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RUBISCO Research Goals
e Identify and quantify interactions
between biogeochemical cycles and the
Earth system
e Quantify and reconcile uncertainties in
Earth system models (ESMs) associated
with those interactions

The RUBISCO SFA works with the measurements
and the modeling communities to use
best-available data to evaluate the fidelity of
ESMSs. RUBISCO identifies model gaps and
weaknesses, informs new model development
efforts, and suggests new measurements and

field campaigns.
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RUBISCO Consists of Six Partner Institutions
RUBISCO

e 3 DOE National Labs
o Lawrence Berkeley (LBNL)
o Oak Ridge (ORNL) <
o Sandia (SNL)

e 2 Universities T
o U. California Irvine (UCI) FLBNL -

o U. Michigan (UM) o

ORNL?"

e National Center for Ty
Atmospheric Research
(NCAR)

Collaborations at other National Labs and universities are
fostered by our Working Groups and “hub” activities
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RUBISCO Phase 3 Research & Development Objectives

Pursue hypothesis-driven research to quantify uncertainties related to estimates of
contemporary terrestrial and ocean processes

Apply new advances in the field of artificial intelligence (Al) and machine learning
(ML) to improve prediction and simulation of biospheric processes

Assess the impact of biogeochemical interactions on Earth system variability

Explore ecological & hydrological interactions through simulation, analysis, &
benchmarking using the Energy Exascale Earth System Model (E3SM) & CESM

Develop & apply our open source ILAMB and IOMB benchmarking software tools for
evaluation of ESM biogeochemical & hydrological processes

Manage Working Groups that engage community researchers and RUBISCO scientists in
data synthesis, multi-model analysis, and benchmarking

Conduct ensemble and parameter perturbation simulations to quantify uncertainty
and understand interactions and feedbacks
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Science Questions Span Temporal and Spatial Scales

Science Questions

1. How can observational constraints and
models be used to identify and quantify
uncertainties in terrestrial and oceanic
processes?

2. How can advances in machine learning be
leveraged to improve understanding of
biospheric processes and their representation
in Earth system models?

3. What is the contribution of biogeochemical
interactions to future Earth system variability
on seasonal, interannual, and decadal
timescales?

4. What are the key pathways and strengths of
multiscale ecological and hydrological
interactions and teleconnections?

Community Resource Objectives

1. Develop ILAMB & IOMB and deploy in REF

2. Manage SOM, AmeriFlux, Soil Moisture, and
Biomass Working Groups

3. Biogeochemical-water cycle simulations
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Objective

Develop a global carbon budget that simultaneously reconciles key constraints

offered by satellite-derived vegetation biomass, atmospheric O,, and the

north-south atmospheric CO, gradient.

Approach

e We combined satellite vegetation carbon time series with additional
information on detrital pools to estimate the net land carbon flux directly from
2000-2019 (green line, Figure 1A).

e We developed a 2-box atmospheric inversion model to estimate the northern
land sink using atm. data from 1959-2022 (black line, Figure 1B).

Results/Impacts

e At a global scale, our estimate of the net land carbon sink from the satellite

data is 0.8 £ 0.7 Pg C/y from 2000-2019, nearly a factor of two lower than the

Global Carbon Project (GCP) and IPCC estimates (Figure 1A).

With concurrent adjustments to ocean (+8%) and fossil fuel (-6%) fluxes

(Table 1), we developed a budget that reconciles key constraints provided by

The Weak Land Carbon Sink Hypothesis
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Table 1. Global Carbon Project and proposed global carbon
budgets.

Global Carbon Weak Land Sink
Flux component: Percent

Project: Hypothesis:

vegetation carbon, the north-south CO, gradient, and O, trends. Units: Pg C/y wean i mean e difference
Randerson, James T., Yui Li, Weiwei Fu, Francois Primeau, Jinhyuk E. Kim, Mingquan Mu, P! e emssons 86 = 04 &1 = 09 N
Forrest M. Hoffman, A. T. Trugman, L. Yang, C. Wu, J. A. Wang, W. R. L. Anderegg, A. Baccini, M. A, Atmosphericgrowth rate 46+ 01 46 = 01 0
Friedl, S. Saatchi, A. S. Denning, and M. L. Goulden (2025), The Weak Land Carbon Sink Hypothesis, Oceansink 25 £ 04 27 ¢ 03 8
Sci. Adv., 11(37), eadr5489, doi:10.1126/sciadv.adr5489. Land sink 16 * 06 08 = 07 -46
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RUBISCO
Meeting Goals

Meeting Outcomes

ILAMB 2025

Highlight new techniques for model
evaluation to reconcile uncertainties

Enable coordination among community
model intercomparison projects

Increase awareness of new data streams
available model benchmarking

Increase use and sharing of information and
community tools, including ILAMB

Design new metrics and evaluation 2025 Internatlonal Land Model Benchmarklng

approaches for next generation ILAMB (ILAMB) Hybrld Meetlng
December 11-13, 2025, in New Orleans, Louisiana, USA

Released ILAMBV3.0 to community

Prioritized integration of new data sets, e About 60 in-person participants and 10-20 virtual attendees from US,
removal of deprecated data, development of UK, Germany, France, Japan, and Australia
new community metrics e Included plenary presentations, breakout sessions, & poster sessions
Developing meeting report that charts e Followed by RUBISCO Working Groups and All Hands Meetings on
course for future development of ILAMB Sunday, December 14, 2025
O~ A OAK Sandia
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@Y Rapid Evaluation Framework (REF)

RUBISCO

e The REF orchestrates
execution of community
model diagnostics in a
consistent, traceable way for

Rapid Evaluation Framework
OVERVIEW

Model Evaluation Framework Outputs

publishing the resulting sove — o REFD““E]M
. . REF-compliant Using theinputs, the REF , oo, For online exploration
metrics, fi gures, an d e St :%EZ‘ZE%‘EEEZEEE: Storage end cistriy % ofresults
provenance for analysts R rer a7
e The REF is extensible to % H L P Nt
support different sl LAME/IOMB N mere e
p p 5 ;/ Pre-existing community tools Nei?:%yFs.i(S:'S”\j/(,:Lur%nF’gNG
requirements and community _
diagnostics and packages https://www.climate-ref.org/ https://doi.org/10.5281/zen0d0.20053946

e The REF enables integration of community evaluation tools into workflows
e Diagnostics are executed and published as data are published on Earth System Grid Federation (ESGF)

Hoffman, Forrest M., Birgit Hassler, Ranjini Swaminathan, Jared Lewis, et al. 2026. “Rapid Evaluation Framework for the CMIP7
Assessment Fast Track.” Geosci. Model Dev., in revision.
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https://www.climate-ref.org/

D AgenticlLAMB: Toward autonomous bias diagnosis and

RUBISCO

attribution for Earth System Models

Goal: Under development by Huiqi Wang (UC Berkeley) and Qing Zhu (LBNL)

Build a multi-agent system for
autonomous bias diagnosis and

attribution in ESM, and explore a Qe g, || Dusten L s o
human-in-the-loop workflow. . il |
Current status: { — T il S Report
Successfully tested on biomass — Expert |
integrate Foundation Model biomass Tools ( Enginesr J [ coraper ] ( ieaws ’[ o ] [:ggggg;‘:} [ Witer ] |
Next steps: Open questions:
e Define evaluation metrics for the e How do we evaluate a non-deterministic process?
agent system e Can the system find what we cannot?
e Improve the VLM model Call for feedback from RUBISCO & E3SM communities:
e Encode expert knowledge to e As our target users, what functionalities would make your
constrain agent reasoning work easier and more efficient?
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RUBISCO Leadership of Community Working Groups

\ y, RUBISCO Soil Moisture Working
2018 RUBTSCO Carbon Dynamies WorKIng Group Meeting (CILulT]w
T AT Lo U de I o Synithesizing global soil moisture
28 = data from in situ and remote

i) 2 sensing
i ¢ Developing metrics for model
evaluation of vertical distribution ¢

RUBISCO

of moisture
, >+ % Partnership with NASA | Hotan
RUBISCO SOI| Organlc Matter ;ﬁﬂ:gﬁﬁ;ﬂﬂgm::ngu From Tore - ol o o ke RUBISCO-AmeriFlux Working Group
Working Group B mestnsndiumnimes @ Synthesizing eddy covariance data to

G . G Ko provide observational data
nesmaenioranc: @ Anglyzing responses to disturbance

Sequestration (Yuefeng H a0, Jiafu M )

T2.3: Predicting Agricultural Risks an d va rla b | | |ty

T1.1: Machine Learningin Soil M oisture

e Synthesizing SOM measurements  ssmimiambom
and applying machine learning to  rzisemsiuaamons
produce gridded data

(Yaoping W ang, Jiafu M a0)

e Developing metrics and evaluating S =" === e Developing metrics for model
microbially explicit decomposition .., s comsucgems ot evaluation and constraints

(Gabriel K ooperman)

m O d e I S (BémmlTA 2'E T 2.5: Soil Moisture in L andslide Triggers . . .
e R % Partnership with AmeriFlux
% Partnership with ESS projects | Wt e 0™ ISt o3 Project

T1.6 Ground-based Observationsfor Satellite Accuracy T2.7: Water-Energy-Carbon Cycle Relationships

and potentially BSSD projects o e e e
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New RUBISCO Community Working Group

RUBISCO

RUBISCO Biomass Working Group

e Synthesizing above- and
belowground vegetation live
biomass from remote sensing and in
situ measurements and applying
machine learning to produce

grldded data — RUBISCO WO.RKING GRO:JP MEETING —

e Assessing trends in live biomass for Vegetatlon Biomass
understanding wildfire and —Trend's —
disturbance (whiplash) risks and e Planning for an international meeting to address
constraining carbon budgets vegetation biomass trends focused on North America

e Engaging US and European space agencies and large scale
ecological projects

e Likely in Southern California in October 2026

OAK m Sandia
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e Developing metrics for evaluating
vegetation models
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Additional EESM, EESSD, and BER Collaborations

RUBISCO

RGMA University Projects: Nathan Collier, Forrest Hoffman, Charlie Koven, David Lawrence,
and Jim Randerson - model simulation, evaluation, and metrics development

E3SM: Qing Zhu and Xiaojuan Yang - ELM model development, wildfire, nutrient dynamics
NGEE Arctic: Forrest Hoffman, Charlie Koven, Jitu Kumar, Zelalem Mekonnen, Jing Tao, Elias
Massoud, and Morgan Steckler - co-leading Data Synthesis & Evaluation Cross-cut and
Dynamics & Disturbance Cross-cut, remote sensing & site data synthesis, model evaluation
NGEE Tropics: Charlie Koven, Chonggang Xu, and Xiaojuan Yang - Project and modeling
leadership, simulation and analysis

AmeriFlux: Trevor Keenan - Science applications of eddy covariance data

ESGF2-US: Forrest Hoffman, Jitu Kumar, Nathan Collier, Elias Massoud, Min Xu, and Morgan
Steckler - Project leadership, software infrastructure, and data management

Joint BioEnergy Institute (JBEIl): Umakant Mishra - Agroecosystem modeling

Seeking new engagement on coordinated simulation and analysis with E3SM
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W Project Personnel Across Institutions
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