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Abstract

Recent studies showed that seemingly random Slow Slip Events (SSEs) can display
chaotic patterns within the largest source of seismic hazards in New Zealand, the Hikurangi
subduction zone. Some irregular SSE occurrences are therefore not arbitrary but behave
with short-term predictability. However, the forecasting challenge persists as observations
remain too short and noisy to constrain purely data-driven solutions, calling for a physics-
based modelling approach. Here we propose a physical model of two coupled oscillators,
each capturing the behaviour of a single slow-slip patch, for the deep Kaimanawa and the
shallow East Coast SSEs respectively. The simplified model successfully reproduces the
type of chaotic behaviour observed at the Global Navigational Satellite System station in
Gisborne, yielding SSEs of appropriately varying amplitude and duration. Those results
reveal that the multi-physics response of the shear zone strongly controls the underlying
system, even before accounting for any geometrical complexity or distribution of material
properties.
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1 Introduction

In subduction environments, frequently occurring Slow Slip Events (SSEs) significantly con-
tribute to the overall deformation; they release large amounts of strain [16] and may even
trigger large magnitude, destructive earthquakes [15, 32, 36, 47]. SSEs have been identi-
fied worldwide [59] through Global Navigation Satellite System (GNSS) monitoring [26] and
their episodic behaviour seems universal. While some SSE systems reveal striking periodic
recurrence intervals, e.g. in Cascadia [46], SSEs in New Zealand’s Hikurangi subduction zone
display much more irregular duration and recurrence times [56]. Interestingly, it was recently
shown that SSEs can behave in a deterministic manner, not only in simpler geometrical en-
vironments like Cascadia [23] but also in New Zealand [52]. Those SSEs are therefore not
random but chaotic, which means that both occurrence and magnitude could be described by a
mathematical system of equations and that some short-term SSE predictability is theoretically
possible. However, reliable forecasts are not yet available as monitoring observations have not
been operating for long enough and remain too noisy for purely data-driven approaches [52].

Some physical understanding of shear zones is required, in general and in subduction
environments specifically, to enhance the interpretation of observations. Fortunately, such
knowledge progresses fast through theoretical [2, 45, 50|, experimental [11, 25, 35], observa-
tional [13, 58], or numerical [43, 54] studies. However, no comprehensive model has yet been
proposed to explain cases as complex as New Zealand and the challenge remains open to
suggest an underlying system of equations controlling that system. Here, we present a first
feasibility study.

2 Materials and Methods

2.1 The Oscillator Model

One multi-physics oscillator model [2] has shown its ability to explain single shear zone sce-
narios and link temporal evolution of subduction zones [54] with their corresponding spatial
signature [40]. The system considers a fully saturated shear zone subject to shear heating and
fluid release by chemical decomposition, with a rate- and temperature-dependent frictional
behaviour in a low-permeability environment [51]. The shear zone, only meters thick [39, 40]
but extending over kilometres, can be modelled in one dimension (1D) across its thickness
as a function of temperature (7") and excess pore pressure (AP). While higher-dimensional
models may offer additional insights into geometrical complexities [34], the 1D framework
presents a powerful approach to identify and understand the core mechanisms driving local-
isation and episodic slip. In particular, the strong focus on the physics of processes makes
it particularly suitable for testable predictions or falsifiable hypotheses. Shear heating from
the creeping fault can eventually trigger reversible endothermic chemical reactions releasing
fluid, capping the typical thermal runaway process [44], and whose extent can be tracked by
the corresponding partial solid ratio (s). The resulting system of equations also includes the
effects of the resulting pore pressurisation, porosity (¢) variation, and can be expressed as the
evolution of two normalised state variables [54], the temperature (7') and excess pore pressure
(AP), as functions of time (¢) and space (z):

ArdT
thP — % [LieaﬁAzP] + (1 _ (Zs)(l _ S)ureH-éT
ArsT (1)

aAr
9 = 2%+ [Gr((1 = AP) e T — (1= 9)(1 = s)] eTFT
where n denotes the rate sensitivity of friction and the subscript “4” the positive part of
a term, to account for hydrofracturing cases. All dimensionless groups are defined in [2],
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including two most important ones in this study, the Gruntfest (Gr) and Lewis (Le) numbers,
as well as the three others (u,, Ar, and 0, not discussed here). The Gruntfest number [21],
G'r, represents the ratio of mechanical work over the enthalpy of the chemical reaction, and
the modified Lewis number, Le, is inversely proportional to permeability. The reduction of a
complex system behaviour to the (spatial and temporal) evolution of temperature and fluid
pressure highlights the importance of two of the main mechanisms involved: temperature
increase by shear heating — which strongly affects the chemistry — and (low) permeability —
which allows large fluid pressure build-ups that lubricate the fault core.

The model is one-dimensional across the shear zone given its finite thickness of a few
meters [39], compared to the extension of the subduction zone in kilometres along its dip and
hundreds of kilometres laterally. The values of all parameters determine the location (depth)
of the oscillator.

From the resulting oscillator behaviour, we can retrieve the strain rate profile

—(1—a)Ar

= ((1- AP)yre” 1t (2)

which can be integrated in space across the shear zone to obtain the velocity, and then
integrated in time to get the displacement.

The system of Equations 1 is expressed in dimensionless form to highlight its controlling
parameters. There exist various stability regimes [2] and for specific parameters the transient
system exhibits a limit cycle leading to slip events lasting a few days — slow slip corresponding
to observed seismic tremors — and occurring periodically every few months (Figure 1).
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Figure 1: Response of a single multi-physics serpentinite oscillator modelling a one-
dimensional (1D) chemical shear zone through a few stick-slip cycles. The model is based
on two primary dimensionless variables: the temperature (7") and excess pore pressure (AP),
following the system of Equations 1, with parameter values from Table 1 (Appendix A).
Time evolution at the centre of the shear zone of (a) the normalised excess pore pressure
APy entre, with values between 0 and 1 indicating hydrostatic to lithostatic variations, and (b)
the normalised temperature Tientre, with corresponding values ranging from 230°C to 453°C.
(c) Plotting A Peentre versus Teentre shows the periodic limit cycle of the oscillator. (d) Profile
evolution of strain rate é, using Equation 2, showing strong localisation at the shear zone
centre. Slip events occur every 14 months and last for a few days.
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During each slip event, the temperature and fluid pressure increase dramatically at the
centre of the shear zone (Figure 1a), highlighting the predominant roles of those properties
on the response of the system. Such a single oscillator is applicable to scenarios with enough
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geometrical simplicity for the 1D assumption to hold, like the Cascadia subduction zone [2],
and can explain observed periodically recurring SSEs, called Episodic Tremor and Slip (ETS)
events, occurring in a specific depth range [46]. The multi-physics (thermo-hydro-mechanical-
chemical) nature of the system encompasses various behaviours including thermal dehydration
[50], weakening [45], pressurisation of pore fluid [37], and healing [49]. The resulting oscil-
latory regime is confined to specific parameter ranges of the dimensionless parameters [3].
While previous analyses have mostly focused on the low permeability threshold below which
oscillations occur [39], numerical analyses for specific parameter sets can establish quantita-
tive bounds (e.g., Figure 5, Appendix A). The definition of these parameters offers a direct
connection to physical properties, thereby enabling the prediction of specific depth ranges
where SSEs can occur as a testable aspect of the model. This is one major advantage of using
a physical model which enhances rate and state models [22], whose predictability cannot reach
as far since their coefficients must be input by modellers.

2.2 New Zealand: Two Coupled Oscillators

In New Zealand, SSE patterns are much more complex and not as periodic as in Cascadia
[56], likely related to the more heterogeneous structure of the Hikurangi subduction zone.
Yet, these SSEs also exhibit characteristics of a chaotic system, raising hope for short-term
predictability [52]. However, forecasts with purely data-driven methods require clean signals
and long measurement periods, which are not available yet; this is where physics can help.

The curved geometry of the Hikurangi Trough off New Zealand marks the Southern end
of the Kermadec and Tonga plates, which extend rather linearly over more than 2,000km
northward (Figure 2b). Hence, we assume a 1D shear zone configuration away from the
Southern end and focus on the northern-most SSEs in New Zealand, the Deep Kaimanawa
SSEs and East Coast SSEs (Figure 2a) but ignore the Kapiti SSEs further South, since the
1D-assumption does not hold in the southern part of the Hikurangi subduction zone anymore
due to its bending, adding further complexity [34]. SSEs might occur along the whole Ker-
madec and Tonga plate boundaries but cannot be detected since no offshore GNSS data is
available. Based on cumulative slip observations [56], we consider a conceptual cross-section
around Gisborne (Figure 2c¢) and interpret the presence of SSEs in two localised patches at
different depth levels as two separate oscillator cells. For this conceptual analysis, we omit the
question of rock composition in each patch and use a previously published oscillator based on
carbonates for both oscillators [40] (Table 1, Appendix B). This choice leverages the flexibility
of the dimensionless framework, which allows calibration for different geological settings. We
do acknowledge the well-established lithologies, such as the smectite clay-rich volcaniclastic
material in the shallow SSE region of northern Hikurangi, supported by IODP drilling [5, 49]
and seismic imaging [19]. However, the self-similar nature of the mathematical system, char-
acterised by an internal dimensionality of approximately 2.5 [54], permits adaptation to other
compositions by tuning the Gruntfest and Lewis numbers for the same results. Therefore,
the specific material used in this proof-of-concept study is not critical to the generality of
the results. Similarly, the choice of a single material for the two distinct oscillators hides the
specific signature of each behind the self-similarity of the mathematical system. Indeed, the
Kaimanawa SSEs are much smaller and display less frequent large events than the East Coast
SSEs [1]. This proof of concept uses different Gr and Le values to account for the differences
in frequency and magnitude between the two oscillators [3] and does not include the difficult
step of calibrating all parameters.

The physical focus of the model (Sec. 2.1) makes it particularly suitable to highlight
its driving factors and allows for testable predictions, which we hope to see validated by
laboratory experiments in the future. One notable limitation of this one-dimensional model,
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however, is its restriction to perfectly periodic signals and subsequent inability to account
for more complex geometrical complexity and less regular time evolution. This contribution
addresses this specific limitation by coupling two oscillators to capture some geometrical
interactions and explain the non-regular observations in time.
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Figure 2: Selected Slow Slip Events in New Zealand’s North Island. (a) Map showing cu-
mulative slip contours (2002-2014) from the Deep Kaimanawa and East Coast SSEs as well
as plate boundaries (black dashes), Hikurangi Trough (yellow dashes), subduction interface
depths [56], and location of the Gisborne station (GISB, blue marker). (b) Larger scale view
of the Kermadec (KE), Australian (AU), Pacific (PA) and Tonga (TO) plates, with plate
boundaries (white dashes) and Hikurangi Trough (yellow dashes); The elongated profile of
the Kermadec plate justifies ignoring geometry, at first order, on any subduction profile not
too close to the plate’s lower edge. c¢) Schematic vertical cross-section across the deep and
shallow SSEs. Each slip patch is modelled by an oscillator.

The two oscillators correspond to slip patches at different depths for the same subduction
zone and are geomechanically linked. Their exact interaction remains an open problem [57]
but interactions between the deep and shallow part of a slab have been observed in subduction
environments [18], with synchronisation between shallow and deep seismic activities [8, 28]
pointing to the role of rigidity [48] among others. Here, we aim to demonstrate the potential of
a physical approach to capture complex SSE patterns and model this SSE system by coupling
the two oscillators, postulating that it is that coupling which controls its chaotic response
[55]. Any slip event from one oscillator affects the other, mainly through the force chain
along the connecting subduction zone. As the driving system arguably stems from greater
depth and effects propagate upwards [39], we herein consider a one-way coupling only, where
the slip events of the deep oscillator trigger excess forces on the shallower one, which can
be simulated in a conceptual manner through the evolution of its Gruntfest number. This
idealised coupling aims at identifying the responsible driving factor while avoiding the complex
physical and geometrical considerations of the real configuration.

In that respect, we expect the two oscillators to communicate through the multiphysical



T. Poulet et al. ARC Geophysical Research (2026) 2, 1

response of the connecting domain. This domain is, in principle, experiencing mechanical
(velocity and displacement), thermal, and pore pressure gradients. In the present approach,
all these fields are coupled (see Equation 2), thereby suggesting that linking the two oscillators
could be performed directly through their boundary conditions, and in particular through the
temperature field since excess pore pressure is equal to zero everywhere except inside the
shear zones. As such, the simplest approach consists of coupling the two oscillators with a
thermoelastic spring, assuming the two slip patches are connected in series and share the
same stress o = E(e + aAT) through a thermoelastic connecting domain, where « denotes a
thermal expansion coefficient and £ an elastic modulus. The stress o can then be calculated
as 0 = (Ey + E2)e + (E1a1 ATy + EaasATs). This, in turn, means that stress perturbations
under fixed displacement (constant strain) are driven by thermal stresses alone, which is a
constraint of the current approach and should be generalised in the future. In the example of
two Coulomb-type faults with friction coefficient u, connected in series through a thermoelastic
half-space under fixed displacement, the applied shear stress change would then be Ar =
T—T0= MAO’ = ,U,(EloélATl + EQO&QATQ).

Based on these considerations, we take a proxy for the force transfer between connected
oscillators through the evolution of the Gruntfest number [55], Gr. Since the strain rate is
strongly temperature-controlled, we update Gr for one oscillator linearly with the temperature
derivative of the other, as a proxy for slip events. Setting an activation value 071},;, and a

maximum bound §7T},,, for % , we compute the proportionality coefficient as
centre
0Ty
ﬂl = < Ot |eentre - 5CTmfm) /(5Tmax - 5Tmzn) (3)

where 6T}, and 07T,,4, can be precomputed since the first (external/deep) oscillator is un-
perturbed (one-way coupling). The Gr parameter for the second (internal/shallow) oscillator

can be expressed as
G?“Q = GT‘QO + BlAGT (4)

where AGr is taken as a constant parameter, whose value is investigated in the study based
on the resulting patterns obtained.

This approach allows to retrieve a variety of responses [27], including quasiperiodic dynam-
ics when oscillators do not lock, entrainment with new period for small coupling strengths,
period-doubling dynamics, and chaotic dynamics (Figure 3a). The high sensitivity of the
parameters (e.g., Figure 3b) places the full picture of the various regimes beyond the scope
of this study. We consider the displacement of the shallow oscillator as proxy observation to
compare against GNSS data from the Gisborne station [20], which records the shallow East
Coast SSEs exceptionally well (Figure 4a).

3 Results - Chaotic Displacement Patterns

The results show that we can recover a chaotic response of the system (Figure 3b), leading
qualitatively to the displacement patterns observed, with instant slip events of various am-
plitudes and durations. By definition of a chaotic system, its response is fairly sensitive to
input parameters and more periodic regimes can also be retrieved (Figure 3) as expected [27].
With the proof of concept established, we further investigate the parameter space. From a
manual analysis, we show that other parameters allow to reproduce displacement results that
are qualitatively close to real observations, with series of small temperature jumps interrupted
by larger and longer jumps (Figure 4b). The comparison of the simulation results with obser-
vations remains conceptual, since the prototype nature of the one-way coupling used would
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Figure 3: Possible responses of one-way coupling for two oscillators. (a) Schematic diagram
illustrating the variety of responses possible [27], including quasi-periodicity when oscillators
do not lock (outside coloured areas), entrainment regions (“Ent.”), known as Arnold tongues
[4], with new periods for small coupling strength, multi-stability, period-doubling, or chaotic
dynamics for specific values of parameters. (b) Real example responses for our coupled oscil-
lators, showing the sensitivity of the coupling strength and small parameter ranges leading to
chaotic responses of fault slip at the shallow oscillator, with AGr defined in Equation 4. Red
dashed windows indicate periodic patterns.

not warrant the considerable time required to calibrate such a complex and sensitive model.
As such, only the temperature evolution is displayed (Figure 4b), to emphasise its role as
the driving parameter responsible for the slip patterns, which would require extra parameter
tuning to directly match observations.

4 Discussion

It is particularly exciting to use a physical system based on oscillators designed for single
slip patches and retrieve signals that bear the characteristics of GNSS observations in more
complex geometrical settings. Our approach ensures interpretability by using the minimum
amount of complexity to obtain a chaotic response, with a one-way coupling between simplified
one-dimensional oscillators which can only reproduce episodic events as perfectly periodic.
We therefore argue that the oscillator model can not only explain the complex mechanisms
at play, but also provide a potential tool to forecast irregular SSEs in New Zealand. Indeed,
if the physical parameters can be calibrated to match observations, which falls beyond the
scope of this study, then the phase space analysis [52] can be performed on the corresponding
clean signal from the physical system, even with a two-way coupling, that could lead to the
maximum theoretical predictions.

Despite the missing calibration step, we rebuild a multi-dimensional phase space of the
results [12], which describes all possible states of the dynamical system, as was done from
the GNSS data [52]. The resulting structure observed in phase space (Figure 4d) matches
qualitatively that from GNSS observations (Figure 4c¢) and reveals the underlying attractor for
those trajectories (Abarbanel, 1996). The critical difference is that we now have a description
of the physical system involved. In particular, the presence of numerous cycles of smallest
amplitude — corresponding to the inter-SSE signal [52] — indicate that there might be a stronger
signal component than previously thought in those parts of the data usually thought of as
noise, as previously proposed [17, 30, 31, 52]. This testable prediction also increases optimism
for purely data-driven analyses and we are looking forward to learning, in time, whether it
holds true or not as the quality of measurements and post-processing techniques increase the
signal to noise ratios of observations.



T. Poulet et al. ARC Geophysical Research (2026) 2, 1

Observations Simulation results
a) 20 Displacement data —— Filtered b) 500 4
10 A
= 400 A
E o >
= e
3 3 300
A -10 1 i ©
[
‘ £ 200
-20 r 300 ’g @
E
L2008 £ 100
Q
E ©
F100 2 04
8
FO [
= —100 1
2005 2010 2015 2020 10 15 20 25 30 35 40
Time (year) Time (-)
c) 0.08 P L Y
2P R 2023
p Yoy +
0.069 "4 e,
0.041 *
; Time Time
0021 N vr)
0.00 A 2y <
N 5’ 2020 T T T
-0.02 0.00 0.02

~0.050-0.025 0.000 0.025 0.050 SV 2
Sv2

Figure 4: Qualitative comparison of observations from the GISB station (left) and the results
of two coupled oscillators (right). (a) GNSS data from the GISB station, including daily
positions (red dots), smoothed displacement (black) using low-pass Finite Impulse Response
(FIR) filtering [52] (Appendix C) and corresponding slip velocity (blue). (b) Chaotic model
results of dimensionless temperature evolution at the centre of the shear zone. (c) Phase
space representation of the first two singular vectors (SV) derived by singular system analysis
of GISB observations. Trajectories follow large cycles during SSEs and remain close to the
origin in between (inter-SSE), whether as signal noise or small amplitude slip events. (d) Phase
space representation of chaotic model results, displaying similar characteristics as for GISB
observations. Here, the small inter-SSE cycles are not noise, given the noise-free simulation
results.

In our case, the smallest jumps (Figure 4b) remain quasi-periodic because of the one-way
coupling. Their occurrence could be perturbed by introducing the reciprocal coupling of the
shallow oscillator impacting the deep one. This added complexity should be considered for
realistic calibration attempts but goes beyond the scope of this study.

This study suggests the feasibility of using coupled slip oscillators to model New Zealand
SSE characteristics, with potential applications to other SSEs globally, if several slip patches
have been identified and a chaotic signal suspected. Amongst a growing trend of data-driven
methods being deployed to analyse complex SSE observations [14, 23, 24, 29, 52|, the comple-
mentarity of physics-based approaches remains key to identify controlling factors and explain
the processes involved. The proposed oscillator model [54] can describe episodic SSEs, their
timing (Figure 1d), duration (Figure le), spatial signature [40] and the underlying reason for
the number and location of slip patches observed (Figure 2). Interestingly, it can also apply
to one-off earthquakes [54] in similar environments, for which refined data processing reveals
precursors with the same exponential build-up [7, 32]. With the oscillator model having pre-
viously shown its ability to capture and explain the behaviour of SSEs for a single slip patch,
and the shallow New Zealand SSEs having been identified as the interaction between two
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oscillators [Figure 7 of 39], this study proposes a model to capture that interaction, without
introducing any geometrical complexity. The fact that an approximate one-way coupling of
two oscillators can explain the chaotic behaviour and qualitatively match observations re-
inforces our suggestion that the physics of the shear zone really is the main control of the
overall system behaviour, despite all the complexity not currently accounted for and which
clearly plays a role, including 3D geometry and rheological heterogeneities of the subduction
interface [38, 59]. This analysis helps balance the potentially excessive importance granted to
geometrical factors [34].

This study highlights the effectiveness of simplified modelling, which should not suffer
from our ability to simulate more realistic 3D problems. The homogenisation of an entire
slip patch with a single oscillator aims at capturing the essence of the overall system instead
of every aspect. The suggested prototype can and should eventually be extended with extra
features for better applicability, including the continuous behaviour along the shear zone, 3D
geometrical effects, two-way couplings, and more accurate non-instantaneous force coupling,
including with other slip cells. Yet, the physical control of fluid-release reactions on complex
SSEs at the large scale raises confidence that simplified underlying equations can be derived to
simulate what is otherwise one of the most complex geological scenarios. Also, the analysis of
the generated displacement signal in phase space (Figure 4d) highlights that small amplitude
parts of observed signals are not necessarily noise or errors, which warns against too much
smoothing on real-world SSE signals.

5 Conclusions

The characterisation of a complex subduction zone by the simple coupling of multi-physics
oscillators demonstrates that complex SSE dynamics could be described by a physical system,
implying exciting prospects in terms of SSE predictability. While nearly periodic SSE signals
can intuitively be accepted as deterministic, like in Cascadia [23], it is fascinating to unravel
the physical processes behind irregular signals from New Zealand equally identified as deter-
ministic systems with chaotic dynamics [52]. Modelling the coupled force transfer interactions
between two slip patches could explain chaotic SSEs in the Hikurangi subduction zone and
potentially other settings, since various types of fault slip observations seem to arise from the
same physical mechanisms [37]. Given the notable qualitative match between empirical data
and the derived physical model, the latter could be calibrated with data-inference methods [9]
to provide short-term predictions. Furthermore, the parameterization of dimensionless groups
with a neural network could correct unresolved processes [6, 42], especially for the coupling,
and additionally be used to improve our fundamental understanding of physical processes by
an offline analysis of the learnt parametrization [41]. Alternatively, the physical processes
that we have identified could be used to constrain data-driven approaches following a physics-
informed neural network approach [33, 60|, mitigating the problem of data deficiency. In
either case, by harnessing physical knowledge of the underlying systems, these approaches
could leverage the available data and greatly improve our capacity to forecast SSE and their
fast, potentially destructive counterparts [16, 36, 53].
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Appendix A Windows of Oscillations

The deceptively simple formulation of the idealised oscillator system (Equation 1) hides some
complex responses of the model based on the values of all parameters [2]. The fault zone can
indeed display three types of behaviours, either remaining in slow steady creep, experiencing
a one-off slip event followed by faster steady creep, or following periodic stick-slip cycles.
The system is sensitive to all parameters, with the Gruntfest number Gr and Lewis number
Le playing major roles for specific chemical reaction [3]. Figure 5 shows ranges of (Gr, Le)
values for which the deep oscillator results in periodic stick-slip events. This figure shows
the permeability threshold above which oscillations stop (remembering the Lewis number is
inversely proportional to permeability). Also, the bounded Gr values in Figure 5 and the
dependency of the Gruntfest number with depth explain why SSE are only observed within
specific depth windows.
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Figure 5: Zone of oscillations in Gr — Le space for the deep oscillator.
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Appendix B Carbonate Oscillator Parameters for SSEs

To model the deep Kaimanawa SSEs and shallower East Coast SSEs, we use a carbonate
oscillator with similar parameters (Table 1) to those published [40] for the Glarus Thrust in
Switzerland. We refer the reader to the original study [2] for the definition of all parameters
and corresponding explanations of the model. The material properties are indexed using
subscripts A, B and AB, corresponding to a generic decomposition reaction

AB(;) = Aw) + Byy) (5)
where a solid AB decomposes into a solid A and a fluid B.

Table 1: Dimensionless model parameters and corresponding indicative material properties
used for the deep Kaimanawa SSEs, based on published calcite oscillator [40].

Appendix C

Parameter ‘ Value Units
Dimensionless groups

Gr 107° -

Le 2.05 -

Ar 40 -

« 0.5 -

§ 1073 —

Hr 1073 B
Material properties

AE 104 kJ/mol
T, 275 °C

K, 7 % 108 -

oo 0.01 -

n 3 -

My 0.056 kg/mol
Mp 0.044 kg/mol
Map 0.1 kg/mol
PA 3350 kg/mol
B 900 kg/mol
PAB 2710 kg/mol

Phase Space Reconstruction

Time series can conveniently be analysed using Singular Spectrum Analysis (Broomhead &
King, 1986), which decomposes the trajectory matrix X, reconstructed from M lagged copies
of the signal, into a sum of Singular Vectors (SV), similar to an eigenvalue decomposition. The
SVs then represent the new coordinates in phase space, which is a frequently used nonlinear
analysis tool to study system dynamics. In this study, we follow the approach detailed in a
previous publication (Truttmann et al., 2024) and show 2D representations of resulting phase
spaces (Figure 4), where the values of the first two vectors are used as coordinates, varying
with time. For real observations (Figure 4c), raw data is herein smoothed by applying a low-
pass finite impulse response (FIR) filter utilising a Hamming window, with a cut-off frequency
of 1/50 and a window span of 60 days (Truttmann et al., 2024). Smooth data obtained from
simulations can be transformed into phase space directly (Figure 4d). We then reconstruct
the phase space coordinates using a window length of M = 60.
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