ 0.1 . .
3 87 + 02 2.3. Causality and Linear Response Theory
4 13.0 + 0.3 Exploring how changes in one or more system variables cause changes in
5 23.4 + 0.9 other variables is a central topic in complex systems analysis (Baldovin
6 41 +2 et al., 2020; Schreiber, 2000; Stumpo et al., 2020, 2023). While correlation
implies a statistical relationship between two or more variables, it does not
! %6+53 (necessarily) imply causation. Two variables can be correlated due to the
ALBERTI ET AL. 3of 13
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common effects of a third variable, even if they are not causally related. This can be simply described via the
system Equations 2—4.

X =ax+fn, @)
Y =axtay +pn, 3)
zp=axtaz+pn, 4)

In which y, and z,, although correlated, are not causally linked (they are simply subject to the same common driver,
x,). By considering a more general N-dimensional linear system

X1 = F(x,) (5)
where x, = {x(l), x(z), W )} is a N-dimensional state variable and F describes the temporal evolution of the
system. Causation, in its interventional sense that accounts for effects of external actions on the system between
two variables x and x®, occurs when a perturbation on x* at t = 0 leads, on average, to a change on x* at

t =1 > (. By combining this concept with linear response theory (LRT) Baldovin et al. (2020) introduced a metric

. kj . .
of causation R/, that is, the response matrix,

; 5x® al
Ri= tim %= (0 TER ) ©)
#9-08x oxY

provided that p(x) is the stationary invariant probability distribution function (pdf) of the system {x,} that is
known a priori or can be inferred from data. The average in Equation 6 is performed over the two-times joint pdf
p§2> (X,Xg). In case of linear systems there are no constraints on the amplitude of &x
it must be that |5xf)j)| < |xéj)|. Equation 6 provides a simple way to determine direct and indirect causation re-
lations between x* ®

Equations 2-4), the response matrix in Equation 6 can be evaluated as

, while for nonlinear systems

and x* at different times 7. In particular, for Markov linear systems (such as the system

R =C.C;, (7

70

where C, = (X,X,) is the covariance matrix, and C,‘O1 is its inverse at initial time 7 = 7, (Baldovin et al., 2020). We
remark that Rfé #0 only if direct (direct/indirect for T > 7,) causation exists from ¥ to x¥, in contrast to cross
correlation analysis. In this study, the causation metric relies on Equation 7. In our case, x” and x* represent a
given timescale component of SST records at different locations, respectively, allowing us to explore mutual
causal coupling between temperature changes in different ocean regions at different times z. The latter is
representative of the temporal delay of the response in the region k, monitored via x*, following a change 7 kyr
earlier in region j, monitored via x*.

We remark that Equation 7 is based on the assumption that the system is Markov linear, which is a necessary
condition for any causal inference analysis. Indeed, in terms of stochastic processes the Markov condition is
equivalent to requiring the knowledge of the whole set of variables describing a system (i.e., there are no hidden
variables), such that the causal links among variables are not spurious. For this purposes, Markovianity is usually
referred to the multi-component system and not to the single variables taken alone. For example, if we consider a
Brownian particle immersed in an inhomogeneous external field, then the velocity of the particle would depend
on the external force and implicitly also on the particle position. Given that the particle position depends on the
velocity at all previous times, the velocity itself depends implicitly on its values at all previous times. Thus, the
velocity alone is a non-Markov process. Nevertheless, the two-component process is Markovian (Van
Kampen, 1992). Then, although we cannot be confident that each SST record is Markovian, we can easily assume
that the whole set of SST records is descriptive enough of the system (i.e., they form a Markov system since they
provide knowledge on the dynamical variables). This is the best we can do in practice in absence of a dynamical
model.
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Figure 2. The percentage variance of each empirical mode for the different records as a function of the average timescale.
Dashed lines refer to the Milankovitch orbital cycles of precession (red), obliquity (green), and eccentricity (blue).

Furthermore, regarding the assumption of linear dynamics, Baldovin et al. (2020) thoroughly investigated
Equation 7 for the inference of causality also in nonlinear systems and concluded that, although the causal
strength is overestimated, the error is bounded. Thus, meaningful causal relations can be obtained if the nonlinear
contribution is small enough (Baldovin et al., 2020). However, to further address this issue we tested the causality
obtained through Equation 7 for paired SSTs interaction (i.e., NH extratropics — Eq upwelling at the Milan-
kovitch timescale of 41 kyr) with the results obtained from a nonlinear causal method, that is, the transfer entropy
(TE) (Schreiber, 2000). We found consistent results in terms of both causal links and estimation of time delays
(not shown) between the two methods. However, the LRT-based method is straightforward for the multivariate
analysis. Other methods, such as the TE, are not as straightforward because the inference of N-dimensional
probability distributions is required, where N is the number of variables considered (N = 17 in our case). For this
reason, a huge amount of data would be necessary, which unfortunately are not available in the context of SST
records (and paleoclimate records in general). However, the possibility of including the whole set of the 17 SST
records is crucial to make the system as complete as possible in terms of Markov condition. This makes the LRT-
based method preferable over the TE (or other methods) in our case.

Finally, we remark that causal consistency is tacitly assumed in this work, which means that the causal strength
estimated through Equation 7 is averaged over the whole time range of the data set. In principle, it would be
possible to perform a time-windowed analysis. However, that would require a larger data set in order to have
sufficient statistics in any time window. For this reason we decided to limit our analysis to the inference of
averaged causal links over the full time range. Furthermore, use of the MEMD allows us to fully account for the 1-
o uncertainty on data (Clark et al., 2024). MEMD, acting as a dyadic filter (Huang & Wu, 2008), filters out noise
content and uncertainty in the first MIMF, highlighting how MEMD can effectively assist in removing un-
certainties and smoothing other modes before performing causal inference analysis. Furthermore, since our
analysis focuses on Milankovitch timescales, which are significantly longer than the timescale of the first MIMF,
our results regarding causality remain robust, even in the presence of uncertainties in the raw data.

3. Results

It has been suggested that NH glacial intensification and the MPT occurred almost independently of orbital
forcings, via a frequency-locking mechanism (Ashwin & Ditlevsen, 2015; Daruka & Ditlevsen, 2016), although
Pleistocene climate variability is mainly dominated by the 41 kyr obliquity cycle before the MPT and by ~100 kyr
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dynamics after the MPT (Ashkenazy & Tziperman, 2004; Hays et al., 1976; Imbrie et al., 1993). Our inspection of
energy-timescale variability in the oceanic regions during the past 4.5 Myr (Figure 2) indicates dominant variance
(~40%) at the eccentricity timescale, decreasing to about 15% for both precession and obliquity cycles, and
shorter timescales.

The residual of the deconvolution ((f) in Equation 1), which can be interpreted as long-term trend variability,
indicates global cooling over the last 4 million years (Myr) (Figure 3), although with different rates of acceleration
(i.e., slower for the Indo-Pacific Warm Pool region). Although our results are quantitatively in agreement with the
linear trend extracted by Clark et al. (2024) in terms of their cooling, the adaptive nature of the MEMD allows us
to extract nonlinear monotonic residuals, and thus to better represent their temporal variations. These residuals
reveal (Figure 3) increased cooling rates before and during the MPT, and decreased cooling rates after the MPT
(the last 700 kyr). The NH extratropics, eastern tropical Pacific (ETP), and equatorial upwelling regions are all
characterized by similar cooling trends.

Besides the long-term trend variability, we are interested in evaluating temperature coupling between the oceanic
regions at different temporal scales, with a specific focus on Milankovitch timescales. We observe a slight in-
crease in SST amplitude modulation at precession timescales during the MPT, in the equatorial upwelling and
ETP regions (Figures 4A1-4A3), with respect to the period between 2 and 4 Ma. Conversely, there is no evidence
of amplitude modulation at the obliquity timescale (Figures 4B1-4B3), in contrast with the dominance of 41-kyr
amplitude variability before the MPT and its decrease after the MPT in benthic 6'%0 stacks (Ditlevsen & Ash-
win, 2018; Huybers & Wunsch, 2004; Lisiecki & Raymo, 2005). At eccentricity timescales (Figures 4C1-4C3),
we observe SST amplitude modulation over the last 4 Myr, with amplitude increasing prior to and after the MPT
for different oceanic regions. Similar amplitude variability across the MPT has been noted in Antarctic ice core
5'%0 (Daruka & Ditlevsen, 2016; Ditlevsen & Ashwin, 2018). Our results point toward possible coherence be-
tween variabilities in different regions at Milankovitch timescales.

To quantify to what extent evolving surface warming patterns at different timescales in a specific region can lead
to temperature changes in other regions, we analyze causation using linear response theory. The main findings for
causation at different scales for three selected regions (i.e., the NH extratropics and (a) IPWP, (b) ETP, and (c)
Equatorial upwelling) are shown in Figure 5, while the causation at different timescales and for all regions is
illustrated in Supplementary Movies. Note that, although only three selected regions (referred to as variables) are
shown, the response matrix in Equation 7 was computed for the entire set of variables (with the remainder being
referred to as hidden variables). This approach allows us to avoid any spurious causality due to “common drivers”
that might be contained in the hidden variables.

Timescales <5 kyr (i.e., MIMFs 1-2; Movies S1 and S2) show no significant coupling between different regions.
At timescales shorter than the precession cycle (i.e., IMFs 3—4, (T)-9 — 13 kyr), we instead detect a significant
coupling between some specific regions as outlined below.

At the ~9 kyr timescale (see Movie S3), Southern Hemisphere (SH) SSTs appear to causally influence variability
in tropical SSTs—particularly in the Eastern Tropical Pacific (ETP)—and equatorial upwelling SSTs, with a time
lag of approximately 1,000-3,000 years (Figure 6a). While changes in the Atlantic Meridional Overturning
Circulation (AMOC) associated with millennial-scale events such as Heinrich or Dansgaard-Oeschger cycles can
induce rapid interhemispheric heat redistribution and synchronise temperature changes across distant regions, this
mechanism alone may not fully account for the observed lag. The delay could instead reflect the combined in-
fluence of slower processes, including adjustments in deep ocean heat storage, oceanic wave propagation, and
shifts in Southern Hemisphere westerly winds, which affect the upwelling dynamics in the equatorial Pacific.
These additional mechanisms may introduce a multi-step transmission of climate signals from the Southern
Ocean to the tropics, thus contributing to the multi-centennial to millennial-scale delay in tropical SST responses.

At the ~13 kyr timescale (see Movie S4), extratropical SST changes appear to causally lead SST variations in
both NH and SH mid-to-high latitudes—especially in the North Atlantic—with a time delay of approximately 5—
8 kyr (Figure 6b). SST variations in extratropical regions relate to heat redistribution from equatorial areas toward
higher latitudes, influencing regional and global climate patterns. However, the long lag observed challenges a
simple interpretation based solely on AMOC dynamics. While AMOC-related processes likely contribute,
additional mechanisms—such as slow feedbacks involving sea ice extent, albedo, ocean stratification, and long-
term heat storage—may also play a role over these timescales. The delay may reflect the cumulative and nonlinear
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Figure 3. Long-term trends for the NH extratropics SST (red lines) in comparison with those extracted from (a) IPWP,
(b) ETP, and (c) Equatorial upwelling. Vertical dashed lines identify the MPT as in Clark et al. (2006).
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Figure 4. The Milankovitch cycles (precession, obliquity, and eccentricity) for the NH extratropics SST (red lines) in
comparison with those extracted from (a) IPWP, (b) ETP, and (c) Equatorial upwelling. Vertical dashed lines identify the
MPT as in Clark et al. (2006).

response of the thermohaline circulation (THC) to orbital forcing and internal climate variability, which requires
further investigation through dynamic modeling.

At both precession (23 kyr) and obliquity (41 kyr) timescales (i.e., MIMFs 5-6; Movies S5 and S6), we observe
that NH extratropical SST variations causally lead SST fluctuations in the IPWP, tropical, and subtropical re-
gions, with time delays between 6 and 13 kyr (Figure 6c¢). These results likely reflect how changes in the dis-
tribution of solar radiation across latitudes affect the intensity and location of heating and cooling within the
atmosphere and oceans (Brierley et al., 2009). We find that the latitudes most affected by these insolation-driven
changes are typically the high and mid-latitudes, with subsequent impacts on ocean heat redistribution. As an
example, during periods of high obliquity, latitudes closer to the poles receive more solar radiation during
summer, leading to enhanced warming and increased melting of polar ice. Conversely, during periods of low
obliquity, the polar regions experience less solar radiation and cooler temperatures. Also, the sign of obliquity-
related insolation forcing flips over at ~40°of latitude, so that pole-to-equator contrasts are affected even more
(see illustration in E. J. Rohling et al. (2012), their Figure 8). The long causality delays and leading role of high-
latitude variations we find on these timescales are, therefore, likely related to the role of the large-scale redis-
tribution of oceanic heat across latitudes in the strength and extent of oceanic circulation patterns, with a focus on
the thermohaline circulation.

At eccentricity timescales (100 kyr, MIMF 7; Movie S7), we observe an opposite behavior (Figure 6d), with
tropical changes leading and causing changes in almost all other regions, with time delays of about 10-13 kyr,
reaching maximum values for causal strength at precession timescales (23 kyr). We propose that this reflects the
role of eccentricity in modulating the amplitude of precession influences (seasonal and hemispheric contrasts).

While these interpretations are consistent with our results and current understanding of large-scale ocean—
atmosphere interactions, we acknowledge that some of the lead-lag relationships—particularly those involving
multi-kyr delays—remain only partially understood. These findings should therefore be viewed as hypotheses
that flag key regions and timescales for future process-based and dynamical investigations. Table 3 summarizes
the inferred lead-lag relationships at different timescales among the presented oceanic regions.
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(A) Source: NH extratropics - Target: IPWP SSTs

High causality

Low causality
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Figure 5. Causality strengths between the NH extratropics and (a) IPWP, (b) ETP, and (c) Equatorial upwelling at different
timescales (y axis) and temporal delays (x axis). Dashed lines refer to the Milankovitch cycles (precession, obliquity, and
eccentricity).
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Figure 6. Conceptual illustration depicting the multi-scale causal relationships between oceanic regions and climate
variables, as described in the text. Arrows denote the direction of causation, with varying time delays observed across
different timescales, reflecting the interconnected dynamics of Earth's climate system. Green areas correspond to regions that
lead causal variations to the others reported in blue. Areas correspond to those described in the text. (a) timescale 7 — 9 kyr;
(b) timescale 7 — 13 kyr; (c) timescale 7 — 23—41 kyr; (d) timescale 7 — 100 kyr.

4. Conclusions and Outlook

We aim to disentangle the complex interplay between orbital forcing, ocean dynamics, and global climate

evolution during the Plio-Pleistocene. We employ the compilation of SST records assembled by Clark

et al. (2024) as a framework for understanding global temperature evolution. We analyze this compilation using

Table 3

Summary of the Inferred Lead-Lag Relationships at Different Timescales

Among the Presented Oceanic Regions

Average timescales (T) (kyr) — 9 kyr
Causal relationship
SH — ETP
SH — Eq upwelling
Average timescales (T) (kyr) — 13 kyr
Causal relationship
Extratropics - NH
Extratropics — SH
Average timescales (T) (kyr) — 23 and 41 kyr
Causal relationship
NH extratropics — IPWP
NH extratropics — tropics
NH extratropics — sub-tropics
Average timescales (T) (kyr) — 100 kyr
Causal relationship

Tropics — other regions

Time delay 7 (kyr)
1-3
1-3

Time delay 7 (kyr)
5-8
5-8

Time delay 7 (kyr)
6-13
6-13
6-13

Time delay 7 (kyr)
10-13

MEMD and LRT, to explore SST variability between different ocean regions
at Milankovitch timescales and unravel cause-and-effect connections.

The causal inference framework adopted here is based on the hypothesis that
the underlying system can be treated as a high-dimensional Markov process.
We remark again that Markovianity is a necessary condition for any causal
inference analysis, such as the Momentary Information Transfer (MIT), TE
and so forth. Requiring the Markov condition is equivalent to suppose that the
set of dynamical variables contains all the relevant information of the system
(i.e., there are no hidden variables). While we acknowledge that no set of
paleoclimate records can offer a complete description of Earth system dy-
namics, we argue that our use of 17 SST time series from geographically
distinct regions provides a sufficiently rich approximation of the system's
state vector to capture its dominant modes of variability. Although some
unobserved confounders may exist, their effect is likely minimized when a
large, well-distributed set of system variables is included. Another caveat of
the LRT method is the assumption that the coupling is linear. We did not use
nonlinear frameworks directly because they require the estimation of high-
dimensional probability distributions and a huge amount of data would be
necessary (that are not available). We verified the robustness of our results by
comparing the LRT-based method with a nonlinear approach based on TE,
both applied to 2 X 2 subsystems (e.g., NH extratropics «> Eq upwelling at the
Milankovitch timescale of 41 kyr). The comparison yielded consistent causal
directions and delays for selected region pairs, confirming the validity of our
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conclusions within current data constraints. The results of this comparison are consistent with the analysis re-
ported by Baldovin et al. (2020), showing that, in the case of nonlinear systems, the LRT method slightly
overestimates the causal strength, although the error is bounded. Nevertheless, we acknowledge that the potential
influence of unobserved variables represents source of uncertainty. Therefore, the inferred relationships should be
interpreted as statistically significant but still subject to further validation, ideally via models or higher-resolution
data sets. Our findings are summarized below.

We identify a ubiquitous long-term cooling trend over the past 4 million years, except in the IPWP region, where
temperatures remained relatively constant. We also identify causal relationships (Figure 6) between oceanic
regions, with extratropical SST variations influencing equatorial upwelling and mid-to-high latitude SST changes
at ~9-13 kyr timescales. Although our study does not aim to directly resolve the lead-lag dynamics or the full
physical processes governing ocean heat balance and circulation changes, our statistical findings are consistent
with several hypothesized mechanisms that may help interpret the observed patterns. These include: (a) Atlantic
Meridional Overturning Circulation (AMOC) variability and its nonlinear responses to external forcing (Jackson
et al., 2015), (b) tropical-extratropical coupling via wave dynamics and atmospheric tele-connections, (c) feed-
backs involving sea ice and deep ocean circulation, and (d) potential nonlinear thresholds or tipping points in
ocean circulation(Lenton et al., 2008). Clarifying these mechanisms is important to avoid misinterpretation of our
statistical results and to provide a plausible physical context for them. Indeed, the observed patterns are coherent
with multi-millennial-scale alterations in insolation distribution, impacting wind intensities and consequently
influencing ocean surface circulation.

Changes in SST at mid-to-high latitudes are indicative of oceanic heat redistribution, which in turn influences
deeper ocean layers through the THC over millennia, with the Atlantic Meridional Overturning Circulation
(AMOC) potentially responding to climate forcing through multiple stable states, hysteresis, and nonlinearities.
Our findings suggest that variations in the global heat balance between low and high latitudes may trigger shifts
between these states, affecting oceanic heat distribution.

At precession and obliquity timescales, we find that NH extratropical SST changes led to fluctuations in tropical
and subtropical SSTs, possibly linked with changing solar radiation distribution in driving ocean and climate
variability, and mediated by planetary waves and atmospheric teleconnections, which modulate ocean heat
convergence and influence global circulation strength (Clark et al., 2024). These findings likely indicate how
alterations in the distribution of solar radiation across different latitudes impact the intensity of heating and
cooling within both the Earth's atmosphere and oceans.

Additionally, the sign of obliquity-related insolation forcing changes around ~40° of latitude, accentuating
equator-to-poles gradients. The long time delays in causality and the prominent influence of variations in high
latitudes over these timescales are likely consequences of how the spatial distribution in surface energy balance
influences the strength and scope of ocean circulation patterns, and in particular the thermohaline circulation.
These long time delays are coherent with feedbacks between sea ice, albedo, and deep ocean circulation, where
high-latitude cooling amplifies ice cover variations, affecting deep-water formation and, consequently, global
deep ocean.

Finally, our results indicate that some modes of SST variability may be linked to nonlinear thresholds in ocean
circulation, consistent with previous studies suggesting that abrupt AMOC slowdowns can occur in response to
freshwater input from glacial melting. Overall, these findings provide new insights into the long-term dynamics of
ocean circulation and its connection to the global deep ocean and low-to-high latitudes heat balance.

Our approach provides first insight into causal relationships and the timescales and likely processes involved in
past SST and climate variations. Further research may refine understanding of the underlying processes, for
example, through application of the same method to long-term model simulations and comparison of the results
with our analysis of real-world observations. Finally, this study also highlights the benefits of combining a
decomposition method (like MEMD) with a complex-system—based one (like LRT) to gain further insights into
the timescale-dependent features of a real-world systems (Alberti, Consolini, et al., 2020; Alberti, Daviaud,
et al., 2023; Alberti, De Michelis, et al., 2023; Alberti et al., 2025; Alberti, Faranda, et al., 2023; Alberti,
Giannattasio, et al., 2020).
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