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Key Points:

* East Asian paleomonsoon proxy data suggest the monsoon system is multistable, with
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* The first-order states define four distinct modes of operation which have generally
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paleoclimatic records so that dynamic changes driven by insolation can be distinguished
from those driven by tectonic activity.
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Abstract

The author presents an iterative approach to describing a data set, such as a paleoclimatic proxy
or a model output, in terms of automata of successively higher order. The automata reflect
dynamics acting on successively longer timescales and larger spatial scales. The method uses the
computed probability density function from reconstructed state space portraits, over successive
overlapping windows in time, of the record of magnetic susceptibility of loess and paleosols at
Luochuan, central China. Areas of consistently high probability across several time windows
represent areas of quasistability, which are used as the predictive and successor states of a
succession of Markov Chains that characterize the variability of the strength of the East Asian
paleomonsoon at different time scales. Seven metastable states are thus identified, forming four
Markov Chains, which show a marked increase in complexity of behavior of the paleomonsoon
system throughout the Quaternary. A higher-order automaton is suggested by the sequence of
Markov Chains, suggesting differing cycles of dynamic behaviour in the Early and Late
Quaternary.

1 Introduction

There are two sources of energy that drive changes at the earth’s surface — heat energy from
nuclear decay within the Earth, and heat energy produced by nuclear fusion within the Sun. The
result at the earth’s surface has been long cycles of tectonic changes and shorter cycles of
climatic changes. The duality of energy sources allows for at least the possibility of hierarchical
organization of geological processes, but reliably inferring such organization from observations
remains a challenge.

There are numerous geological systems which may be investigated for hierarchical behaviour,
but in order to investigate them, we require geological records which are long enough for the
effects of tectonic processes on the system to have been preserved, and of sufficiently high
resolution that climatic effects can be interpreted. Geological records from the East Asian
paleomonsoon demonstrate that this system has persisted since at least the Late Neogene (Sun
and Wang, 2005; Clift et al., 2008) and possibly the Late Eocene (Spicer et al., 2017) making
this a prime target for investigating whether there is a hierarchy of dynamics that can be
extracted. Paleogeography is known to influence the East Asian monsoon (Farnsworth ef al.,
2019) due to the effects of the uplift of the Himalayan plateau on the hydrological system. The
distribution of continental masses affects currents, especially poleward deflection of equatorial
waters. Tectonics also exercises a large control on geochemical cycling across long timescales
(Kleidon, 2012); the supercontinent cycle; the formation of continental crust (generally
increasing through time); and CO, fluxes associated with uplift and weathering of mountain
ranges (Menzies et al., 2018). Tectonics (particularly the supercontinent cycle) are on the highest
level of the hierarchy, and are generally considered to set boundary conditions for most other
earth processes.

Hierarchical organization is common in complex systems, including: biological systems
(Alcocer-Cuaron et al., 2014); control over macroevolution (Okasha, 2012); and social systems
and networks (Guimera, et al., 2003; Mihm et al., 2010). Pattee (1972) observed that as a system
develops more elaborate hierarchies, its behavior becomes simple (i.e., emergence of global scale
structure becomes more likely) as lower level entities become increasingly constrained in their
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behavior, which tends to be far from equilibrium—an idea developed more thoroughly by
Okasha (2012). Deep hierarchical structure, which indicates elaborate organization, leads to
complex systems (e.g., Liu et al., 2014). This global behavior can be very complicated, and
complex behaviour in a system may well be one of the fingerprints of hierarchical organization
(Caraiani, 2013). Consequently, climatic effects which might otherwise be expected to disappear
into chaos on larger scales instead develops highly ordered structure on a global spatial scale and
on a timescale of tens to hundreds of thousands of years (Gipp, 2001). Such order is an
“emergent property” of the system, and there is increasingly an understanding that emergence is
tied to the hierarchical organization of networks of processes (Okasha, 2012; Kleidon, 2012).
Emergent properties include multistability, which describes the coexistence of multiple stable
states (also “equlibria” or “attractors”) within a system with a given set of forcings and boundary
conditions (Feudel, 2008; Feudel et al., 2018); or as reorganizations of the system on a global
scale, previously described as “innovation” (Crutchfield, 1994) or “irreversible change” (Nicolis,
1987).

Multistable phenomena are known to include biological and ecological systems (May, 1977);
climate systems (Lucarini and Bodai, 2016); ice sheets (Robinson et al., 2012); neurological
systems (Kelso, 2012); chemical oscillators (Crowley and Epstein, 1989); among many other
types of natural and experimental systems (Feudel, et. al., 2018).

Examples of “innovation” in earth history may include the proposed change(s) in character of
plate tectonics during the Archaean; Neoproterozoic glaciations; mantle superplume events; and
magnetic pole reversals. Recognizing innovation in Earth systems on the basis of geological time
series is difficult due to our natural tendency to interpret new observations in terms of our current
understanding (Crutchfield, 1994). Computational statistics can be used to provide insight by
characterizing the complexity of Earth system behaviour in a manner that allows its hierarchical
structure to be extracted. Innovation may then be reframed as reorganizations on different levels
in the hierarchy of earth systems.

In this paper, the author extracts hierarchical information from the record of magnetic
susceptibility of loess and paleosols at Luochuan, central China (Kukla et al., 1990), which
covers the most significant portion of the Quaternary. The record, which displays multistability
(Gipp, 2001), is first simplified by an approach which reduces the record to a series of Markov
Chains, which are processed by statistical computational methods to extract hierarchical
structure.

2 Methods

The method uses a technique introduced by Gipp (2001) involving reconstructing phase space
portraits in two dimensions; contouring their probability density over successive windows in
time to identify regions of phase space representing relatively stable behavior. These episodes of
stable behavior are referred to hereafter as “first-order states”. Changes from one first-order state
to another constitutes a bifurcation. Merrill (2010) proposed to use Markov Chains to describe
observed bifurcations in a complex system — in the form of observational representations of
transitional changes from one area of stability to another. Each possible transition is assigned a
probability based on observed transitions. In this paper the probability of a transition is expressed
as probability per unit of time (ky™).

The sequence of first-order states defines an automaton (called a “second-order state” hereafter),
which is a symbolic representation of the complexity of the system. The series of second-ordered
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states can be described by another Markov Chain (a third-order state), which itself would be a
single predictive or successor state to an automaton of yet higher dimension. Such analyses can
be carried out in principle without limit to the level of complexity, but the limitations of the data
do not allow the third- or higher-order states to be defined with confidence.

2.1 Flows and Phase space portraits

Reconstructed phase space portraits have been used to study the dynamics of complex time series
for forty years (Packard et al., 1980; Abarbanel, 1996), including natural phenomena (Abarbanel
and Lall, 1996; Gipp, 2001; Ghil et al., 2002). Such systems, were our knowledge about them
perfect, would be described by a space of vectors defined by a minimum number of independent
variables (figure 1). The vectors would allow us to determine how the system (represented at one
moment of time by a single point in the space of vectors) will evolve through time. But our
knowledge is imperfect, and we are unable to determine the true space of vectors. The
reconstructed phase space portrait allows us to infer a space of vectors which is topologically
equivalent to the ideal space (Han et al., 2019). Thus, the number of attractors will be the same,
and there will be a one-to-one correspondence between the attractors or zones of attraction in our
reconstructed state space and the ideal state space of the true vector space.
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For continuous systems of differential equations, each state flows deterministically to a uniquely
defined sequence of successor states, implying that two states which lie on different trajectories
will remain so—hence, no line crossings occur (Hirsch and Smale, 1974). In purely chaotic
systems, the future orbits of two arbitrarily close states will diverge at an exponential rate. In
some systems, however, two states on different trajectories may evolve toward successor states
which are arbitrarily close to one another. They may converge toward a single state which does
not change in time. This unchanging state is called an attractor, and the behavior is described as
asymptotic stability (figure 2a). Alternatively, they may not converge onto a particular point, but
the successor states from any state within a small region of phase space may stay within a limited
region of phase space. Such behavior is described as Lyapunov stability (Lyapunov, 1966). Other
possible behaviors include “strange attractors” (figure 2b), and limit or “ghost” cycles (Ghil et
al., 2002). Complex attractors are fractal in nature, and exhibit particular properties which make
prediction of such a system very difficult. These dynamics are only apparent in the reconstructed
phase space—they cannot be perceived in the one-dimensional plot of the time series.
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Some dissipative systems with unstable dynamics generate multi-stable behavior (Anzo-
Hernéndez et al., 2018), which there are different end states that are dependent on the initial
conditions. There may be a number of disjoint Lyapunov-stable areas (LSA), each separated in
phase space by a separatrix (Kauffman, 1993). At any given time, the state of the system
occupies only one such LSA, so that their number therefore constitutes the total number of
alternative long-term behaviors, or equilibrium states, of the system (Figure 2a). Since an LSA is
likely to be smaller than the total allowable range of states, the system tends to become boxed
into an LSA unless it is subjected to external forcing. When the state approaches a separatrix,
small perturbations can trigger a change to a nearby state, which can result in chaotic changes in
the evolution of the system (Feudel, 2008). Thus very complex behavior can arise in multistable
systems.
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Gipp (2001) used the probability density function (PDF) in the reconstructed phase space to
identify LSAs in phase space. The probability density is computed from the amount of time the
trajectory of the system lies within equally spaced overlapping bins divided by the length of the
window, and the contours were drawn at 4.5 ky intervals (probability density 0.03). Areas of
high probability density correspond to the central regions of basins of attraction. Regions of high
probability density may result from multiple visits to the same region of phase space, or by a
drop the rate of evolution of the system (i.e., several consecutive states occupy the same general
region of phase space). The relationship between the trajectory of the system through phase
space and the interpreted LSAs from a PDF appear in figure 3.
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2.2 Markov Chain Construction

The system’s behavior can be characterized by the type, order, and number of attractors (or areas
of stability) that are traced out as the system evolves through time. Areas of attraction are
commonly described as ‘states’ (e.g., ‘glacial state’ in Paillard, 2001) which can lead to
confusion with the application of the same term in ergodic theory, in which ‘state’ represents an
instantaneous position of the system in phase space (i.e., a single observation). In order to reduce
confusion, the author proposes the instantaneous position of the system be called a ‘zero-order
state’ and each LSA will represent a ‘first-order state’. Seven LSAs are observed, and they are
designated M1 to M7.

The sequence of LSAs can be analyzed in a manner similar to a Markov process. The author
wishes to note that the goal of this procedure is descriptive, even though the Markov Chain is
used to describe purely stochastic processes dependent only on present conditions despite the
author’s work on long memory and the geological system displays long memory (Gipp, 2001).
The method is used to characterize the time-evolution of the system as a sequence of transitions
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from one predictive state to another, and the probability of transition from one first-order state to
another. The definition of predictive states effects the transformation of the original numerical
data into a series of symbols which permits the usage of symbolic dynamics (Streliof et al.,
2007).

Thus a sequence of LSAs may appear as a character string (e.g., MIM4M2M1M3M4MS5. . ).
Higher order structure is obtained by representing this string by a Markov Chain, noting that in
the above string, that M1 may be followed by M4 or M3, apparently with an even chance of
either occurring; M2 is only followed by M1, M3 is only followed by M4, and M4 may be
followed by M5 or M2. In the study below, probabilities of transitions are calculated from the
number of a particular transition (e.g., M1 to M3) divided by the total length of time that the
predictive state is active. The character strings in the study are much longer than in the example
above.

Second order states are identified by changes in the sequencing of the character strings. For
instance, there are intervals as follows: MIM3M1M3MI1M3 preceded and followed by
sequences that contain four or five different LSAs. Thus different intervals of the record may be
represented by different Markov Chains, implying a significant change in the operating dynamics
of the East Asian Monsoon. The author notes that this step is interpretive, and different authors
may interpret the same record differently.

Higher-order automata are generated by treating each of the generated Markov Chains as a
predictive or successor state. Thus a new character string (e.g., ulu4u3ulu?2 .. .) may be
characterized by one or more Markov Chains, each of which would be a third-order state, and
would represent higher order structure of the dynamics of the monsoon system. The process can
be repeated until only one Markov Chain remains.

3 Results

3.1 First-order states

The method of Gipp (2001) was used to create PDFs of reconstructed two-dimensional phase
space portraits of both records. Seven regions of high probability density are observed,
representing relatively stable monsoonal “states” that recur episodically throughout the
Quaternary (figure 4). The number of probability density peaks that appear in any single 150-ky
window over that period varies from one to five. They can be named (M1 to M7) and
characterized by their location in phase space. Each region defines a first-order state, which
reflects relatively stable strengths for the Himalayan monsoon on a millennial timescale.

M1 appears in the early Quaternary during the 2021-1871 ka frame, and appears intermittently
until it disappears during the 1541-1271 ka frame. It appears again near during the 1391-1121 ka
frame and remains until the 791-521 ka frame. M2 is the most significant probability peak in the
early Quaternary (figure 4). M3 is appears in the early Quaternary until the 1751-1481 ka frame,
and is not observed again until the 971-701 ka frame. M3 remains present until the 581-311 ka
frame, after which it disappears. M4 appears in a few frames in the early Quaternary, around
1700 ka, and again after about 800 ka. The paleomonsoon phase space portrait expands through
phase space after about 1200 ka frame, whereupon the probability peak at M5 first appears. The
peak reappears late in the record after the mid-Pleistocene transition (MPT), from the 551-281 ka
frame until the penultimate frame. After the MPT the phase space portrait expands to cover a
much larger area of phase space. Peak M6 appears during the 641-371 ka frame and lasts until
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the end of the record. M7 results from a single orbit during the great excursion through phase
space after the MPT (figure 4). It first appears in the 641-491 ka frame. The system only
occupies M7 from 521-491 ka.
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There appears to be some connection between transition in the first-order states in the East Asian
Monsoon and global terminations. Major glacial terminations (T2-T7 on figure 5) occur during
transitions, normally from M1 to M6 in ul, and from M1 to M4 in u2, suggesting that the
transitions between first-order states represent global-scale shifts in dynamics, possibly driven by
changes in northern hemisphere insolation.

3.2 Second-order states

The LSAs M1 to M7 are used as predictive and successor states in constructing a series of
Markov Chains (figure 5). Four distinct Markov Chains (ul to u4 in figure 5) have been defined
from the sequence of first order states observed in the paleomonsoon record, and probabilities of
transitions are calculated from the number of a particular transition (e.g., M1 to M2) divided by
the total length of time that the predictive state is active. The change from one mode of behavior
to another is proposed to represent a global bifurcation in the paleomonsoon system. Generally
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Second-order states
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speaking, there is an increase in complexity of behavior through the past 2.2 My, where
multistability first exists between states M1, M2, M3, and M4, and as the system evolves through
u4 to u2 and ul, the complexity of the system increases until at least six states are required to
describe it (M3 in ul possibly being part of a last transition to u3). Intermittent episodes of
simple oscillation between M1 and M3 punctuate this increasing complexity.

The author has not devised a completely objective method for choosing the exact boundary
between, for instance, ul and u2. In particular, in ul, there are a few transitions between M1 and
M3, all of which represent the last few transitions inferred from the proxy record. Since u3
consists only of transitions between M1 and M3, it is possible that the proxy record may actually
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indicate a transition from wl to u3 at about 35 ka, but the author would be more comfortable
waiting another 20 ky to make a definite determination.

The sequence of second-order states can be characterized by one (or possibly more) Markov
chains, which may be inferred as third-order state(s). The author has not inferred the presence of
more than one such state from the limited data available, but acknowledges that in a sufficiently
long record, additional third-order states could be definable. If such do exist, their sequences
could define higher-order states as well.

3.3 Third-order state

The sequence of second-order states (u4u3udu3du2ulu3 from figure 5) can be characterized by
one (or possibly more) Markov chains, which may be inferred as third-order state(s). The author
has not inferred the presence of more than one such state from the limited data available, but
acknowledges that in a sufficiently long record, additional third-order states could be definable.
If such do exist, their sequences could define higher-order states as well. The Markov Chain
from the string of second order states has been named |} 1 (figure 6; where [l]- pronounced
‘shan’- is the Chinese symbol for mountain) because the timescale covered is long enough that
tectonic effects have a significant chance to be the driving mechanism of the change in dynamic
state. The interpretation of the transition from ul to u3 is tentative, but if confirmed, then this
state is apparently characterized by two distinct cycles—one in the Early Quaternary (u4 to u3)
and one lasting from the MPT to the present (u3-u2-ul-u3).

Third-order state

w2 | ——

4 Conclusions

The behavior of the climate system over the past two million years, as inferred from proxies for
Himalayan monsoon strength, shows the characteristics of multistability. Seven observed first-
order states, representing metastable states exhibit changes in sequencing suggesting ordering at
a higher level. Four Markov Chains are defined, describing second order states, which could be
interpreted as representing reorganizations of the climate system on a global scale. These four
modes of operation partially define a higher-order state (third-order), but the record is not long
enough for the third-order state to be confidently defined. Records of sufficient length may allow
even higher-order states to be defined.
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Figure 1. Reconstructing phase space from data sets. a) Phase space created in three dimensions
from three data sets (w, @, I'). b) The time delay method of Packard et al. (1980) is used to
convert the time series ®(t) at left into a two-dimensional phase space (right).

Figure 2. Possible behaviours in reconstructed phase space portraits. a) Sequence of disjoint
regions of stability of different types, including limit cycle, Lyapunov stability, and asymptotic
stability (point attractors). b) Chaotic “strange attractor” (after Lorenz, 1963).

Figure 3. Trajectory of the reconstructed phase space of the East Asian monsoon showing the
relationship between LSAs identified from probability density. Stability is represented by the
trajectory remaining in relatively small regions of phase space for extended periods of time.
Filled circles represent 10 ky intervals. Note the contrast between the distance travelled in one 10
ky interval during times of stability vs. during times of transition.

Figure 4. Probability density plots of the reconstructed state space of the Himalayan
paleomonsoon over five selected timeframes. In the early Quaternary (lower three frames) there
were three stable monsoonal strengths (first-order states): M1, which is comparable to the
Himalayan monsoonal strength during the last glacial maximum, M2, and M3. The Mid-
Pleistocene transition (lower left and above) there is a rapid expansion of the function into
previously inaccessible areas of phase space.

Figure 5. Second-order states for the Himalayan paleomonsoon strength proxy. T7, T6, efc.,
represent Late Quaternary glacial terminations. Red ellipse covers the last few transitions and
may signify a return to state u3. Further explanation in text.

Figure 6. Construction of proposed third-order state for the Himalayan paleomonsoon, using the
Chinese character for “mountain” (pronounced ‘shan’). The third-order state cannot be
completely defined by the data at hand—a longer record is required. There are not enough
observed transitions between second-order states to be confident in estimated probabilities. Also,
there is not enough certainty from the most recent part of the record to establish whether the
system has recently made the transition to u3, or whether the recent behaviour is a part of ul.
The overall structure is suggestive of two types of cyclic behaviors — the first between u4 and u3
in the Early Quaternary, the second a cycle through u2 and ul from the mid-to-late Quaternary.
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