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E3SM model and CLDERA
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E3SM (https://e3sm.org/about/) is a fully coupled (atmosphere, ocean, land, ice, …) 
Earth system model developed and funded by the US Department of Energy (DOE) 
with focus on water cycle, biogeochemistry and energy, and the cryosphere.

Open source!:  https://github.com/E3SM-Project/E3SM
Currently on v2 (released September 2021)

https://education.nationalgeographic.org/resource/calderas:
“A caldera is a large depression formed when a volcano erupts and collapses”

CLDERA -- CLimate impact: Determining Etiology thRough pAthways 

Compute physical pathways due to sources (focus on exemplar Pinatubo 
eruption (see (Stenchikov et al. 1998), (Ramachandran et al. 2000)) and 
attribute climate impacts caused by this source.

Simulated pathways thrust:  to develop a new data-science informed 
modeling framework to dynamically trace and rank connective relationships 
(“pathways”) between a climate source and its impact(s) using E3SM 
simulations.

https://e3sm.org/about/
https://github.com/E3SM-Project/E3SM
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Challenges of pathway analysis in-situ
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Heuristic: A pathway is the chain of physical processes from source to impacts and their evolution in space-time.

In-situ pathway analysis – construct and determine properties of pathways while software executes.
• In-situ analysis lays groundwork for sensitivity/causality studies, climate intervention simulation/analysis, platform capability 

for diagnosing bugs or issues with modeling AMOC,ENSO, etc.

   Constructing pathways in-situ is novel and challenging.
• Space-time dependence in a large and complex system – downstream effects across wide range of space and time scales.
• Need to come up with new methods, although can leverage ideas from in-situ anomaly detection (Shead et al., 2019), 

(Milroy et al. 2019), (Aditya et al. 2019) and software bug causes (Milroy et al., 2019).
• Everything we do needs to be computationally cheap, since running E3SM is expensive.

• Avoid things like copying/reading/writing internal variables, don’t add communication costs, etc.
• Software models of complex systems are themselves complex (millions of lines, thousands of variables and subroutines) 

so that determining indirect relationships between variables is challenging.
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Pathways from stratospheric aerosol injection in E3SM
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We also make use of the HSW++ configuration in E3SM:  Modified idealized 
Held-Saurez-Williamson configuration (Held and Suarez, 1994), 
(Williamson et al., 1998) that includes simplified chemistry model for 
SO2-Sulfate-T pathway (does not include H2SO4 or other aerosols from E3SM
chemistry packages).
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Mathematical Paradigm for Pathways
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• Heuristic: A pathway is the chain of physical processes from source to impacts and their evolution in space-time.

• Mathematical interpretation:  A pathway is a (time-dependent) graph/network representation of dynamics.

• Potential pathways are determined by software implementation, which limits how quantities of interest (QoIs) can interact.

• Formalize pathways as time-dependent directed acyclic graphs (DAGs) living in some base-DAG – nodes are QOIs statistically 
anomalous according to some test, arrows represent direction of the impact of source.

• The base-DAG represents all potential pathways supported by the software.

• Vast body of literature on relationship to dynamical systems and networks (Anderson et al., 2020), (Glass et al., 2021).

(Left) Time series of monthly means for various sulfur species and various aerosol optical depths of a 1 year low resolution E3SM simulation of a forced run with Mount Pinatubo injection 10Tg of SO2 in to the atmosphere compared to 
an unforced run.  (Right)  The time-dependent DAG representing the pathway associated to the time-series data on the left.
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CLDERA-Tools: software for in-situ pathway analysis I/II
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CLDERA-tools: software tool for in-situ analysis of statistics and pathways of QOIs of E3SM internal variables.
• Noninvasive– provides access to E3SM internal variables without significant code modifications.

• Cheap -  Simple global stats of 20 vars in test case with ne16 atm added <1% overhead.

• Detect and track “anomalies” of internal variables and track through time and/or space.

Inputs:  Fields, base-DAG, tests       
• Fields: The E3SM fields to track.
• Base-DAG: DAG determining potential field dependencies.
• Tests: Abstract test determining anomalousness.

Output: Timestamps and values for test failures.

Design
1. User provides superset base DAG for 

  physical processes; identify root QOI

2. Create tests for each QOI based on control data
• Can use variables directly or derived quantities.

3. Forced E3SM run.

4. Track propagation in real time.

Generating tests for Step 3. can be highly non-trivial – see slide 8!
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CLDERA-Tools II/II 
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• Configuration: HSW++ with CLDERA-tools enabled

• Input: yaml format file with simple SO2->SULFATE pathway w/ 
tests
• SO2: check bounds [0, 0.0001]
• SULFATE: check bounds [0, 0.000005]

output

input
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CLDERA-Tools Test Design
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• Tests depend on a number of factors: QOI statistical properties, type of problem, control data, desired accuracy.

• SAI injection:  effects on QOIs that are farther “downstream” (e.g. temperature) can be more difficult to 
characterize.

Each QOI requires its own CLDERA-Tools test.

(Left) Time series of monthly means for various sulfur species and various aerosol optical depths of a 1 year low 
resolution E3SM simulation of a forced run with Mount Pinatubo injection 10Tg of SO2 in to the atmosphere compared 
to an unforced run.  (Right) Time-series of 30-day time average of global mean temperature from HSW++ run.

Aerosol concentration Optical depth Temperature
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HSW++ Results
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Lat-lon plots of various
QOIs for the HSW++ 
configuration with Pinatubo
Eruptions.
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Thanks!
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Questions?
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