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RUBISCO Research Goals
e Identify and quantify interactions
between biogeochemical cycles and the
Earth system
e Quantify and reduce uncertainties in
Earth system models (ESMs) associated
with 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 is at the forefront of understanding how climate change will
RUBISCO affect ecosystems and biogeochemical cycles at regional-to-global scales
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RUBISCO Phase 3 Research & Development Objectives

RUBISCO

1.
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Pursue hypothesis-driven research to reduce uncertainties related to
estimates of contemporary terrestrial and ocean carbon sinks

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 carbon-climate feedbacks on future climate variability
Explore ecological teleconnections through simulation, analysis, and
benchmarking using DOE's 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 large ensemble and parameter simulations to explore feedbacks
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Why Are Feedbacks Important? Which Feedbacks?

e Feedbacks are important because they can exacerbate or moderate climate change; their
interactions are complex and poorly quantified

e Reducing uncertainties is an aspirational aim of the project, though we often uncover and
reconcile feedback uncertainties o Climate ,

e Examples of feedbacks we have addressed: et vl S

Ocean warming/freshening Warming

o Negative carbon cycle feedbacks from CO, fertilization c.imateext,emvl‘zc’;‘{:‘? {éﬁ::!é‘i:#:,"n?:vm
and positive feedbacks from warming/drought impacts

Atmospheric
co,

on NPP, respiration, fire, and permafrost thaw {Qg"@«w
oy .o . Gb.'" .'@ - ., Q. "'%f Y Soil respiration
o Carbon cycle feedbacks from solubility, stratification, Sincaton canahQ b6 B 4 remarea fourg

Strengthen air-sea CO, gradient CO, fertilisation

Biological C-pump,

and biological pump changes in the ocean
o Soil moisture, precipitation, and energy-driven
feedbacks from stomatal closure under rising atm. CO,
o Albedo and energy feedbacks from land use & land
cover change, disturbance, changes in phenology, and
climate variability (e.g., ENSO)

Freshwater processes
Fire regimes & other,
disturbances

Anthropogenic

0,
emissions Anthropogenic
CO, removal (CDR)

Anthropogenic
CO, removal (CDR)

Fossil fuels

Geological storage  co, sequestation
Figure 5.2, IPCC AR6 WG
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Science Questions Span Many Spatial and Temporal Scales

Overarching Phase 3 Science Questions

RUBISCO

Q3 & Q4

veggtgtion dypamic§ (tropical folrest 1.7 & 04 . .
Q1.2, Q1.4, Q2.2, & Q3  subility vs. high latitude expansion) ocﬂn nutrient trapping 1. How can observational constraints and

Extreme events (floods, droughts,
heatwaves, wildfires)

models be used to identify and reduce
uncertainties in terrestrial and oceanic
carbon sinks?

04 . . .
Q1.2 & Q2.3 _remafon desdion s 2. How can advances in machine learning
oycrguetiand BOC R be leveraged to improve understanding
of biospheric processes and their
representation in Earth System Models?

Arefic greefiing and
browning

TIPS/ /WA, SCIBNCENAWS, 0T AriCHCH
mate-change-arctic-browning

Spatial Scale
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Q118024 Q138016
plant CO, physiology soil mlLl'Ubl Il T & =
impacts on H, §
biosphere-atmosphere
___interactions

3. What is the contribution of the
carbon-climate feedback to future
climate and biospheric variability on
interannual to multi-decadal timescales?

Purple-Roal.com

4. What are the key pathways and

minutes to days weeks to seasons years to decades decades to centuries centuries to millennia stren gth S of g|0 b a | eco | 0 g| ca |
fast Timescale slow teleconnections?
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RUBISCO

Examples of High Impact Science

The influence of CO, physiology on projected changes
in rainfall, runoff, and land surface temperature

(a) A precipitation @ penseenaay

(b)

SYNOPTIC'TIME SCALE
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280°  300°  320°
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Langenbrunner et al., 2019, Earth’s Future
New insight about mechanisms by which stomatal responses
to rising atmospheric CO, influence future changes in
precipitation, soil moisture, streamflow, & temperature in
CMIP models
Papers: Kooperman et al. 2018a, 2018b; Fowler et al. 2019;

Langenbrunner et al. 2019; Zhou et al. 2021; Zarakas et al; 2021;
Zhou et al., 2022

Disturbance impacts on carbon cycling, ecosystem
composition, and climate

Q o L5 NIR Ay
+L5NIRA,
«L5NIRA,
L5 NIR A,
O L7 NIR Ap
OL7NIRA,
OL7 NIRA,
L7 NIR A,
— median
— Prediction

40

95% Cl of median

35

¢ Prediction
¥ 36.1 years
N

reflectance (%)

30

Old-growth

| ‘33'7::\\\
o |8 |

31years 42 years

Years since 1984
We used Landsat to identify disturbances and the recovery
times from windthrows, clearing, and fire across the Amazon.
We also found good comparisons with ELM-FATES predictions
for these tropical disturbances
Papers: Negron-Juarez et al. 2018, 2020; Yuan et al., 2021; Wang et
al., 2021, 2022; Urquiza Mufioz et al., 2021; Xu et al. 2021; Li et al.,

2020, 2021; Xu et al., 2020; Turetsky et al., 2020; Cai et al., 2019;
Parazoo et al., 2018
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RUBISCO

Examples of High Impact Science

Identification and quantification of long-range ecosystem
teleconnections

Loss of
tropical and
northern
ocean
productivity
and flows to
higher

A warmer Shoaling
Southern ==  mixed

/ Ocean layers \
Ocean s . Massive
= heat mmp Loss of sea = phytoplankton

inlight == ;
uptake [ bloom in

availability Southern Ocean
/ \ Build up of
Stronger Upwelling nutrients in deep

Westerly == on iron-
winds rich shelf

trophic

We define an ecological teleconnection as a perturbation to a local
ecosystem that, in turn, modifies the functioning of a remote ecosystem.
We examined ecological teleconnections driven by changes in vegetation
cover, physiology, fire aerosols, deforestation, and climate-driven changes
in net export production in ocean ecosystems

Papers: Moore et al. 2018; Fu et al. 2018; Langenbrunner et al., 2019; Fu et al.,
2020; Xu et al., 2021; Li et al., 2020, Li et al., 2021

RUBISCO research promotes strong
collaboration across institutions and
team members
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DOE’s Model-Data-Experiment Enterprise (aka MODEX)

Model development H Model simulations, :
. . . 1 £y, vm ot | e
employlng mOdUIGr evqluahon/ GnQIYSISI cnd D;‘:/SC-XXXX | doi:10.7249/XXXXXXXX <z ) NERGY Science

design benchmarking

: 2016
/ \ International Land Model
FATES ~ GCAM Data

RUBISCO

Advanced e Benchmarking (ILAMB)
computational E3SM jLams assimilation Workshop Report
methods Amanzi-ATS P
Py-ART -dings
ParFlow LASSO TECA
CrunchFlow CMEC PMP
Dotol.synthe.js, Watershed Research gppycp ~ AmeriFlux UV-CDAT Identification of
scaling, an ) key knowledge gaps
integration ExaSheds PEcAn CMIP6 NGEE-Tropics
NGEE-Arctic <
e ESS DIVE oy
SAIL PCMDI ESGF 8
ARM Data Center =
4
[
Field measurements Process research, site S
and manipulative characterization, and é
experiments experimental design k2
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CMIPS ESMs CMIP6 ESMs

o [ ]
oﬁ%gm‘“‘”é 5452jm¢:
odet bencnmarkKing wi
Ezel585253820%58322/55
i fuzgzodlolgliagd oYl ss
RUBISCO (a) Land BenchmarkingResults S S5 G2 =22 F 85862228255 /2 ¢
Land Ecosystem & Carbon Cycle [o72f083 013060 [0.43 [i88]o-10 [ 043 066 [048 [1.09[022 [00 .07 100000
Biomass 020 fo4s 140 28] 025 [ .07 [l 0.92 41881 0.7 |0.20 | 0.54 0.16 (093 [0.96 | 0.01 |1.0¢ | 123
RUBISCO leads the development of the International Land Model i e
Leaf Area Index [o20}0s¢ 001(030 (0.1 [B8K0.16 | 027 008 (034 (070|119 082 045 [0.37 [060 [ 104
. . Soil Carbon {027 007 [075{0.47 [0.03 .44 007 [ 023 % l0so fo75/0.17 024 | 101
Bench marklng (lLAM B) and |nternat|ona| Ocean Model Gross Primary Productivity [ose f12s[ocr 025 [o3[o4 108077004 o3 [os 14z Fr02[o37 073 [o0s
Net Ecosystem Exchange [o42 [0zt [oss 110 [a2s 08 [o.2 [ 10310210 050 [MB8L 0 42[063 [o:21 [1oe
M . . Ecosystem Respiration  [080 o5s {086 {024 38]oss fo01 oss is#fost [o5o [o51 (070080 fo21 124043 [oss
BenChmarklng (lOMB) paCkageS for Communlty multl—model Carbon Dioxide 3 [@88k0 74 [#88.0.00 037 [085 JI{0.42 025 [0.39 (050 [1.10 087 {021 (059 [ 009 f0.07'
. Global Net Carbon Balance a8f113[017 031 023 017 {072 025 092
eva | u at I o n Land Hydrology Cycle o 077 [070 | 015 [o47 81124 058 [072 a3{0s7 o | 100
* E irati (o8 1.02(064 -1 039 . 043 401101 [082 [1.05.
Evaporative Fraction foss[o74 [o74 fo.14 foss|o21 88022 fose 010 o1 125 oss 111 (005 098
Runoff H«as 047 (0,08 (067 0,57 012 |0.44 #8584 007 (023096 [0.17 .1 1005047 [099{-0.03 143
Latent Heat losslo73 071|021 | 06 120 |80 o.12 [0.42 Fis2]-124 [{@ 0.0
We used ILAMB and IOMB to compare CMIP5 vs. CMIP6 models
Terrestrial Water Storage Anomaly 045047 |0.50 [ .38 0.3 [0.35 [043 [0.58 | 0.15 [ .08 {005 @80 43 [0:37 015 [0.39 [051 | 040 [050
( | PCC AR6). Permafrost {oss JRoo1 013|088 ose 050 0o [o50] 0.1 [BJosa 074 [o1e o o4z [0 o2 [ 000 oaa|
(b) Ocean Benchmarking Results
Ocean Ecosystems 020 [o20 B0 0« [R8o22 [ 07 [oss: 001 [oor [0z [oxoJosr |
Chlorophyll o4 [102 [0c o [Wo55 I o7 088 [o21 o0 ez o [@MBlos [o1s o0t
o 7, o8 oeetirer N o Oxygen, surface 073 f0.13 053 Hi5310.20 [B80.73 [0.34 0.00 [0410.35 930 (040 |049 | 064
DOE/SCXXXX | doi107249/XXHKHHKK 7/ ENERGY |science Ocean Nutrients 24010 |09t 20125 o Lyl | P P
M Nitrate, surface 021 463067 [122. 18 [470fos2 |\ 1:21 [090{029 [121 [1.02 030 s|047]018
2016 Atte n d B re a ko ut S e SS I O n Phosphate, surface 60 [004 004 [B80.4510.43 039 (0.14 (017 [041 1098(000 [0.02 o8
International Land Model Silicate, surface o for o [0t o oso i i
crgmark™s St 1: Metrics, Benchmarks and BESEE o B
Workshop Report L] '’ TAlk, surface Lo27[101 [0.12 [0.19 |88 0.2 [ 0.22 [ 0.06 [ 035 |05 [0 42020 0.0 2R 054
) oA DIC, surface 060 [0.14[031 foa % 96 [ 041 [o73 (0.7 [101[0.42[0.10 [120 os2] 043 [os0
Anthropogenic 0.0 077 0 14 1.10
Credlb’llty Of MOdeI Output QOcean Physical Drivers  fo22{0c2 [02 {11014 fo23 70fa7afoa7 (o5t [078 [022 [03¢ [o.16 023122 0es |120
. Mixed Layer Depth 030 o025 71 {081 488021 051 [052(051 [128Joss |02
to d ay at 1 . O O p m I n th e Temperature, surface o2s|o3s o1 o2t Jos2 o6 foss]
N Temperature, 200m  fo2s(022 [o43 3 1.1 F130f 0.20 [0.35 [051 [0.670.30 [0.46 [0.34 [1.03] .08
Temp , 700m los# Jo2 fa1e 070 o83 [ @807 [050 for7 fos7[035 [o.4 {033 [o 55 R0 22
FO re St G | e n RO O m Vertical temperature gradient fo4s(oos [0t [o0s {011 006 fo22| 57[0s5 089 [062 [052 [om2 053 i8] .04 | 122
Salinity, surface [oos 12200 [ose[ozs[asrase 05303+ on.m o6
Salinity, 200m 054 [057[026| | Lo47 015 085 |08 [oo1 osefoz2
to Iea rn more about I LAMB Salinity, 700m [0 [o3s 108[os4[070 [o46 [oss] 036 [025 118047054 [0z 87054
Ocean Relationships 43058 002072 [1:20 [o.17 [lE8 0.0 (W12 030
Oxygen, surface/WOA2018 1026 10.1210.38 888029 (021 [0.10 [0.18 {014 [0.07 (B80.03 |-0.23 053
Nitrate, surface/WOA2018 16078 | 000 [o7e [107 026 135020 740z |m|
Relative Scale

Figure 5.22, IPCC AR6 WGl S

OAK Sandia

RIDGE National
T e Laboratories

A
rr/r_r>| ‘m

BERKELEY LAB

NCAR

NATIONAL CENTER FOR ATMOSPHERIC RESEARCH

National Laboratory




Research Themes Citing ILAMB Methods Papers

RUBISCO
Evaluation and Advancement of Land Surface Models Through Data

O ILAMB methods paper Assimilation and Open Source Development
O Publication citing ILAMB paper Model Evaluation and Uncertainty in Land Carbon

/ " Dynamics
OResearch theme generated

using topic modeling
oS = Soil Carbon Dynamics and Climate Change

" Effects in Permafrost and Temperate Regions

Evaluation of Hydrologic and Land Surface

Interannual Variability and Modeling k > »Models in the Context of Snow, Runoff, and
of Gross Primary Production in @ St Streamflow Simulation

Terrestrial Ecosystems

Climate Model Evaluation Metrics and Tools

~
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RUBISCO

Frequency of Research Area Citing ILAMB Methods Papers Over Time

Soil Carbon Dynamics and Climate Change Effects in Permafrost and Temperate Regions

Vegetation Dynamics and Fire Impact on Ecosystem Carbon Modeling

Topic

Interannual Variability and Modeling of Gross Primary Production in Terrestrial Ecosystems - 8
Model Evaluation and Uncertainty in Land Carbon Dynamics
Evaluation of Hydrologic and Land Surface Models in the Context of Snow, Runoff, and Streamflow Simulation -7
Climate Model Evaluation Metrics and Tools
Nitrogen Cycling and Its Impact on Terrestrial Carbon Uptake in Land Surface Models and Ecosystems 6
Evaluation and Advancement of Land Surface Models Through Data Assimilation and Open Source Development 5>
Evaluating Evapotranspiration Models and Plant Hydraulic Representation in Land Surface Models §
Nutrient Limitation and Modeling in Terrestrial Carbon and Biogeochemical Cycles i g
Integration of Big Data and Modeling in Ecological Research w
Carbon Flux Measurements and Modeling in Ecosystems
Global Soil Respiration and Climate Change Dynamics 3
Global Carbon Budget Assessment and Variability “n“n“ )
Climate Change Impact on Grassland and Forest Productivity through Precipitation and Temperature Variability -n---
Earth's Carbon Cycle Data Assimilation and Remote Sensing Techniques
Advanced Modeling Techniques for Terrestrial Hydrology and Climate Simulation ---“nnn- !
Land-Atmosphere Coupling Effects on Water and Energy Cycles in Earth System Models nnnnn-n- - o

~

BERKELEY LAB

A
freeeer ‘m

(9\ ‘_9\ {9\ rﬁ\ (9\ @\ (P'LQ ré], rﬁ)“{}’ @’1«

Year

Thanks to Chris Vernon (PNNL) for this preliminary analysis
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Research Themes Citing ILAMB Methods Papers

ILAMB Methods Papers

2012: A Framework for
Benchmarking Land Models

2016: International Land
Model Benchmarking (ILAMB)
Workshop Report

2018: Evaluating Uncertainties
in Marine Biogeochemical
Models: Benchmarking Aerosol
Precursors

2018: The International Land
Model Benchmarking (ILAMB)
System: Design, Theory, and
Implementation




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 ¢
of moisture

% Partnership with NASA

RUBISCO

RUB'SCO SOIl Ca rbon Dynamlcs Topic #1: Integrative A pproachesin Soil M oiture: From Topic 2 Iteraisipinary Perseciveson s RUBISCO-AmeriFlux Working Group
MldnneLel_'nmg—Enhmeed Produx!oGlobal Dynamics: From Cllm.ﬂeHIn’dstoEeos/ﬂm . . .
Working Group e messesnsnunmimess @ Synthesizing eddy covariance data to
° Synthesizing soil carbon Erten e et G (Chicagen 1, Gatrmd Ko Ay provide observational data
measurements and applying 12 Longtem st MasureDac prsmenemomancs @ Anglyzing responses to disturbance
machine learning to produce o = 5 rmsensmanearnss AN climate extremes
. T1.3: Soil Moisture Dataset and (Vinit Sehgal, Josh Fisher, Wei . .
gridded data Urowminy ) e Developing metrics for model
e Developing metrics and evaluating .. cuw o ot evaluation and constraints

i (Gabriel K coperman)

microbially explicit decomposition | EEi=hum s

T 2.5: Soil Moisture in L andslide Triggers

models s s e - % Partnership with AmeriFlux
% Partnership with ESS projects | oty gt ImTt 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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i’fD 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, nutrient dynamics
InteRFACE: Jitu Kumar - Land model evaluation

NGEE Arctic: Forrest Hoffman, Charlie Koven, Jitu Kumar, Zelalem Mekonnen, Jing Tao, and
Chonggang Xu - co-leading Data Synthesis & Evaluation Cross-cut and Dynamics &
Disturbance Cross-cut, remote sensing data synthesis

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, and Min Xu - Project
leadership, software infrastructure, and data management

Joint BioEnergy Institute (JBEIl): Umakant Mishra - Agroecosystem modeling
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W Project Personnel Across Institutions
RUBISCO
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