CAlibrated and Systematic Characterization, Attribution, and Detection of Extremes
(CASCADE) SFA (PI: Bill Collins — LBNL, TCM: Travis O'Brien —

IU)

To advance understanding of singular climate extremes known as

low-likelihood, high-impact events (LLHIs), the drivers that cause

them, and the evolution of these drivers in warmer climates
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Extremes in the Observational Record

* Method and dataset development: tools for analysis of
extremes at impact-relevant scales

» Characterization, detection, and attribution of extremes using
in situ observations

» Evaluation of extremes in climate model simulations

Subseasonal to Multidecadal Variability in Extremes

* Forced responses in extremes versus responses to natural variability
* Multiscale interactions between extremes and their precursors

* Physical mechanisms driving variability and change in extremes

Observing and Modeling Extremes at Their Native Scales

* Multiscale processes and feedbacks required for hydroclimate
extremes in climate simulations

* Toward theory-based understanding of multiscale extremes

* Multiscale convective processes and teleconnections
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Key Highlights from FY23/24 during CASCADES3 ()

Key Findings:

- Decreases in aerosols
mask GHG-forced change
in precipitation

Broader Implications:

- We develop new statistics-backed
machine learning approaches for
nonstationary, noisy data

CASCADE Team
natures SCIENTIFIC REPORTS Highlights
. R.eglone?l reﬁnement - _ .34 papers
yields high quality «  Contributions to the National —1 (7 in Nature/Science
simulation of the 1997 Climate Assessment enable — ] families)

New Year's flood in E3SM -2 book chapters

+93 presentations

Journal of Advances in National Climate (47 invited)
Modeling Earth Systems Future Directions: Assessment 2023 -Science Plan

«  Forthcoming papers document Reviewed (Dec 2023)

climate-informed decision making

- Back-to-back ARs will and Accepted (April
likely become more near-miss extremes in the 2024)
common as GHGs un-precedented 2 PB HENS
increase ensemble /e =
/
«  Continue mutually beneficial ‘”i [ | — w—
collaborations with NERSC and =] — e
Nnvoma

nature . e 3 HENS ensemble workflow for the NVIDIA FourCastNet
portfolio communications earth & environment model enabled by tight collaboration with NERSC and

NVIDIA, as well as two major ALCC allocations




Key technical accomplishments up thru CASCADE3 &2
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see https://cascade.lbl.gov/software-products

P e Impact of CASCADE Capabilities & Tools:

Fits convolution-based nonstationary Gaussian process models to point-referenced
spatial data via local likelihood techniques. Also provided are functions to fit stationary
spatial models for comparison, calculate the kriging predictor and standard errors, and )
create various plots to visualize nonstatio .

Toolkit for Extreme Climate Analysis (TECA)

TECA is a collection of climate analysis algorithms ge
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https://cascade.lbl.gov/software-products

Ensemble Driver Framework for Low-Likelihood High-Impact (LLHI) Extremes
* Framework to switch focus from LLHIs to their drivers

Study of LLHIs in HighResMIP from CMIP6 using TECA

Characterization of LLHIs in E3SM

Study of LLHIs in Huge Ensembles built with FourCastNet

Tests of FourCastNet using slow-moving tropical cyclones

Our Al (FNO) enables larger ensembles and better risk assessment

Anima Anandkumar, NVIDIA and Caltech

LLHIs in the Observational Record

* Observed LLHI probabilities, uncertainties, and drivers

* Statistical and Al/ML methods for D&A of observed changes in LLHIs
* Empirical weather ensembles for interpreting observed LLHIs

Simulated BEHEaoicadéhsity i@ permitt

Prediction and Projection of LLHIs - U e

* Limits of LLHI predictability: E3SM extreme event reforecasts o :

 Variability and predictability of LLHIs in the Western US

 Sources of predictability in LLHI TCs and TC seasons

* Future change in severe storms in convection-permitting dynamical
climate models and machine learning models

R 0
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Total number of TCs




Key Technical Objectives (3-5 years) for CASCADE4 L2

plo)s
eDrive NVidia FourCastNet with TECA: [ . "/ || eExplore Bayesian PCA and SVD methods =
detecting ARs, TCs, blocking systems, etc. $ r?\ {_|| | ®Develop ensemble gridded datasets of
e Advance and improve FourCastNet, ; e\? ) temperature and precipitation based on !
collaborate w/ NVidia : e — BPCA
eExplore huge ensembles of hindcast
simulations Huge Ensembles of Feature Extraction &
@2 NN Simulations Dim. Reduction w/ UQ
NVIDIA
eEnhance GPU supportin all TECA ? E//é7
eImplement new stochastic foundation Frats ARaEce.
components
models based on Gaussian processes .
eFacilitate ML tasks w/ TECA: from
eDevelop new covariance formulations o ,
training to inference
based on idealized physics (e.g., _ o
eIncorporate ML layers in TECA pipelines
quasigeostrophy) i
Stochastic (e.g., FourCastNet) TECA for ML and GPUs
Foundation Models
for Earth Science




Partners for CASCADE

N\

NCAR

Existing & near-term
collaborations:

(D  Extreme event hindcast
ensembles w/ E3SM

+ ARTMIP

Existing collaboration:
* Huge Ensemble of Neural-network
Simulations (HENS)

Near-term collaborations:

*  New HENS with future versions of
Spherical FourCastNet (SFNO)

* Extension of HENS to mesoscale
precipitation

Existing & near-term

collaborations:

» Toolkit for Extreme Climate
Analysis (TECA) development

* ML climate model
development & evaluation

Earth System Model
Evaluation Project

Existing & near-term

collaborations:

* Metrics for evaluating ML
climate emulators

* AR metrics in PMP

» Coordinated Model Evaluation
Capabilities (CMEC)

E L. A Framework for Improving Analysis and Modeling of Earth
System and Intersectoral Dynamics at Regional Scales

Existing & near-term

collaborations:

* Mountain hydroclimate &
extremes

* Decision-relevant extremes
metrics



Conferences led by CASCADE4

Machine Learning for Actionable Climate Science
Exploiting Machine Learning to Enhance Earth System Modeling and Analysis

y Across Scales

Gordon Research Conference

June 22 - 27, 2025 « Bryant University

Exploiting Machine Learning to Enhance Earth System Modeling
and Analysis Across Scales

This GRC conference will explore how to best push the frontiers of ML
beyond state-of-the-art approaches, especially in

1. developing hybrid Earth system models with greater fidelity,
providing capabilities for climate extremes through large
ensembles with emulators as well as enhancing detection and
attribution methods, and

3. advancing climate model analysis and benchmarking.

This interdisciplinary conference brings together ML and climate
scientists, as well as the private sector, to accelerate progress towards
actionable climate science.

Organizers

Veronika
@ Eyring
W Chair
. Laure Zanna

’ Co-Vice Chair

William . Pierre
Collins Gentine
Co-Chair . Vice Chair

Chris Lofholm
Conference Operations Associate




CASCADE

Lead Presenter

Emily
Bercos-Hickey

Bill Collins
Derrick Danso
Ankur Mahesh

Josh North

Travis O'Brien

Chris Patricola

Alan Rhoades
Mark Risser

Yang Zhou

Topic

Tropical Cyclone Tornadoes

Huge Ensembles for LLHIs
Effects on SLR and TCs on surges
Huge Ensembles using SFNO

Variability UQ on LLHIs

US ARs assoc. w/Baroclinic Waves

Coastal Impacts of Tropical Cyclones

LLHI Showmelt Events
LLHI Historical Heatwaves

AR River Clusters

eam Presentations at this Meeting

Poster Session G

Oral Session 2

Plenary SessionV

Poster Session G

Poster Session G

Plenary SessionV

Poster Session A
Poster Session G

Poster Session G

Day

Wednesday (075)

Thursday

Friday

Wednesday (074)

Thursday (061)

Friday

Thursday (006)
Wednesday (068)

Wednesday (064)



CASCADE4 Summary:
Advance LLHI simulation, understanding, attribution and prediction

ENS | Ensembles for LLHI Drivers OBS | LLHIs in Observations

diagnose LLHI drivers characterize LLHI driver statistics

generate huge ensembles of NN sim’s.

.
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NVIDIA. LLHI drivers

data-driven emulation of LLHIs

/

1N

ensembles
case studies

INF | ML and Comp. Infrastructure PRE | LLHI Predictability

develop ML tools for LLHIs understand physics of LLHI drivers \

detect drivers in ensembles generate E3SM reforecasts of LLHIs



