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Planning of this workshop
First suggested in August 2017 at the AGCI Workshop on Model Evaluation
Originally planned for 2019 in the year of the 30th Anniversary of AGCI
Funding issues…
Corona…
Years went bye …
No virtual event
Finally we are here J
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Carbon dioxide (parts per million)
IPCC AR6 WGI
IPCC (2021)

We’ve known for decades that
the world is warming.
Recent changes in the climate
are widespread, rapid, and
intensifying.
They are unprecedented in
thousands of years.
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AR6: It is unequivocal that
human influence has warmed
the atmosphere, ocean and
land.

AR5: Human influence
on the climate system
is clear.

SAR: The balance of
evidence suggests that
there is a discernible
human influence on
global climate.
1988
1970s-1980s

2007

1995
1990

Climate change is already
affecting every inhabited
region across the globe
with human influence
contributing to many observed
changes in weather
and climate extremes

2001

2018 2019
2013-2014

2023

2021-2022

4

SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

Human influence has warmed the climate at a rate that is
unprecedented in at least the last 2000 years

Figure SPM.1

AR6: It is unequivocal
that human influence has
warmed the atmosphere,
ocean and land.
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Climate models internationally coordinated by CMIP

Complex climate and
Earth system models
• Most sophisticated
approach to simulating
the climate system
• 3-D model based on
fundamental laws of
physics:
− Conservation law of
energy
− Conservation of
momentum
− Conservation law of
mass

Eyring et al., GMD, 2016
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Earth System Models are Improving: Mean Climate
Relative space‐time root‐mean‐square deviation calculated from climatological seasonal cycle (1980–1999)

Bock et al., JGR: Atmospheres, 2020
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Uncertainties in Climate Projections Remain

Climate Sensitivity

Global warming projections
CMIP6

Meehl et al., Science Adv. (2020)

Tebaldi et al., ESD (2021)

Uncertainty range (1.5 - 4.5°C) has not
decreased since 1979

Large Uncertainties
➢ Clouds and carbon cycle
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Which future will we choose?
1.5°C

2°C

Figure SPM.5
4°C

Temperature

IPCC (2021)

Rainfall
9

SIXTH ASSESSMENT REPORT
Working Group I – The Physical Science Basis

Extreme events that happened once per decade
before human influence will be…

ING
C
U
D
E
R
N
I
SS
G!
E
N
I
R
N
G
R
A
RO
E
P
L
R
E
E
ST
HIN
A
C
F
A
D
M
:
N
D
A
E
H
R
I
G
U
Q
OU
E
R
R
T
K
S
BREA RTAINTY I
UNCE

extreme heat

heavy rain

drought

1.5°C

4 times more likely

50% more likely

2 times more likely

2°C

6 times more likely

70% more likely

4°C

9 times more likely

3 times more likely

2 times more likely
4 times more likely

IPCC (2018, 2021)
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Context and Relevance
- While ML is revolutionizing many fields, from molecular science, bioinformatics, and genomics to material
sciences, in Earth sciences the potential of ML is not yet fully explored.
- One reason is that a large body of physical knowledge enabled to develop theories and Earth system
models is derived from first principles.
- This purely physics-driven approach has its limits and there are many ways in which ML can be harnessed
to improve our understanding, improve models, and to better predict and project the Earth system
from weather to climate scales.
- ML to improved climate models:
- One novel path forward involves ML modules for simulating small-scale processes in Earth system
models that cannot be fully resolved and that are currently often heuristically parametrized => hybrid
modelling
- ML to improve analysis:
- Powerful tools for analyzing high-dimensional datasets which are especially prevalent in Earth sciences.
- ML, augmented by causal inference methods, allows more information to be extracted from
observations and models on how processes interact causally => process-oriented model evaluation
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Problem: subgrid scale parametrizations
Problem …

~50-150 km

Ecosystem atmosphere flux
J=−D

∂C
∂z

Machine
learning

Solution: Hybrid modelling

Environmental conditions

Coupled hybrid model
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ML-based subgrid scale parametrization (offline)

Subgrid
tendencies

Eyring, V. and P. Gentine, Better Better — machine learning for improved climate models and projections, AI4Good Seminar Series, https://youtu.be/SYC7ZVLxomI, 2021
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ML also to improve model evaluation and to constrain projections
OPPORTUNITIES
FOR PROGRESS

ML-based observational
products for advanced
model evaluation

Coupled Hybrid Model

ML-based physics
aware parameterizations
& hybrid models

Patterns of climate
variability and extremes

Constraints for feedbacks
and projections

Improved Understanding,
Forecasting & Projections
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ML Can Greatly Accelerate Identification of Extreme Weather
Exascale
Speeds Attained

Accurate Emulation of Expert Classification

Supervised AR/TC
Detection

Semi-Supervised AR/TC
Detection
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Example: Causal model evaluation
Example from Runge et al., Science Adv., 2019
• Hypothesis: tropical Pacific surface temperatures (Nino)
causally affect temperatures over British Columbia (BCT),
but not the other way round; Ground truth: Nino -> BCT

Runge et
al., 2015

-

Multi-variate
Non-linear

PCMCI has been tested extensively to
successfully recover important interactions in
the climate system such as the tropical Walker
circulation and predictors of polar vortex
states

Time-lagged correlation

Causal discovery

2
Goal: derive causal networks from obs & models
Data:
• 3-day-mean sea level pressure (slp)
• CMIP5 simulations (preindustrial, historical)
• Reanalysis data (NCEP) for slp, CRU for precip
Maximum time lag for causal links: 30d; Nr of nodes: 50

Causal network
estimates direct
links among the
nodes

Nowack et al., Nature Commun. (2020)

16

Example: Constraining uncertainties in projections with ML

Process-oriented observable x1

Target variable Y

Target variable Y

Target variable Y

1. Use multiple process-oriented diagnostics to constrain multi-model projection of Y using observations

Process-oriented observable x2

Multivariate linear
regression

Process-oriented observable x3

x1

x2

Target variable Y

2. Use supervised Machine Learning to learn non-linear relationships from gridded data

Y

Climate Model 1

x1

x2

Y

Climate Model 2
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Schlund et al., JGR Biogeosciences (2020)
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Industry involvement: Digital Twins

Next Goal: Digital Twin for Earth

Using Fourier Neural Operator (FNO)
deep learning model to emulate
atmospheric dynamics and provide highfidelity extreme weather predictions across
the globe a full five days in advance.
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Goal and main topics addressed at the workshop
Goal:
- This workshop brings a small but varied group of geoscientists and climate modelers together with machine
learners, statisticians, and representatives of other fields where ML has already had a big impact.
- Discussions will center on how innovative and efficient ML methods will provide new, innovative and
transformative ways of modeling and projecting the Earth system and extracting information from massive data
volumes.
- Of particular importance will be an assessment of the challenges ahead in combining physical knowledge with
data-driven methods. The unique format of the workshop seeks to overcome cross-disciplinary barriers.

Main topics addressed at the workshop:
- Hybrid modeling and subgrid-scale parametrizations
- Extreme event detection and forecasting
- Industry and Public sector perspectives
- Extracting dynamical causal dependencies
- Climate Model Evaluation & Constraining uncertainty in climate projections
- ML-based predictions, stochastic modeling and nowcasting
- Cross-cutting challenges for ML method development
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Envisaged outcome: NCC perspective paper
Nature Climate Change Perspective
Forward-looking perspective in Nature Climate Change focusing on recommendations for new research and
knowledge gaps that could be filled in time for CMIP7 / IPCC AR7
• Peer-reviewed paper
• Lead authors: co-chairs of the workshop
• Author team: all participants of the workshop will be invited as coauthors (listed alphabetically after co-chairs)
• 3-4000 words
- Should provide guidance for CMIP7 and IPCC AR7 regarding advanced ML-based climate models and analysis
for WG I, also supporting WGs II and III through reduced and better quantified uncertainties

Envisaged timelines:
- First draft: end of July
- Submission: of 2022
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Envisaged outcome: NCC perspective paper
•
•

•
•

Intro
Section of ~450 words on the seven
sessions
•

Hybrid modeling and subgrid-scale
parametrizations

•

Extreme event detection and forecasting

•

Industry and Public sector perspectives

•

Extracting dynamical causal dependencies

•

Climate Model Evaluation & Constraining
uncertainty in climate projections

•

ML-based predictions, stochastic modeling
and nowcasting

•

Cross-cutting challenges for ML method
development

Industry importance to be part of each section
Way ahead
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Prompts for Speakers
Prompts for speakers
1. Address the value proposition of machine learning, not just in your present work but its future
potential for addressing grand challenges within your field.
2. “Will IPCC AR7 be appreciably different and better due to the introduction of ML?”
3. Reflect on the following prompts (as applicable in your particular context)
• Prompt 1: Major uncertainties identified in IPCC AR6 (grand challenge) and potential to reduce
it with your method
• Prompt 2: Impact of your method / model on a 5-year time-scale (roughly CMIP7)
• Prompt 3: Potential benefits for robust, trustworthy, and actionable climate measurements and
models
• Prompt 4: Generalizability and extensibility to other climate problems
• Prompt 5: How to engage the communitz
• Prompt 6: List the main challenges
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Prompts for Breakout Groups (BGs)
=> Each breakout group will be tasked to review and summarize the presented information in
view of these prompts and in support of the envisaged perspective paper
We would ask each BG to produce five slides with a bullet list on:
1. Major uncertainties identified in IPCC AR6 (grand challenge) and potential to reduce it with BG theme
2. Impact of methods / models presented in BG on a 5-year time-scale (roughly CMIP7 / IPCC AR7)
3. Potential benefits for robust, trustworthy, and actionable climate measurements and models from BG
4. Generalizability and extensibility of BG methods / models to other climate problems
5. Long-term perspective

Prompts for BG chairs and rapporteurs
-

Preparation of the 5 slides
Presentation of the 5 slides in plenary
Point of contacts for section;
Drafting the section for the paper together with BG group members

By Friday (important final session!)
- Template and outline for all seven sections
23

Agenda (1)
Welcome and Introductions
09:00 AM
Welcome from AGCI staff – James Arnott, Emily Jack-Scott
09:15 AM
Extended introductions for each participant
[Time to offer brief perspectives relevant to session topic and cross-cutting
questions to stimulate thought throughout the week]
09:45 AM
Introduction to workshop goals, outcomes – Co-chairs Bill Collins & Veronika Eyring
Until 10:30 AM
Discussion
Block of 7 Sessions with motivating talks, discussion and breakout group each
1. Hybrid modeling and subgrid-scale parametrizations
2. Extreme event detection and forecasting
3. Industry and Public sector perspectives
4. Extracting dynamical causal dependencies
5. Climate Model Evaluation & Constraining uncertainty in climate projections
6. ML-based predictions, stochastic modeling and nowcasting
7. Cross-cutting challenges for ML method development
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Agenda (2): Logistics
MONDAY, JUNE 6
Dinner on your own
TUESDAY, JUNE 7
6:00 pm Walter Orr Roberts Memorial Public Lecture by Hannah Christensen (Guests Welcome)
Title: "Accelerating Actionable Climate Information Through Machine Learning."
Location: Aspen Center for Environmental Studies (ACES), 100 Puppy Smith St
Wine and cheese reception to follow
WEDESDAY, JUNE 8
Afternoon free for group or independent field trips, Hiking trip available (Guests Welcome)
Evening dinner on your own
THURSDAY, JUNE 9
6:30 pm Reception & Dinner (Guests Welcome), Location: Aspen Center for Environmental Studies (ACES) at Hallam
Lake, 100 Puppy Smith St., Aspen, CO
FRIDAY, JUNE 10 Key Points & Synthesis
9:00 am Group Discussion - Key Findings and Synthesis
12:00 pm ADJOURN
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AGCI Science Session
This is the 82nd AGCI Session since the first one in 1990.
Workshop Co-Chairs:
William Collins (Berkeley Lab & UC Berkeley, USA), wdcollins@lbl.gov
Veronika Eyring (DLR Oberpfaffenhofen & Univ. Bremen, Germany),
veronika.eyring@dlr.de
Workshop Co-Organizers:
Pierre Gentine (Columbia University, USA), pg2328@columbia.edu
Dorit Hammerling (Colorado School of Mines, USA), hammerling@mines.edu
Gerald Meehl (NCAR, USA), meehl@ucar.edu
Jakob Runge (DLR Jena, Germany), jakob.runge@dlr.de

Many thanks to AGCI for
hosting us!
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