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$ whoami



PhD from LiU (1997)

https://www.idi.ntnu.no/emner/it3105/materials/rl/cartpole-brownlee-2005.pdf



Reinforcement learning with local LQR



DA in operational NWP





3D- and 4D-Var



EnVar, EnKF or hybrid methods



Dealing with O(10^16)

Diagonalize with spectral transform

EnKF with localization



DA challenges and remedies?

High dimensional state space

- MLWP models that can generate O(10^6) ensemble members
- Latent space DA

Nonlinear dynamics (clouds, snow, …)

- Monte-Carlo filtering
- Koopman operators

Non-Gaussian errors

- Transport methods; Diffusion models, Normalizing flows, …



MLWP for limited area models

Probabilistic Weather Forecasting with Hierarchical GNN (LiU, SMHI, DMI, MS)

Stretched grid and LAM using ECMWF Anemoi (deterministic so far)

Py4Cast (Météo France)

AICON LAM (DWD)

NVIDIA StormCast (US)

NVIDIA CorrDiff downscaling (Taiwan)

YingLong (Academy, China)

MetMamba (PERSKY Tech, China)

… probably more



Performance at km scale?

StormCast



ML and Variational DA



ML model with gradients for 4D-Var

When M is given by an ML model we can calculate the gradients

and find the optimum 



Dynamics with auto differentiation via Pytorch / JAX





B from MLWP ensemble or generative model



Or model B using SPDEs (So’s talk on message passing) 



Probabilistic DA with generative models



Score-based diffusion models

https://proceedings.neurips.cc/paper_files/paper/2023/file/7f7fa581cc8a1970a4332920cdf87395-Paper-Conference.pdf



Score based DA (more general challenge from So)



Data assimilation in a latent space



Gaussian errors via transport methods

https://www.researchgate.net/figure/Normalizing-flow-distribution-transformation-20-The-forward-direction-transforms-a_fig1_373016632



Combine autoencoder with normflow/diffusion

https://www.jeremyjordan.me/variational-autoencoders/https://jcst.ict.ac.cn/supplement/1bab19cc-8f20-413f-86ec-84d7acdeb207



“Optimal” SMC (nonlinear with Gaussian noise)



Koopman operator and Kalman filter in latent space

Neural operators to model infinite 
dimensional Koopman operator

https://arxiv.org/pdf/2309.05317



Foundation models and DA



Foundation Models

Foundation Models provide task-independent but widely applicable machine 
learning models for a domain or system (Bommasani, 2021).

Bommasani et al., CoRR abs/2108.07258, 2021



Big players are interested

IBM and NASA (Prithvi WxC)

Microsoft (ClimaX and Aurora)

Google (TimesFM, not spatio-temporal)

ECMWF EU project Weather Generator

(not so big) Jua (raised $16M)



Self supervised learning



Mask out in time (forecast) or modality (assimilation)



Obs only AtmoRep and a new take on data assimilation



Representational DA - end of DA as we know it?



Examples



Liouville, Fokker-Planck and DA on quantum computers?



Model the evolution of a parameterized pdf, e.g. GMM?

Possible to model both p and f with neural networks? How to train?
No need for Monte-Carlo. Can evaluate p(x) directly.

https://homepages.inf.ed.ac.uk/
htang2/mini-asr/gmm/index.html



Liouville, Fokker-Planck and Perron-Frobenius



Modelling the evolution of the probability distribution

Schrödinger

von Neumann

Liouville

https://media.springernature.com/lw685/springer-static/image/chp%3A10.1007%2F978-3-642-39925-1_13/MediaObjects/316607_1_En_13_Fig2_HTML.png



Simulate evolution on quantum computer



Data assimilation with Perron-Frobenius operator

S is Perron-Frobenius op.



Approximating with FVM (solve on quantum computer?)

FVM methods preserve continuity
i.e. total probability.

Markov operator by satisfying
Courant-Friedrichs-Lewy (CFL) condition.

Solve linear equation system, e.g. with
HHL algorithm on a quantum computer.



Time to get back to reality…



Ongoing/upcoming ML NWP projects at SMHI

CAISA towards coupled atmosphere - sea/ice data assimilation (ML obop)

OWGRE improved NWP for renewable energy (MLWP, generative)

Destination Earth Programme

- DE_330 On-demand Extremes Digital Twin (MLWP, generative)
- DE_371 Machine Learning for Earth system Digital Twins (generative, interp)

ECMWF ML pilot project (MLWP, generative)

EU Horizon WeatherGenerator (Foundation models, generative)




