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Machine Learning—driven Advances in Geophysical Data
Assimilation

Marc Bocquet
CERFEA, ENPC, EDF R&D, Institut Polytechnique de Paris, fle—de—ance, France

Machine learning (ML), particularly deep learning (DL), is playing a growing role
in geophysical data assimilation (DA), a cornerstone of numerical weather prediction
that combines observations with model predictions to estimate the state of a system.
ML can enhance existing methods, complement them, or potentially replace parts of
the DA cycle.

This talk reviews recent developments and promising directions for integrating ML
into DA to improve forecasting in the geosciences. ML can provide efficient
approximations of complex physical processes, correct model errors, and help combine
information from models and observations. In ensemble DA, which uses multiple
forecasts to represent uncertainty, ML can improve how these forecasts are generated
and how DA methods are tuned. It also opens the possibility of learning how to
update forecasts with observations, or even learning the entire DA and forecast cycle.

I will illustrate these opportunities with two examples: using DL to discover new
and efficient ways to combine forecasts with observations, and embedding generative
AT within classical DA methods.

Merging Data Assimilation and Machine Learning at Various
Degrees: Examples from Arctic Sea Ice and Radiative Transfer

Alberto Carrassi
University of Bologna, Italy

Data assimilation (DA) and machine learning (ML) share a common mathematical
ground: both seek to infer the state of a system, or the rules that govern it, from
incomplete and noisy data. Their convergence has become a defining shift across
Earth-system science. In this talk I will discuss how DA and ML can be merged at
increasing degrees of integration, with examples from Arctic sea ice, coupled
atmosphere—ocean dynamics and atmospheric radiative transfer.

At a first level, DA trains ML. Analysis increments carry information about the
systematic error of the forecast model, and a neural network trained on them can learn
to correct it. I will show how this hybrid approach improves forecast skill and attractor
reconstruction in a coupled atmosphere-ocean model, substantially reduces errors in
the Icepack sea-ice column model, and, embedded in a 3D-Var global ocean—sea-ice



reanalysis, clearly improves sea-ice thickness in the central Arctic.

At a second level, ML replaces components of the DA system. I will present
Al-neXtSIM, a fully data-driven sea-ice emulator, and discuss two known limitations of
deterministic emulators: the damping of small, fast scales in the power spectrum and
an under-dispersion that makes ensembles collapse. [ will show how physics-like
hyperparameters, playing the role of the air-ice drag coefficient, can be identified in
the network and used to build ensembles. On the observation side, I will introduce an
ML emulator of a radiative transfer model for ESA’s forthcoming far-infrared FORUM
mission, whose errors lie largely within the instrument noise at a fraction of the
computational cost.

At a third level, ML reshapes the DA algorithm itself. An ensemble transform
Kalman filter operating in the latent spaces of two variational autoencoders can
respect the non-Gaussian, manifold-constrained statistics of sea-ice models, while
transfer learning lets it adapt to non-autonomous conditions.

I will close with a perspective rooted in dynamical systems theory. To be trusted
under a changing climate, Al emulators must be faithful not only to the mean state
but to the chaotic properties of the system: Lyapunov spectra, power spectra,
intermittency and bifurcations. These are precisely the properties that shape weather
extremes, making them central to any use of Al for extreme-event prediction. Using
the Lorenz-96 and Kuramoto—Sivashinsky models, I will argue that structural
instability and rare regime shifts challenge extrapolation and transfer learning, and
that dynamical precursors such as covariant Lyapunov vectors should inform how
emulators are trained.

Downscaling Regional Forecasts to Operational Decisions:
Weather Impact Analysis for Infrastructure Resilience

Ronald Chan
A*STAR, Singapore

Weather is a critical driver of risk and operational performance across
infrastructure sectors, including aviation route planning, maritime port operations, the
safe deployment of emerging alternative fuels, and urban flood resilience. In this talk, I
will share how we combine numerical weather prediction, machine learning, and
physics-informed models to transform weather data into actionable decision-support
tools for both strategic planning and real-time operations. Through a series of case
studies, I will highlight the opportunities and challenges of developing
weather-informed decision-support systems that operate under uncertainty.



In aviation, we enhance guidance on convective weather hazards by integrating
numerical weather forecasts with radar and satellite observations, improving hazard
prediction and supporting operational decision-making. In maritime port operations,
we have developed Al-enhanced systems to assess the risk of extreme winds in
Singapore’s port areas, translating weather forecasts into container safety metrics and
operational risk assessments. We are also developing rapid meteorology-enabled
capabilities for real-time assessment of toxic plume dispersion risks associated with
emerging alternative fuels. These capabilities leverage observations from automatic
weather stations to downscale regional weather model outputs, enabling better
representation of urban-scale weather variability and localised impacts. In addition, we
are exploring the use of CCTV imagery to detect rain streaks and infer local rainfall
conditions.

Together, these case studies demonstrate how advances in mathematics,
meteorology, and Al can enhance the value of weather forecasts by translating
meteorological information into operationally relevant insights, helping to build more
resilient and weather-informed infrastructure systems across a range of critical sectors.
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Challenges and Strategies for Data-driven Modeling of
Multiscale Turbulent Systems: Focus on Climate Modeling,
Forced Responses and Causality

Fabrizio Falasca
New York University, USA

Current advances in data-driven weather forecasting are motivating the
development of autoregressive neural emulators for the climate system. Climate
emulation, however, poses distinct challenges: useful models should be numerically
stable, capture stationary statistics, and predict responses to external perturbations.
Accurately capturing forced responses is essential for advancing scientific
understanding as it allows us to probe causal mechanisms via “what if?” experiments.



In the first part of this talk, I will discuss conceptual limitations that arise when
learning models of multiscale dynamical systems such as the Earth’s climate from
observational data. In particular, I will clarify how the ability of a climate emulator to
reproduce perturbed statistics depends critically on (a) the choice of an appropriate
coarse-grained representation and (b) stochastic parameterizations of unresolved
processes. These considerations will motivate reduced-order stochastic models tailored
to specific scientific questions, processes, and scales as a complementary approach to
general-purpose climate emulators.

I will then present novel strategies for constructing and validating such low-order
stochastic models. First, I will introduce a discrete-time formulation of turbulent
dynamical systems with exact energy-conserving nonlinearities that can be
parameterized by neural networks, yielding stable physics-constrained emulators.
Second, T will leverage the fluctuation-dissipation theorem (FDT), together with
advances in generative modeling, to estimate responses to perturbations from
unperturbed data alone, providing a new benchmark for model validation. Third, I will
show that the FDT also provides causal constraints that can be optionally
incorporated into neural networks loss functions. After testing the framework on
idealized models of geophysical turbulence, I will present a real-world application to
tropical climate dynamics using reanalysis data. The resulting response-validated
stochastic model is used to investigate the long-term causal drivers of El
Nino—Southern Oscillation variability by probing its response to perturbations across
tropical ocean basins and variables. Taken together, these results provide a modular
framework for stable reduced-order models capable of probing causal mechanisms in
realistic, partially observed turbulent dynamical systems.

Attribution Science in the AI Era

Davide Faranda
CNRS, France

Every major storm, heatwave or flood now raises the same question: did climate
change cause it, and by how much? Extreme-event attribution answers this by
comparing the observed event in today’s climate with how the same weather situation
would have looked in a world without human-driven warming. This talk reviews how
the field has developed and how artificial intelligence is reshaping it. We first introduce
ClimaMeter, an observation-based rapid attribution framework developed at
IPSL-CNRS. It builds factual and counterfactual worlds directly from ERAb reanalysis
by comparing circulation analogues from past and present periods, without a climate
model in the loop. ClimaMeter produces reports within 12 to 48 hours of an event and
has analysed more than 100 extremes worldwide. It also assesses the role of natural
variability, changes in seasonality, the rarity of the event and population exposure. For



the June 2026 western European heatwave, the analysis shows that human-driven
climate change made similar conditions up to 2.5°C warmer, with about 327 million
people exposed. We then move from hazards to impacts, using the August 2023
heatwave in France as a case study. Climate change raised electricity demand and peak
load while reducing wind and nuclear output, and solar gains were too small to
compensate. The result was a compound stress on the power grid that the hazard
alone would not reveal. Finally, we discuss where machine learning enters attribution:
emulation, downscaling, generative counterfactuals and the diagnosis of hazards that
physical models do not resolve. As an example, we show that a U-Net trained on
ERA5 predictors and lightning observations outperforms simpler statistical models.
We conclude that Al can bring speed, local relevance and new hazards into attribution,
but only interpretable and physically consistent models should be part of an
attribution chain that must remain transparent and trustworthy:.

Multivariate Extremes in Dynamical Systems

Ana Cristina Moreira Freitas

University of Porto, Portugal

We present a theory for multivariate extreme value analysis of dynamical systems.
Namely, we provide conditions adapted to the dynamical setting that enable the study
of dependence between extreme values of the components of d-dimensional observables
evaluated along the orbits of the systems. We study this cross-sectional dependence,
which results from the combination of spatial and temporal dependence structures. We
give several illustrative applications, where concrete systems and sources of dependence
are introduced and analysed.

Acknowledgements: The author was partially supported by CMUP, member of
LASI, which is financed by national funds through FCT — Fundagao para a Ciéncia e a
Tecnologia, I.P., under the projects with reference UID/00144/2025 and associated
DOI given by https://doi.org/10.54499/UID /00144 /2025.
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Clustering Profiles of Extremes in Dynamical Models

Jorge Freitas
University of Porto, Portugal

Dynamical systems are very useful for modelling meteorological phenomena, where
heavy-tailed extremes may exhibit different clustering profiles. We consider specially
designed decorated point processes, capable of describing and recording these
clustering profiles. These tools are then used to gain further statistical insight,
including the study of enriched functional limit theorems and large deviations for sums
of heavy-tailed observables.

Detecting Transient Metastability and Optimising System
Perturbations from Observations

Gary Froyland
UNSW Sydney, Australia

In the first part of this talk I describe how to identify the emergence (and
disappearance) of transient almost-invariant sets using a time-expanded Fokker-Planck
generator.  The leading eigenvectors of this inflated generator capture the full
spacetime evolution of the almost-invariant sets. I will illustrate this with the tracking
of the onset and decay of atmospheric blocks, and the continual emergence and
disappearance of 3D turbulent superstructures in Rayleigh-Benard convection. In the
second part of the talk I describe how to apply the operator-based methodology of
optimal linear response to systems that are only partially observable. Given a
user-specified objective that the user desires to maximally increase or decrease, one
may explicitly determine the optimal perturbation to maximally move this objective in
the desired direction. Crucially, these optimal perturbations may be obtained in the
original observation space or in any other desired observed coordinates. An initial
illustration is given for the Lorenz system (with full observation), and then we apply
our techniques to optimally perturb the decorrelation time and cycle period of the
El-Nino Southern Oscillation.




A Localized Schroedinger Bridge Sampler for Generative
Modelling

Georg Gottwald
University of Sydney, Australia

We consider the generative problem of sampling from an unknown distribution for
which only a sufficiently large number of training samples are available. We show how
combining Schroedinger bridges and Langevin dynamics provides an efficient
framework for such problems, in particular for data which are concentrated on a
compact sub-manifold. A key bottleneck of this approach though is the exponential
dependence of the required training samples on the dimension d of the ambient state
space. We propose a localization strategy which exploits conditional independence of
conditional expectation values. Our localization replaces a single high-dimensional
Schroedinger bridge problem by d low-dimensional Schroedinger bridge problems over
the available training samples. In this context, a connection to multi-head self
attention transformer architectures is established. The localized sampler is stable and
geometric ergodic. The sampler also naturally extends to conditional sampling and to
Bayesian inference. We demonstrate the performance of our proposed scheme through
experiments on a Gaussian problem with increasing dimensions, on a temporal
stochastic process, and on a stochastic subgrid-scale parametrization conditional
sampling problem. We show how this can be sued for sub grid-scale parametrizatioon
on a multi scale L96 model. This is joint work with Sebastian Reich.

Multimodal Spatiotemporal Atmospheric Data Assimilation
with Latent Video Flow-matching

Romit Maulik
Purdue University, USA

Data assimilation (DA) uses Bayesian inference to update the state of a numerical
forecast model with observed data. In this study, we propose a fundamentally
different, unified approach to atmospheric data assimilation. We use latent video
flow-matching to sample temporally consistent trajectories from a prior trained using
ERADS reanalysis (69 variables over an 8-day window). We also use posterior sampling
to assimilate real observation sources, such as those from the NOAA Integrated Global
Radiosonde Archive and the Integrated Surface Database. Because the prior generates
a continuous trajectory, it naturally propagates information between observed and
unobserved frames. Therefore, we can perform various DA tasks, such as filtering and
smoothing, simply by changing the observed frames. Moreover, we generate full-state
ensemble forecasts directly from sparse observations, achieving performance
competitive with state-of-the-art observation-to-forecast models.
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Turning Weather Uncertainty into Better Airport and
Airspace Decisions

Paul Tan

International Centre For Aviation Innovation, Singapore

Asia-Pacific aviation is entering a period where traffic growth and tightly coupled
operations will make weather uncertainty costly. Passenger demand has moved above
2019 levels and is projected to reach 4.1 billion journeys by 2044. Yet airport capacity
is not determined by the runway alone. It depends on the most constrained link across
airspace, approach, runway, taxiway, apron, gates and turnaround. A convective or
lightning event can therefore create holding, diversions, stopped ramp work, gate
conflicts and a recovery tail that lasts far longer than the weather itself.

Singapore illustrates both the urgency and the opportunity. Lightning is a routine
operational risk, occurring on nearly half the days of the year, while perimeter-based
alerts and fixed cessation timers can impose broad restrictions without representing
how exposure changes across space and time. Existing initiatives already move beyond
general weather products toward operational impact, but a gap remains: forecasts do
not translate uncertainty into usable infrastructure, sustainable movement rate, total
cost and a defensible action.

The proposed shift is from forecasting the weather to forecasting the airport. This
requires uncertainty to be carried through five linked questions: what the weather will



do, what infrastructure remains usable, how much traffic can be handled, what the
consequences will cost and which action is most robust. The challenge is compounded
by sparse observations over surrounding seas, where storms often form, and by the
limits of satellite imagery in resolving the lower atmosphere and internal storm state.
Better decisions will depend on integrating existing observations, targeted new sensing,
operational data and models that preserve multiple plausible outcomes rather than
collapsing them into one confident answer.

Success must be measured in operational terms: useful warning time, calibrated
uncertainty, fewer wasted stop-minutes, narrower restrictions, reduced diversions and
faster recovery. Delivering this capability will require a tested weather-to-capacity
model, event-level decision records, safe replay and shadow-testing environments, and
one shared picture across airports, airlines, handlers and air traffic control. The
invitation to researchers and industry is practical: see disruption earlier, quantify its
consequences better and test responses before the system loses flexibility, while
preserving human authority and safety.

TBA
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A*STAR, Singapore
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Beyond Extremes: a Few Thoughts on Black Swans and
Aliens, where Statistics and Physics Meet

Pascal Yiou

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

Climate extremes are intensifying globally. Our ability to anticipate unprecedented
events is limited by the computational burden of sampling distribution tails of
variables and the limited number of observations. Solving this fundamental
discrepancy has led to several research alleys. This presentation will explore some of
them. The overarching goal is to understand the gap between known observed records,
and potential (unobserved) most extremes. The notion of “black swans” has been
popularized by Taleb (2010). Black swans can be defined by observations that escape
our empirical understanding. I propose a pragmatic statistical way of defining black
swans, and argue that such unexpected events can be fairly frequent. The simulation
of climate black swans can be achieved through the use of rare event algorithms



(Noyelle, 2024). Such approaches seem to allow extrapolating empirical scaling laws
(Lancelin et al., 2026; Miloshevich et al., 2024). But nothing guarantees that the
obtained extremes are the most extremes. If we assume that climate dynamical
variables (i.e., the variables of the primitive equations (Peixoto and Oort, 1992)) evolve
around a compact (strange) attractor (Temam, 1988), then those variables are
bounded. I will illustrate why this is true for temperature, and how to determine an
upper bound from physical principles. I will discuss the implication of the existence of
bounds and the fact that records are far from those bounds (for temperature). I will
introduce “aliens”, which are events that have never been reached, but are physically
possible. This offers a new paradigm that complements black swans.
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Climate Downscaling in Southeast Asia Using Generative Al
Methods

Xiaoling Zhou

Centre for Climate Research Singapore, Singapore

Artificial Intelligence (AI) has emerged as a promising approach for enhancing
regional climate projections through efficient, high-resolution climate downscaling.
This presentation introduces our AT downscaling strategy for Southeast Asia (SEA),
focusing on the development of generative Al models for regional climate applications.
An overview of the datasets, model architecture, and evaluation framework will first be
presented, followed by the implementation of AI downscaling models based on the

10


https://doi.org/10.1017/eds.2024.7

NVIDIA CorrDiff framework. The trained models are developed to downscale
coarse-resolution global climate models (GCMs) to finer spatial resolution, with a
particular focus on daily precipitation and daily maximum temperature. Model
performance is evaluated using a range of statistical and spatial verification metrics to
assess the representation of daily total precipitation, spatial structures and climate
change signals. Initial results demonstrate that the AI models can effectively
reconstruct fine-scale climate features while maintaining good agreement with the
reference datasets. Finally, the presentation discusses the remaining challenges for
Al-based climate downscaling, particularly the temporal consistency and
transferability of AI models across different GCMs. Future work on improving model
generalization and robustness to support regional climate projection applications in
Southeast Asia will also be outlined.

11



	Machine Learning–driven Advances in Geophysical Data Assimilation (Marc Bocquet)
	Merging Data Assimilation and Machine Learning at Various Degrees: Examples from Arctic Sea Ice and Radiative Transfer (Alberto Carrassi)
	Downscaling Regional Forecasts to Operational Decisions: Weather Impact Analysis for Infrastructure Resilience (Ronald Chan)
	TBA (Gisela D. Charó)
	Challenges and Strategies for Data-driven Modeling of Multiscale Turbulent Systems: Focus on Climate Modeling, Forced Responses and Causality (Fabrizio Falasca)
	Attribution Science in the AI Era (Davide Faranda)
	Multivariate Extremes in Dynamical Systems (Ana Cristina Moreira Freitas)
	Clustering Profiles of Extremes in Dynamical Models (Jorge Freitas)
	Detecting Transient Metastability and Optimising System Perturbations from Observations (Gary Froyland)
	A Localized Schroedinger Bridge Sampler for Generative Modelling (Georg Gottwald)
	Multimodal Spatiotemporal Atmospheric Data Assimilation with Latent Video Flow-matching (Romit Maulik)
	TBA (Gabriele Messori)
	TBA (Denise Sciamarella)
	Turning Weather Uncertainty into Better Airport and Airspace Decisions (Paul Tan)
	TBA (Shili Xiang)
	Beyond Extremes: a Few Thoughts on Black Swans and Aliens, where Statistics and Physics Meet (Pascal Yiou)
	Climate Downscaling in Southeast Asia Using Generative AI Methods (Xiaoling Zhou)

