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Abstract: Many physical theories are formulated in terms of
continuous fields, infinite resolution and exact trajectories,
while empirical access to complex systems is inherently
finite. This tension is particularly acute in climate physics,
where multiscale dynamics, effective closures and histor-
ically evolving observations constrain what can be opera-
tionally defined. Building on Giinther Ludwig’s axiomatic
programme, we develop a framework in which physical
meaning is grounded in finite observation and statistically
stable regularities. Climate states are represented as prob-
ability distributions over observables constrained by con-
servation laws, rather than as points in phase space. Within
this setting, we argue that the governing laws of climate
physics are necessarily state-dependent effective laws. This
necessity is understood in an operational sense: under finite
resolution and regime-limited empirical access, no state-
independent effective closure can be validated across dis-
tinct climate regimes, even if the underlying dynamical
equations remain universal. Abrupt transitions, long intrin-
sic timescales and regime dependence are therefore prop-
erties of transition statistics rather than deterministic tra-
jectories. By placing climate physics in direct analogy with
statistical mechanics, we identify it as part of a broader class
of physical theories in which probability, conservation and
effective description are foundational.

Keywords: invariant measures; climate dynamics; multi-
scale systems; statistical states; stochastic processes; regime
transitions

1 Introduction

Modern physical theories often rely on formally
universal equations defined on continuous fields and
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infinite-dimensional state spaces. In many domains, this
abstraction is justified by controlled experiments and
stationary observational conditions. Climate physics
represents a fundamentally different situation.

Although its dynamical core is well established, empiri-
cal access to the climate system is finite and historically con-
tingent. Near-global, temporally continuous observations
exist only since the satellite era and span a few decades.
Earlier instrumental records are sparse and geographically
biased. Extending further back, palaeoclimate information
is obtained from proxy archives that are indirect, spatially
localized and temporally averaged. These features are not
merely practical limitations; they constrain what climate
physics can mean as a physical theory.

The recent digital twin paradigm has been proposed as
a next step in Earth system modeling, but it also raises foun-
dational questions about model validity, data integration,
and the nature of prediction in systems with incomplete
observational coverage [1].

In environmental and climate science, digital twins
build on extensive process knowledge and data understand-
ing to provide integrative, data-driven frameworks that
attempt to reconcile high-resolution simulations with real-
world complexity [2].

This paper develops a foundations-oriented perspec-
tive that is intentionally constructive rather than dismis-
sive. Rather than proposing an alternative to numeri-
cal climate models, we clarify their physical interpreta-
tion and domain of validity, and place statistical climate
models on an equal foundational footing. The presenta-
tion adopts a calm, synthesis-oriented style common to
climate perspective work, while addressing a genuinely
foundational problem in physics: the meaning of state,
law, and prediction under conditions of finite and evolving
observation.

2 Finite observability, historical
coverage and the concept of state
In classical mechanics, a physical state is identified with

a point in phase space. This identification presupposes
complete and instantaneous knowledge of relevant degrees
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of freedom. For climate systems, such an assumption is

untenable.

Finite observability has three distinct aspects:

1. Spatial coverage. Near-global coverage is available
primarily since the satellite era. Gaps are filled by data
assimilation.

2. Temporal sampling. Continuous records extend at
most over decades (satellites) to centuries (instrumen-
tal), while proxies integrate over longer windows.

3. Measurement regime. The type of observation
changes across time: sparse point measurements,
remotely sensed fields, and indirect proxy
reconstructions.

Consequently, the observational protocol itself evolves, and
the set of accessible observables changes across epochs.
This is a decisive departure from laboratory physics. We
therefore define a climate state as an equivalence class of
finite observational procedures, represented by probability
distributions over observables:

S = {P(0; | Ax, At, M)}, 0)]

where O; are observables, Ax and At denote finite resolu-
tion, and M specifies the measurement or reconstruction
regime. Different epochs correspond to different M; there
is no temporally invariant observational basis for a single,
universal climate state. This operational-statistical notion
aligns closely with Ludwig’s view that physical meaning
must be grounded in finite operations and stable proba-
bilistic regularities rather than idealized infinite constructs
[3], [4]. In Ludwig’s sense, a physical theory is defined
not by idealized state spaces or exact trajectories, but by
the set of operations through which states are prepared,
observed and statistically characterized under finite reso-
lution. Physical states are therefore identified with equiv-
alence classes of observational procedures, and laws cor-
respond to transformations of the associated probability
measures [5]. Climate physics sharpens this Ludwig-style
perspective because the observational basis is not only finite
but historically evolving, so that the operational meaning
of states and laws must be formulated across changing
measurement regimes. The relevant state dependence is
therefore not purely epistemic and not purely dynamical;
it arises from the interaction between regime-dependent
multiscale dynamics and the finite observational conditions
under which effective laws are constructed and tested.

If states are statistical and observation-dependent, the
question becomes: what is the status of the “universal”
dynamical equations, and where does physical meaning
enter?
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3 Universal equations
and state-dependent effective
laws

The dynamical backbone of climate physics is provided by
the Navier-Stokes equations on a rotating sphere, supple-
mented by thermodynamics and radiative transfer [6], [7].
In schematic form,

% +(u-V)u+2Qxu= —%Vp+g+vV2u+Fsub. @)
These equations are formally universal: they encode
momentum conservation in a rotating frame. Yet uni-
versality of form does not imply physical completeness.
Equation (2) generates a scale cascade that cannot be
resolved under finite observation and finite computation.
The subgrid term F; is therefore not a numerical incon-
venience but a structural necessity.

A concise way to express this is: Navier—Stokes pro-
vides a universal syntax of geophysical fluid motion, but
the physical semantics of climate dynamics emerges only
after specifying how unresolved processes act on resolved
variables.

3.1 Two broad classes of climate models

The necessity of closures motivates a useful, non-hier-
archical distinction between two broad classes of climate
models. This distinction is summarized schematically in
Figure 1.

3.1.1 Numerical dynamical models

These discretize equations such as (2) on a grid, attempt
to resolve as much of the dynamics as possible, and repre-
sent unresolved processes through parameterizations. Con-
temporary “digital twin” narratives largely belong to this
class: they emphasize high resolution, data assimilation,
and trajectory-like prediction.

3.1.2 Statistical climate models

These model climate variability directly in terms of proba-
bility distributions, regimes, extremes, and transition statis-
tics, without claiming to resolve the full multiscale cascade.
Examples include extreme-value and distributional valida-
tion frameworks and regime-transition models; recent work
illustrates how such approaches can be used to diagnose
variability and extremes in model output [8], [9].
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Figure 1: Two complementary classes of climate models under finite observation. (a) Numerical dynamical models discretize the Navier-Stokes
equations and aim at trajectory-based prediction within a given observational regime, often framed today in terms of “digital twins”. (b) Statistical
climate models describe climate variability in terms of probability distributions, regimes, extremes and transition statistics (e.qg. 3, 4), focusing

on admissible behaviour rather than exact trajectories. Both approaches are constrained by conservation laws and finite observation, but they address

different physical questions.

The two classes answer different physical questions.
Numerical models are geared toward conditional pre-
diction within a given regime; statistical models are
geared toward identifying robust structure under coarse,
heterogeneous observation, especially across long time
horizons.

Despite changing observational regimes, conservation
laws remain invariant. Let X(t) denote resolved variables.
An effective representation can be written as

ax

A =F(X) +n(X, 0, Q)

where #x summarizes unresolved processes or non-
deterministic properties [10], [11]. Physical admissibility
requires that conserved quantities C(X) satisfy, at least
statistically,

%(C(X)) —0. @

Under historically contingent observation, conservation
laws provide the most reliable continuity of physical mean-
ing across epochs. These conservation laws constrain not
individual trajectories but the admissible space of probabil-
ity measures, thereby imposing regime-independent physi-
cal structure on effective descriptions.

3.2 State-dependent effective laws

Parameterizations and closures are calibrated within
present-day observational regimes [12], [13]. When applied
to palaeoclimate or strongly forced future climates, they
are extrapolated beyond the epistemic domain in which
their statistical assumptions were constrained [14]. This
yields the central claim of the manuscript:

Claim (state-dependent effective laws). In systems
combining multiscale dynamics with finite, historically
evolving observation, physically meaningful laws are neces-
sarily effective and state-dependent. Here necessity is under-
stood in an operational sense: under finite resolution and
regime-limited empirical access, no state-independent effec-
tive closure can be established as physically valid across
distinct regimes. In climate physics, the governing equations
may retain their form, but the closures that make them
operational cannot be assumed invariant across regimes.

This is consistent with the perspective that abrupt
changes and regime shifts occur across time scales and
may alter the relevant variability structure [14], [15]. It also
aligns with the pragmatic lesson in climate modelling: skill
within one regime does not guarantee validity under regime
change.
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When observational information is heterogeneous
across time, probability distributions over observables must
be updated in a statistically consistent manner. Bayesian
updating provides a minimal and well-defined rule for com-
bining such evidence,

P(D | S)P(S)

PSID = ==50

(6)]
but it operates strictly within a chosen class of effective
descriptions. Bayesian updating therefore ensures internal
consistency of statistical states under finite observation,
while it does not establish the validity or universality of
the effective laws that govern transitions between states.
In Ludwig’s sense, Bayesian inference concerns states and
evidence, not the axioms that define admissible physical
transformations.

In the spirit of Ludwig’s programme, effective climate
laws must be stated together with explicit assumptions
about their domain of validity. At minimum, this includes:
(i) finite and historically contingent observability; (ii) statis-
tical states represented by probability measures rather than
trajectories; (iii) moment separation, i.e. independent evo-
lution of moments and tail properties; (iv) state dependence
of closures and stochastic representations across regimes;
and (v) regime testing using evidence from multiple climate
states.

Ludwig stressed that finite time series cannot exhaust
the structure of complex systems, particularly with respect
to rare events and tails. The practical resolution is therefore
not merely to accumulate more data within a single obser-
vational regime, but to probe different regimes under differ-
ent boundary conditions. Palaeoclimate records extend the
empirical basis into climate states inaccessible to modern
observations and thus provide essential evidence for the
state dependence of effective laws.

3.3 Palaeoclimate as a dynamical
degrees-of-freedom test

Palaeoclimate information is often described primarily as
an epistemic extension of the observational record, provid-
ing additional constraints on climate variability beyond the
instrumental era. While this role is essential, it is incom-
plete. From a dynamical perspective, palaeoclimate states
also function as tests of the effective degrees of freedom that
govern large-scale climate dynamics.

Different palaeoclimate regimes correspond to
markedly different boundary conditions, background states
and dominant timescales. These changes are not merely
parametric but structural: they modify which components
of the climate system act as slow variables, which couplings
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dominate cross-scale interactions, and which feedbacks
become dynamically active. In this sense, palaeoclimate
does not only extend the data record; it probes alternative
realizations of the climate system in which the hierarchy of
dynamical degrees of freedom itself may differ.

A prominent example is the role of the Atlantic Merid-
ional Overturning Circulation (AMOC). In the modern cli-
mate, AMOC variability operates on multidecadal to centen-
nial timescales and interacts with atmospheric variability
primarily as a slow modulator [16]. In glacial and deglacial
climates, however, AMOC variability can become a domi-
nant organizing mode, strongly coupled to ice-sheet dynam-
ics, freshwater forcing and abrupt climate transitions [17],
[18]. Such behaviour cannot be inferred from short instru-
mental records alone, but emerges clearly in palaeoclimate
archives and model simulations constrained by them.

Similarly, palaeoclimate states reveal changes in the
coupling between tropical and extratropical dynamics. Vari-
ations in meridional temperature gradients, sea-ice extent
and background circulation alter the pathways through
which tropical variability projects onto higher latitudes and
vice versa. These shifts affect not only mean climate states
but also variability, extremes and transition statistics, indi-
cating that the effective dimensionality of the climate sys-
tem is regime dependent.

From the present foundations perspective, this implies
that palaeoclimate records serve as dynamical stress tests
for effective climate laws. They expose whether a given
closure, stochastic representation or reduced description
captures the correct set of active degrees of freedom across
regimes. Agreement with palaeoclimate behaviour there-
fore provides evidence not merely for empirical adequacy,
but for the structural robustness of an effective law under
changes in the underlying dynamical hierarchy.

3.4 Why digital twins face a conceptual limit

The digital-twin paradigm serves here as a contemporary
illustration of the conceptual issues discussed above, rather
than as an independent target of critique. Digital twins
are powerful within well-observed regimes: they combine
numerical dynamical cores with data assimilation to pro-
duce consistent, high-dimensional estimates [2]. Yet digital
twin narratives are often interpreted as suggesting that
increasing resolution can restore a trajectory-based notion
of prediction across arbitrarily long time horizons.

Under historically contingent observation, this
assumption fails in principle. One cannot assimilate
data that do not exist, and one cannot validate closures
in regimes that are observationally unconstrained [1].
Hence digital twins are best understood as regime-specific
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representations. Although fewer explicit parameterizations
may be required in such frameworks, their apparent
success should not be interpreted as evidence for universal,
state-independent effective laws.

The appropriate long-horizon goal is therefore not
unique trajectory but the characterization of admissible
behaviour: regimes, transition rates, and distributions con-
sistent with conservation constraints and available evi-
dence. This reframes prediction in terms that remain mean-
ingful under finite observation. The limitation is therefore
not merely technical; under finite and historically non-
uniform observation, long-horizon climate prediction can-
not be grounded in a universally validated trajectory con-
cept, but only in admissible distributions and transition
structures.

We now formalize this view within a Ludwig-style foun-
dations perspective and place climate physics in a broader
class of effective physical theories.

4 Climate physics as a paradigm
of effective physical theory

A useful abstraction is to treat an effective law as a mapping
from probability distributions over observables to updated
distributions under finite resolution and coarse-grained
dynamics (Figure 2). Let S(O) denote the space of proba-
bility measures on the observable set O consistent with
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the measurement protocol and conservation constraints. An
effective law can then be written schematically as

Loy S(0) = S(0), (6)

where L represents the combined influence of resolved
dynamics, unresolved processes and stochastic effects over
a finite time increment.

This representation has direct counterparts in estab-
lished climate modelling approaches. In stochastic climate
models following Hasselmann [10], slow climate variables
are governed by Langevin-type equations, whose associated
Fokker—Planck formulation defines an evolution operator
acting on probability densities. In this setting, L corre-
sponds to the propagator of the probability distribution
under stochastic forcing. More generally, the evolution of
probability measures in random dynamical systems pro-
vides a rigorous framework for such operators [11]. Empiri-
cal realizations arise in regime-transition and Markov state
models, where transition operators between coarse-grained
states are estimated from data, as well as in statistical anal-
yses of variability and extremes in comprehensive climate
models [8], [9]. Reduced-complexity approaches, such as
stochastic energy balance models, likewise describe the evo-
lution of probability distributions and, in stochastic formu-
lations, can be represented by evolution operators on these
distributions [19], [20].

In this sense, L provides a compact representation
of effective climate laws acting on statistical states under

(a) RDS: invariant measure

Random attractor

A(w)

IIlVill‘i‘(\Ilt measure

How

Projections
to observables O

State as invariant measure
(projected to observables)

(b) Moment separation via extremes

Observable distribution
P(0)

Moments

mean / variance

GEV tail parameters
(ucEv;0,§)

Regime comparison

(past <> future)

Extremes probe tail-sensitive projections
Of th(‘, invariant measures

Figure 2: Moment separation and invariant measures: linking GEV extremes to RDS structure. (a) In a random dynamical system, physically meaningful
climate states are represented by invariant measures on random attractors (or their slow-manifold projections). (b) A distribution can be summarized
by low-order moments (mean, variance) and by tail behaviour, summarized for block extremes by GEV parameters (p ¢y, 0, &). Tracking the evolution
of tail parameters provides information complementary to mean-state change and offers a rigorous route to testing state dependence across regimes.
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finite observability. Its form is not universal but depends on
the observational regime, the choice of variables and the
representation of unresolved processes. This dependence
does not affect the universality of the underlying dynamical
equations or conservation laws, but reflects the conditions
under which these equations become operational.

A closely related formulation arises in stochastic
parameterizations of unresolved processes in general cir-
culation models [12], [21], where coarse-grained dynam-
ics induce Fokker—Planck-type evolution equations. Simi-
lar operator-based descriptions also arise in data-driven
approaches, where transition operators are estimated from
time series to describe the evolution of probability distribu-
tions over observables.

From a stochastic-dynamical viewpoint, L. can be
interpreted as an evolution operator acting on probability
measures induced by a random dynamical system on a
reduced (slow) manifold. In this formulation, £ extends
deterministic flow maps to a probabilistic setting appro-
priate for finite observability and unresolved degrees of
freedom.

AXkey extension in contemporary climate analysis is the
mathematically explicit separation of different statistical
moments and tail properties of climate variability. Mean-
state changes and the behaviour of extremes cannot, in
general, be inferred from one another. This is not merely a
methodological preference: in a stochastic description, dif-
ferent moments and tails carry independent physical infor-
mation about the underlying state.

A convenient description of block extremes is provided
by the Generalized Extreme Value (GEV) family. In a distri-
butional state description, different moments correspond
to distinct projections of the same invariant measure and
need not evolve coherently. For maxima Z over blocks (e.g.,
annual maxima), one writes

Gz p,0,8) = exp{—[1+§<z — M)]_l/é}, (7

o

with location y, scale ¢ > 0, and shape £ (defined on 1+
E(z — u)/o > 0). Changes in (u, o, &) probe distinct aspects
of the climate state: shifts in central tendency, changes in
variability, and alterations of tail behaviour. There is no
general reason to expect these changes to co-vary linearly
across regimes.

Within the Random Dynamical Systems perspective,
this has a natural interpretation. Invariant measures on
random attractors encode the full distributional structure of
climate states, not merely their mean. Tail-sensitive quanti-
ties such as GEV parameters probe particular projections of
these invariant measures associated with rare excursions.
Their evolution therefore reflects structural changes in the
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stochastic dynamics on the slow manifold rather than sim-
ple rescaling of fluctuations [11], [15], [22].

Moment separation sharpens the epistemic problem
emphasized by Ludwig: finite time series do not deter-
mine all distributional features, especially tails. This moti-
vates explicit axioms and the use of regimes to test state
dependence.

4.1 Emergent timescales and regime
transitions

Palaeoclimate records often exhibit abrupt transitions
and long intrinsic timescales. Within the present frame-
work, these are naturally described by transition statistics
between metastable regimes. A schematic expression is

Apg ™~ exP(‘f{) (€]

where AU represents an effective barrier shaped by large-
scale structure and conservation constraints, and o2 sum-
marizes unresolved variability. The utility of such descrip-
tions is that they remain meaningful under coarse tempo-
ral sampling, explaining why regime-based descriptors are
often robust in proxy records.

In this sense, GEV statistics play a different but com-
plementary role to Langevin noise terms. While Langevin
formulations encode the dynamical influence of unresolved
degrees of freedom on resolved variables, extreme value
statistics characterize tail-sensitive projections of the result-
ing invariant measures. Both arise from the same limitation
of finite observability, but operate at different descriptive
levels.

The structure summarized by Egs.~(1)—(6) is not unique
to climate physics. It places climate theory in a broader
family of effective theories:

() in quantum mechanics, Ludwig’s programme treats
states as operationally defined statistical entities
and dynamics as transformations of probability
measures;

(i) instatistical mechanics, macroscopic laws depend on
thermodynamic state and phase transitions change
the effective description;

(iii)  in turbulence modelling, universal equations coexist
with non-universal closures;
(iv) in cosmology, where observational access is limited

and controlled experiments are not possible.

Climate physics and cosmology are distinctive in that
the observational regime itself evolves historically. This
makes the dependence of effective laws on observational
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context explicit and unavoidable. For climate, it explains
why palaeoclimate and the climate of the last century are
the natural testbed for foundational questions about the
dynamics and predictability [14], [23].

5 Conclusions

Climate physics is not difficult because its equations are
unknown, but because its laws are effective while its obser-
vations are historically non-uniform. Under these condi-
tions, physical meaning cannot reside in trajectories; it
resides in statistically stable structures constrained by con-
servation principles under finite observation.

Whenever multiscale dynamics, finite observability
and evolving observational access coexist, physically mean-
ingful laws are necessarily effective, probabilistic and state-
dependent. Here ‘physically meaningful’ refers to laws that
can be operationally constrained and tested under finite
observation, rather than to hypothetical exact descriptions
inaccessible in practice. In this view, palaeoclimate records
are indispensable not only as epistemic extensions of finite
observation, but as dynamical probes that reveal how the
effective degrees of freedom of the climate system reorga-
nize across regimes.
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