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Extreme weather events are increasingly producing unprecedented floods, droughts,
wildfires, and ecosystem disruptions across spatial and temporal scales. Rapid
urbanization and the evolving global economy have amplified the need for accurate
climate-change projections and improved numerical weather prediction, particularly for
disruptive—and occasionally beneficial—weather and climate phenomena. Meeting
this demand requires continued progress in understanding atmospheric predictability,
physical processes, and dynamical systems, especially as artificial intelligence (AI)
becomes more deeply integrated into prediction science. A central challenge is to
identify the physical and dynamical processes that govern the predictability of diverse
weather and climate events so that Al-based prediction systems can be trained in a
scientifically grounded and optimal manner. Our discussion will highlight several key
examples, ranging from predictors of tropical-cyclone genesis to diagnostics of
planetary-scale climate extremes.

At intermediate time scales, notably sub-seasonal to seasonal (S2S) prediction, we
show how data-driven weather and climate models can be significantly optimized
through targeted training strategies. The S2S variability of the global atmosphere has
been extensively characterized over recent decades. A prevailing paradigm decomposes
this variability into two normal-mode components—quasi- or discrete modes and
continuous spectra—interpreted as perturbations to a time-mean zonal flow (Brunet
1994; Zadra et al. 2002a,b). Discrete modes represent transient phenomena such as



storms and teleconnections, while the continuous spectrum acts as an atmospheric
“skeleton” that modulates large-scale circulation. Under this framework, the discrete
spectrum encompasses familiar S2S variability patterns such as the Arctic Oscillation
and the Madden—Julian Oscillation.

We demonstrate that this atmospheric decomposition, known as empirical normal
modes (ENMs), forms a complete and unique Hamiltonian canonical basis. This
canonical property enables substantial dimensionality reduction of the atmospheric
evolution operator, offering a powerful pre-conditioning strategy for data-driven S2S
prediction. We outline how ENMs can be computed using spatial covariance methods
and discuss their theoretical equivalence to POP/LIM approaches based on time-lag
covariances. Their predictive potential is illustrated through statistical regression and
Al-based techniques following Brunet and Vautard (1996).

Finally, we will address atmospheric waviness, whose dynamical interpretation has
remained ambiguous. Using potential vorticity (PV) as a materially conserved tracer,
we formulate waviness in terms of the Rossby restoring-force mechanism and derive a
PV-based measure of meridional displacement. Applied to 40 winters of ERA-5 data,
this framework reveals robust trends in the restoring-force parameter v, and links its
variability to atmosphere angular momentum (AAM), ENSO, the Arctic Oscillation,
and the Pacific-North American pattern. A weakened background PV gradient at high
latitudes explains increased trend in meridional air-mass excursions and recent
temperature extremes (Brunet, Lin and Davies, 2026).
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Complexity science and AI Methods for Earth System Tipping
Points

Jingfang Fan
Beijing Normal University, China

Critical phenomena are common in nature and society, from phase transitions and
extreme weather to sea-ice loss, ecosystem degradation, and financial fluctuations.
When complex systems approach a critical threshold, they often show early-warning
signals such as critical slowing down, stronger fluctuations, expanding correlations, and
reduced resilience. The Earth system is a coupled complex system involving the
atmosphere, ocean, land, biosphere, and cryosphere. Local disturbances may be
amplified and trigger cascading changes across regions and components. This talk will
introduce key ideas from statistical physics, nonlinear dynamics, complex systems
science, and artificial intelligence, including phase transitions, percolation,
self-organized criticality, critical slowing down, complex networks, and data-driven
prediction. Typical examples such as extreme weather and climate tipping points will
be used to show how these methods help reveal mechanisms, improve early warning,
and support climate-risk management.

Critical transitions in complex dynamical systems: Theory and
applications to ecosystems and climate

Ulrike Feudel
University of Oldenburg, Germany

Many systems in nature are characterized by the coexistence of different stable
states for a given set of environmental parameters and external forcing. Examples for
such behavior can be found in different fields of science ranging from mechanical or
chemical systems to ecosystem and climate dynamics. Perturbations, applied to those
natural systems can lead to a critical transition from one stable state to another. Such
critical transitions—also called tipping phenomena—can happen in various ways: (1)
due to bifurcations, i.e. changes in the dynamics when external forcing or parameters
are varied extremely slow, (2) due to fluctuations which are always inevitable in
natural systems, (3) due to shocks or extreme events, and (4) due to rate-induced
transitions, i.e. when external forcing changes too fast compared to the ability of the
forced system to follow the changes.

We discuss these critical transitions and their characteristics and illustrate them
with examples from mechanical and natural systems. Moreover, we relate them to the
concept of resilience developed in ecology. Special emphasis is given to
non-autonomous systems, in which we highlight the interplay between different time



scales, like the dissipative time scale and the time scale of the variation of parameters
or forcing. Moreover, we discuss the role of unstable states, that are not directly
observable in nature, but nevertheless act as the organizing centers of the dynamics.

How Surprising are Rare Climate Extremes?
Melinda Galfi

Vrije Universiteit Amsterdam, Netherlands

From a human perspective, extreme weather and climate events are always
surprising. However, the statistical and physical characteristics of different types of
extremes can vary substantially, as reflected in the three distinct tail behaviours of
limiting extreme-value distributions. In the climate system, extremes on large spatial
scales frequently exhibit strong similarities. For example, intense heatwaves in the
mid-latitudes tend to share common spatio-temporal evolution and underlying
circulation patterns. We refer to this property as the “typicality of extremes”.
Notably, this resemblance tends to increase with event intensity, a feature that can be
interpreted within the framework of large deviation theory. At smaller spatial scales,
by contrast, extremes display greater heterogeneity and complexity, often associated
with fat-tailed distributions. In this presentation, I first discuss these characteristics in
a steady-state climate. I then examine how global warming may alter the behaviour
and typicality of extremes and discuss the implications of these properties for the
training of Al models.

Thermodynamically Consistent Modeling of Geophysical
Fluids: A Variational Perspective

Francois Gay-Balmaz

Nanyang Technological University, Singapore

We present a Lagrangian variational framework for the modeling of single- and
multicomponent geophysical fluids, encompassing both reversible (entropy-conserving)
and irreversible (entropy-generating) processes. The framework naturally incorporates
moisture and extends to semi-compressible fluid models relevant to atmospheric and
oceanic dynamics. By construction, the resulting equations satisfy the first and second
laws of thermodynamics, providing a systematic route to thermodynamically consistent
models. We also discuss recent developments in using this variational structure to
construct thermodynamically consistent numerical discretizations for geophysical fluid
systems.




Global warming & global weirding: A nonautonomous
dynamical systems perspective

Michael Ghil
University of California, Los Angeles, USA

The phenomenon of global warming is by now scientifically well established. The
important aspects of “how, how much and when” are being explored quantitatively, as
well as qualitatively, and extra-scientific objections persist. This aspect of the climate
sciences refers, however, mostly if not exclusively, to mean global near-surface
atmospheric temperatures and to those other climatic and environmental phenomena
that can be linked in a more-or-less straightforward manner to it. A large number of
phenomena associated with regional extrema of temperature and precipitation, such as
strong and persistent floods and droughts or cold and warm extrema, are still quite
puzzling and often exploited in extra-scientific objections to global warming.

The theory of nonautonomous dynamical systems (NDSs) has by now been given
considerable play in studying the effects of anthropogenic forcing on global warming.
More recently, NDS theory has been shown to be a powerful methodology in going
beyond the effect of time-dependent forcing on means and on to full distributions of
equivariant measures.  This review talk will cover some of the results in the
above-mentioned directions for deterministic as well as random forcing. A possible role
for Al in elucidating these phenomena will be mentioned as well.

The theory of nonautonomous dynamical systems (NDSs) has by now been given
considerable play in studying the effects of anthropogenic forcing on global warming.
More recently, NDS theory has been shown to be a powerful methodology in going
beyond the effect of time-dependent forcing on means and on to full distributions of
equivariant measures.  This review talk will cover some of the results in the
above-mentioned directions for deterministic as well as random forcing. A possible role
for Al in elucidating these phenomena will be mentioned as well.
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In-Context Operator Networks (ICON): A Research Program
for Numerical Intelligence

Yang Liu

National University of Singapore, Singapore

Intelligence is commonly understood as the ability to acquire knowledge, adapt to
unfamiliar situations, and solve new problems. Large language models exhibit this
capacity by inferring task-relevant knowledge from textual context and applying it to
new tasks. Yet intelligence need not be confined to language. Scientific and social
systems often reveal themselves numerically before we can fully describe them in
words. We call the ability to acquire and apply knowledge from numerical context
“numerical intelligence” and view it as a foundational pillar of artificial intelligence
alongside linguistic intelligence. =~ We proposed “In-Context Operator Learning”
paradigm and the corresponding model “In-Context Operator Networks” (ICON) for
numerical intelligence. We will show how a single ICON model (without fine-tuning)
manages multiple families of PDE problems. In our latest work, we trained Unified
ICON (UNICON) on real-world datasets across different disciplines, including weather,
hydrology, power, and traffic. And it generalizes to completely novel disciplines, e.g.
web activity. Apart from the model itself, we can also design “harness” for ICON due
to the flexibility of the context. We will introduce building blocks, including “chain of
operators” and “contextual ensemble learning”. With such techniques, we
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outperformed state-of-the-art (SOTA) expert models in disciplines unseen in training.
See more details on the website: https://scaling-group.github.io/
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Talk is delivered virtually

Tim Palmer
University of Ozford, UK

At the thermodynamic level, climate change is simple 19th Century physics.
Predictions of warmer wetter winters and hotter drier summers draw on such
thermodynamic ideas. However, these do not explain what happened this summer,
where drought, heatwaves and fire spread across large parts of Europe. The proximate
cause of such meteorological conditions was a persistent anticyclone positioned over
Western Europe. Were such anticylonic conditions made more likely by climate
change? To answer this question requires us to understand not just the
thermodynamic aspects of climate change, but the dynamic feedbacks too. This
changes climate change prediction from a simple thermodynamic problem to a highly
complex, nonlinear 21st Century problem. Indeed I argue that it is so complex that
current generation climate models are simply not good enough to provide reliable
answers. [ conclude we need a “CERN for Climate Change” (where nations pool
human and computational resources) to understand whether the summer of 2026 is
going to be the new year-on-year normal for Europe, or whether it is a summer we are
unlikely to experience again for many years. Along the way, I will try to discuss the



potential role of AT and quantum computing in helping answer these questions.

Tracing Uncertainties of Extreme El Nino Prediction to
Mesoscale Ocean Currents

Bo Qin
Tongji University, China

The predictability of the El Nino-Southern Oscillation (ENSO) has been
extensively investigated by tracing monthly averaged or large-scale initial errors, such
as heat content and coupled atmosphere-ocean perturbations. Yet these slowly
evolving initial errors may originate from smaller-scale ocean dynamics, which exist in
current numerical model and ocean observing system. The relations and energy
transition processes between small scale processes and basin wide event remain poorly
investigated. In this investigation, mesoscale ocean-current errors are revealed as a
hidden source of ENSO forecast uncertainty. A differentiable ocean AI model is
constructed, trained on high-resolution GLORYS reanalysis product and coupled with
conditional nonlinear optimal perturbation (CNOP) method to identify the most
influential current errors for extreme El Nino forecasts. The resulting CNOP-type
initial errors are strongly event dependent. For the 1997/98 El Nifo, the current error
located in the eastern Pacific results in the largest forecast error through locally
suppressing original subsurface warming. For the 2015/16 event, the dominate error
originates in the western Pacific, reorganizes upper ocean temperature structure and
affects the eastern Pacific through the equatorial waveguide. Further analysis reveals
that these current errors reshape mesoscale eddy count and eddy kinetic energy, then
triggers large-scale temperature errors that weaken El Nino development. The monthly
growth rate of the obtained CNOP initial error is aligned with the spring predictability
barrier, and their structures are reflected in simulated analysis errors caused by
unresolved mesoscale currents. These findings extend ENSO predictability beyond
large-scale thermal signals, reveal a mesoscale route of ENSO forecast failure and
provide a physical basis for targeted ocean observations and data assimilation.
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Analysis of a Two-Layer Diffusive Energy Balance Model

Cristina Urbani

Universitas Mercatorum, Italy

Energy Balance Models (EBMs) provide a simple yet effective framework for
describing the Earth’s climate. Introduced by Budyko and Sellers in the late 1960s,
classical EBMs describe the evolution of the zonally averaged surface temperature
through a one-dimensional diffusive equation.

A natural extension of these models is to include vertical resolution by accounting
for the energy exchange between the Earth’s surface and the atmosphere. In this talk,
I will present the mathematical analysis of a two-layer diffusive EBM. I will first briefly
review the main results obtained for the spatially homogeneous model, including
well-posedness, positivity, and long-time behaviour [1].

I will then focus on the spatially dependent system [2]. The main ingredient is the
establishment of new maximum and comparison principles for coupled degenerate
cooperative parabolic systems. These results allow us to prove global well-posedness,
preservation of positivity, and the existence of distinguished equilibria. Finally, T will
discuss the asymptotic dynamics of the model by proving the existence of a global
attractor.

I will conclude with a brief glimpse into the stochastic version of the model,
highlighting some of the mathematical results obtained so far in [3].
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Statistics of Open Systems and Metastability

Sandro Vaienti
CNRS, France

We review a few recent results on open dynamical systems, eventually randomly
perturbed. Two main points will be addressed. Limit theorems characterizing
convergence to equilibrium on the surviving set and metastability whenever ”openess”
allows jumps of the trajectories among different regions in phase space.
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Learning a Recurrence-based Latent Space of North
Atlantic-European Weather Regimes with Joint Embedding
Predictive Architectures

Marco Zanchi

Laboratoire des Sciences du Climat et de I’Environnement, France

European winter weather is largely organised into a small number of recurrent and
persistent large-scale flow configurations of the North Atlantic European circulation,
known as weather regimes. These regimes influence cold spells, windstorms, and
prolonged anomalies in energy demand and renewable energy production. They are
widely used in sub-seasonal prediction, climate model evaluation, and the
interpretation of extreme events. Weather regimes are typically identified by clustering
in a truncated Empirical Orthogonal Function (EOF) space, whose dimensionality is
fixed a priori according to a variance criterion. Yet variance is not the fundamental
property that defines a weather regime: regimes are atmospheric states that recur
frequently and in which the atmosphere tends to persist.

We propose to learn a representation of the circulation in which recurrence itself
provides the training signal, using a Joint Embedding Predictive Architecture (JEPA).
JEPAs learn without labels and without reconstructing the input: a convolutional
encoder is trained to map different views of the same underlying state to nearby latent
representations. The choice of views therefore determines what the representation

10



retains (what the views have in common) and what it discards. In computer vision,
these views are typically generated through hand-crafted augmentations, which have
no obvious physical justification for geopotential fields. Here, we derive them directly
from the dynamics. For each winter day in ERA5 daily 500-hPa geopotential height
anomalies from 1979 to the present, we identify the 15 closest circulation analogues,
excluding temporally adjacent days, and treat them as different views of the same
dynamical state. The resulting latent space therefore retains the features shared by
recurrences of a flow configuration, while VICReg regularisation prevents
representation collapse.

We evaluate the recurrence-based latent space against EOF and beta-variational
autoencoders representations of equal dimension on a held-out period. We first ask
whether the classical regimes (NAO+, NAO-, Atlantic Ridge and Scandinavian
Blocking) emerge as distinct regions of the latent space without being imposed, using
externally defined circulation indices as linear probes. We then test whether the latent
geometry encodes the local dimension and persistence of the flow, and whether
residence times and transition pathways are more coherent than in variance-based
coordinates. The approach is designed to be transferred to climate model simulations,
where it can address whether anthropogenic forcing alters this organisation and not
only the mean state.
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