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Research Challenges

Decadal Variability & 

Predictability

Climate & 

Carbon/Biogeochemis

try

Polar Climate Changes
Climate & Extreme 

Events

• Decadal modes of 

variability

• Overturning 
circulation

• Warming hiatus

• Expanding tropics

• Initialized predictions

• Large ensembles

• Multi-year 
predictability

• Stratosphere 
influences

• Tropical cyclones & 

hurricanes

• Heat waves/cold 
outbreaks

• Drought

• Heavy precipitation & 

floods

• S2S predictability of 
severe storms

• Drought & wildfire 
predictability

• High-latitude surface 

fluxes

• Southern Ocean 
stratification & 
transport

• Ocean-ice sheet 

interactions

• Arctic-midlatitude
atmos. connections

• Arctic Ocean & Sub-
Arctic Seas circulation

• Sea ice predictability 
and prediction

• Carbon cycle 

sensitivity

• Coupled physical & 
biogeochemical 
processes

• Carbon hot spots

• Ocean carbon 
modeling

• Earth system 
reanalysis

• Next-gen physical-

bgc-biological ocean 
obs system

Climate at the Coasts

• Sea level variability, 

change, & 
extremes/coastal 
inundation (East 
Coast)

• Marine ecosystem and 

fisheries response to 
climate variability & 
change (West Coast & 
ENSO)

• Sea level & inundation 
at US Coasts

• Marine ecological 

forecasting at US 
Coasts



US CLIVAR Research Challenge on
Climate at the Coasts

White Paper Addendum to Science Plan

Planning

– Initiated at March 2020 SSC Meeting; informed by summer panel meeting sessions; drafted by writing team this 
winter; presented to SSC at meeting last week; publication in spring

Motivation

– Vulnerability within both natural and human systems along coasts is increasing due to:

• Coastal development

• Human migration

• Inadequate risk management

• Climate change impacts

Scope

- US coastal regions (East, Gulf, West, Alaska, Hawaii and Pacific Islands, Caribbean Islands)

- Interconnection of ocean, atmosphere, land, and human processes across spatial and temporal timescales

- Topical foci

• Coastal inundation and flooding

• Ecosystem variability and changes



Climate at the Coasts
Research Challenge

Research Directions

– Improved understanding and forecasting of climate-related events and long-term changes that impact the nation’s coasts

• New coordinated and sustained physical, bgc, biological observations from open ocean, across the continental shelf, into the coastal zone

• Field campaigns that explore coupled processes and circulations within the coastal zones

• Multidisciplinary process studies that include dynamical ocean, atmosphere, biogeochemistry, and ecosystem 
coupled systems to improve the representation of coastal regions in coupled models

• Hierarchical modeling approaches linking from global to regional to coastal scales



Climate at the Coasts
Research Challenge

Research Directions

– Focusing on coasts as natural-human systems

• Study compound extreme events and system dynamics along the coastline, redefining events in terms of impacts

• Understand the uses and needs for climate information for coastal resource management, economic endeavors, and resilience planning

• Understand human-natural interactions, including impacts of population shifts and migration, coastal development and infrastructure, and 
resource management near the coast

• Promote innovative approaches to co-developing science, crowd-sourcing, and citizen science



Climate at the Coasts
Research Challenge

Collaborations

– Requires collaboration across Earth science communities spanning the physical, biogeochemical, biological, and human science domains

– Develop dialogue with boundary organizations and communities of practice to inform information needs and research directions

- Pursue collaborations with the many existing agency, interagency, and international programs (e.g., Sea Level Grand Challenge; PICES-

CLIVAR WG)

Workshop on Ecological Forecasting at US Coasts Co-chairs: Victoria Coles (U Maryland) & 

Sep 2021 (TBD) in Woods Hole, Massachusetts Antonietta Capotondi (U Colorado)

- Examine connections between large-scale physical & bgc processes with coastal processes

- Assess suitability and needs for obs that characterize drivers across timescales

- Identify gaps and avenues for progress in understanding, obs, and modeling that limit reliable 
ecosystem predictions at scales useful for management along US coasts



Background and Motivation

– 2020 SSC Meeting call to action

– Agency acquisitions of commercialized data

• Congressional mandates 

• NOAA and NASA commercial data pilot programs

– Limits identified in data provided for research and training purposes (e.g., investigator collaborations; publication requirements; 

reproducibility; real-time weather forecast training)

– New agency RFPs issued and data buys proceeding

– 2020 WMO Workshops (Sep-Oct 2020)èConference on Data Exchange and Policies (Nov 2020)èWMO Congress (fall 2021)

Purpose and Targeted Audiences

– Raise awareness within science community

– Voice science and academic community needs

– Help inform considerations for agency commercialization activities

– Not intended to enjoin a debate with commercialization providers or mandates

US CLIVAR Data Commercialization White Paper

Draft Resolution 42

- Reaffirms WMO commitment to broaden and enhance the free and 
unrestricted international exchange of Earth system data

- Updates and unifies Resolutions 40 (met), 25 (hydrol), & 60 (climate)

- “shall provide…essential data” and “should provide…additional data”



- Evaluate health of the ocean and atmosphere observing systems for climate

- Promote expansion of observations for climatically important but undersampled variables and regions

• deep to ocean mixed layer

• air-sea fluxes

• marine atmospheric boundary layer

Phenomena, Observations, and Synthesis (POS) Panel
Advocates and leverages long-term climate monitoring and synthesis strategies to better document, understand, 

model, and predict climate variability

Air-Sea Interactions WG (2019-2022) Co-chairs: Larry O’Neill (OSU) & Hyodae Seo (WHOI)

- Provide guidance on diagnostic metrics, statistical methods, and dynamical frameworks to quantify air-sea coupling over multiple space/time-
scales

- Compare air-sea coupling between different model frameworks 

- Identify opportunities to advance understanding through future field experiments, modeling studies, and observational strategies

US CLIVAR

Climate Variability & Predictabilit

y

Atmospheric Convection and 
Air-Sea Interactions over the 
Tropical Oceans
A US CLIVAR Workshop Report
May 7-9, 2019
Boulder, Colorado



- Evaluate health of the ocean and atmosphere observing systems for climate

- Promote expansion of observations for climatically important but undersampled variables and regions

• deep to ocean mixed layer

• air-sea fluxes

• marine atmospheric boundary layer

• water isotopes

Phenomena, Observations, and Synthesis (POS) Panel
Advocates and leverages long-term climate monitoring and synthesis strategies to better document, understand, 

model, and predict climate variability

Water Isotopes WG (2018-2021)

Co-chairs: Kim Cobb (Georgia Tech), Adriana Raudzens Bailey (NCAR), & David Noone (Oregon State U.)

- Develop new strategies for applying isotope ratios to understand and predict the water cycle’s role in climate variability and change

- Define improved observational networks for water isotopes in the atmosphere, ocean, and on land

- Establish water isotopes as an essential climate variable

- Identify challenges and advantages of incorporating stable water isotope physics in GCMs



- Evaluate health of the ocean and atmosphere observing systems for climate

- Promote expansion of observations for climatically important but undersampled variables and regions

• deep to ocean mixed layer

• air-sea fluxes

• marine atmospheric boundary layer

• water isotopes

• high latitudes

Phenomena, Observations, and Synthesis (POS) Panel
Advocates and leverages long-term climate monitoring and synthesis strategies to better document, understand, 

model, and predict climate variability

Workshop on Circulation of Arctic Ocean and SubArctic Seas Chair: Jamie Morison (U. Washington)

Fall 2021 (rescheduling from July) in Seattle, Washington

- Summarize state of knowledge of the Arctic Ocean circulation and its relation to freshwater and heat distribution in the Arctic and sub-
Arctic waters

- Identify critical observational gaps, future requirements, and approaches for addressing them

- Develop strategy for synthesis of in-situ and satellite measurements through assimilative modeling to estimate state and evolution of Arctic 
and sub-Arctic circulation

- Publishing monthly blog to initiate dialogue and inform workshop



- Evaluate health of the ocean and atmosphere observing systems for climate

- Promote expansion of observations for climatically important but undersampled variables and regions

• deep to ocean mixed layer

• air-sea fluxes

• marine atmospheric boundary layer

• water isotopes

• high latitudes

• multi-disciplinary

Phenomena, Observations, and Synthesis (POS) Panel
Advocates and leverages long-term climate monitoring and synthesis strategies to better document, understand, 

model, and predict climate variability

Workshop on the New Global Ocean Biogeochemistry  (GO-BGC) Array (joint w/ OCB)
June 28-30, 2021 (Virtual) Chair: Steve Riser (U. Washington)

- Introduce the GO-BGC plan to the global scientific community
- Discuss and innovate on scientific applications of GO-BGC data
- Provide background information on the flow of data and archiving
- Deliver hands-on tutorials and computer code for accessing GO-BGC data



Phenomena, Observations, and Synthesis (POS) Panel

Linking Observations and Models

Workshop on Future of US’s Earth System Reanalysis Effort Co-chairs: Sergey Frolov (U. Colorado/NOAA PSL) &

October 18-20, 2021 in Boulder, CO Cécile Rousseau (USRA/NASA GSFC)

- Develop scientific and technological vision for next-gen US atmos and ocean RA

- Review status of modeling and DA infrastructure for RA generation

- Explore collaborations extending to crysosphere, land surface, atmos chemistry, and ocean bgc

- Experimental plans for strongly coupled DA and roadmap to coupled RA

Uncertainty Quantification WG (2020-2023)

Co-chairs: Kyla Drushka (U. Washington), Shane Elipot (U. Miami), & Aneesh Subramanian (U. Colorado) 

- Promote incorporation of UQ into design of ocean observing systems, process study conceptualization, data acquisition and processing, and 
ocean modeling and data assimilation

- Develop community-driven web platform for UQ knowledge and strategies (blogs to get underway)

- Organize training of current and future scientists in UQ estimation for ocean observing  and modeling



- Provide feedback on process studies, promoting best practices

• Engaged >30 process studies over seven years

• Provides feedback during planning, post-field synthesis, and sunset phases

• Promotes best practices in climate model engagement and data sharing

• Distills and shares lessons

Process Studies & Model Improvement (PSMI) Panel 
Aims to reduce uncertainties in general circulation models used for climate variability prediction and climate change projections

through an improved understanding and representation of the physical processes governing climate and its variation

from Sprintall et al. 2020



- Evaluate success and lessons of previous Climate Process Teams and need for future CPTs

• survey modeling center needs

• capitalize on process studies

• evaluate biases across models

• develop and implement improved parameterizations and techniques 

Process Study and Model Improvement (PSMI) Panel

Linking Observations and Models

TRANSLATING PROCESS UNDERSTANDNG 

TO IMPROVE CLIMATE MODELS 

A US CLIVAR White Paper 
August 2016

US CLIVAR

Climate Variability & Predictabilit

y

Title and Investigator Team Objective Sponsors

From Boundary Layer to Deep Convection: The Multi-Plume Eddy-Diffusivity/Mass-
Flux (EDMF) Fully Unified Parameterization

Joao Teixeira, Julio Bacmeister, Leo Donner, Rong Fu, Georgios Matheou, Mikael Witte, Marcin
Kurowski, Kay Sušelj,Y.-H. Chen, Maria Chinita, Rachel Storer

To implement and evaluate a new unified boundary layer and 
convective parameterization in NCAR and GFDL models to 
improve spatial transition over ocean from stratocumulus to 

cumulus to deep convection and diurnal cycle over land from dry 
convection to shallow convection to deep convection.

Improving Modeled Momentum Flux in the Atmospheric Boundary Layer 

Colin Zarzycki ,Vince Larson, Ming Zhao, Leo Donner, Julio Bacmeister, George Bryan, Gunilla

Svensson, Kate Thayer-Calder, Christopher Kruse, Xiaowei Zhu, Kyle Nardi, Joakim Pyykkö

To parameterize momentum transport by prognosing
subgrid momentum fluxes directly and thereby improve 
representation of tropical cyclones, shallow cumuli, and low-level 

jets in climate models.

Coupling of Land and Atmospheric Subgrid Parameterizations

Nathaniel Chaney, Kirsten Findell, Po-Lun Ma, David Lawrence, Joseph Santanello, Paul Dirmeyer,

Elena Shevliakova, Forrest Hoffman, Michael Ek, Gabriel Katul, Ming Zhao, L. Ruby Leung, Randall 
Koster, Jason Simon, Khaled Ghannam, Patricia Lawston, Abedeh Abdolghafoorian

To parameterize the effects of sub-grid land 
heterogeneity on the atmospheric boundary layer and 
convection and to characterize its implications for surface 

climate, variability, and extremes.



- Expand focus on coupled processes, including interaction with land, stratosphere, cryosphere, biogeochemical processes

- Evaluate the use of new modeling capabilities

• eddy resolving ocean models and high-resolution atmospheric models

• scale-aware parameterizations

• machine learning and artificial intelligence applications

Emerging Data Science Tools WG (2019-2022) Co-chairs: Mike Pritchard (UC-Irvine) & Elizabeth Barnes (CSU)

- Foster understanding, adoption, and further development of modern data science tools, including machine learning and AI, for analysis of large-
to-massive climate data sets (bi-weekly webinar series)

- Gather, prepare, and encourage use of benchmark training data sets

- Identify best practices for interpretability and predictive capacity 

Process Study and Model Improvement (PSMI) Panel



- Help improve subseasonal-to-seasonal (S2S) predictions and information products

• continuation and use of S2S, SubX, NMME data

• evaluating global-scale modes, teleconnections, and interactions 

• convection-permitting/resolving modeling and downscaling to capture precipitation                      
features and extremes

- Advance interannual to decadal predictability and predictions

Predictability, Predictions, and Applications Interface (PPAI) Panel 
Coordinates plans to understand predictability of the oceans and climate across time scales, advance climate 

predictions and projections, and quantify/communicate skill and uncertainty

Workshop on Societally-Relevant Multi-Year Climate Predictions Co-chairs: Matt Newman (NOAA PSL) and Ben Kirtman (U. Miami)

Rescheduled from June 2021 to November 8-10, 2021

- Characterize processes spanning oceans, land surface, cryosphere driving multi-year predictability

- Highlight challenges for producing skillful predictions using ESMs

- Identify user/decision risk management needs to inform research 

- Foster interagency and international collaborations



- Understand climate changes across space and time scales – CMIP and Large Ensembles

- Coordinate efforts to evaluate forecast uncertainty

Predictability, Predictions, and Applications Interface (PPAI) Panel 

Large Ensembles WG (2018-2021)

Co-chairs: Clara Deser (NCAR) & Keith Rogers (Princeton U.)

- Established multi-model archive & data repository (7 models); adding new LEs as completed

- Assessed the value of large ensembles for interpreting the observed climate record, evaluating internal variability and forced climate change, 
and estimating uncertainties in climate projections (Nature Climate Change Perspectives article – Deser et al. 2020)

- Explored applications to climate impacts and risk assessment, terrestrial and marine ecosystems, and resource management through the use 
of dynamical and statistical downscaling methods

- Organize observational large ensemble (future hackathon in 2022)

- Looking to brief WGCM and/or CMIP on possible future LE multi-model experiments

usclivar.org/working-groups/large-ensemble-working-group

A Summary of the US CLIVAR 
Large Ensembles Workshop

July 24-26, 2019

Fostering usage of large initial-condition 
ensembles with Earth System Models to 
advance understanding of natural climate 
variability, anthropogenic climate change, 

and their impacts

PERSPECTIVE
https://doi.org/10.1038/s41558-020-0731-2

1National Center for Atmospheric Research, Boulder, CO, USA. 2US CLIVAR Working Group on Large Ensembles, Washington, DC, USA. 3Center for 
Climate Physics, Institute for Basic Science, Busan, South Korea. 4Pusan National University, Pusan, South Korea. 5Cornell University, Ithaca, NY, USA. 
6Geophysical Fluid Dynamics Laboratory/NOAA, Princeton, NJ, USA. 7Institute for Geophysics, University of Texas, Austin, Austin, TX, USA. 8Lamont 

Doherty Earth Observatory of Columbia University, Palisades, NY, USA. 9Sorbonne University, Paris, France. 10Canadian Centre for Climate Modelling 

and Analysis, Environment and Climate Change Canada, University of Victoria, Victoria, British Columbia, Canada. 11Department of Earth and Planetary 
Sciences, Northwestern University, Evanston, IL, USA. 12Cooperative Institute for Research in Environmental Sciences, University of Colorado Boulder, 

Boulder, CO, USA. 13Department of Atmospheric and Oceanic Sciences, University of Colorado, Boulder, CO, USA. 14Institute for Atmospheric and Climate 

Science, ETH Zurich, Zurich, Switzerland. 15Institute of Arctic and Alpine Research, University of Colorado, Boulder, CO, USA. 16Max Planck Institute for 

Meteorology, Hamburg, Germany. 17Institute of the Environment and Sustainability and Department of Statistics, University of California, Los Angeles, Los 

Angeles, CA, USA. 18Hokkaido University, Sapporo, Hokkaido, Japan. 19Department of Earth System Science, University of California Irvine, Irvine, CA, USA. 
20University of Exeter, Exeter, UK. e-mail: cdeser@ucar.edu

I
dentifying anthropogenic influences on weather and climate 
amidst the background of internal variability, and providing 
robust projections, are central scientific challenges with prac-

tical implications1–6. Since the inception of the Coupled Model 
Intercomparison Project (CMIP), substantial progress has been 
made on quantifying sources of uncertainty in climate projections 
(for examples, see refs. 7–9). However, such multi-model archives 
confound uncertainties arising from differences in model for-
mulation (that is, structural uncertainty) with those generated 
by internal variability (variability from natural processes in the 
coupled ocean–atmosphere–land–biosphere–cryosphere system). 
This distinction is important because the former is potentially 
reducible as models improve, whereas the latter is an intrinsic 
property of each model and is largely irreducible after the memory 
of initial conditions is lost, typically after less than a few years 
over land10. This key distinction is often not widely appreciated 
and communicated to stakeholder groups11. Indeed, internal vari-
ability accounts for approximately half of the inter-model spread 
within CMIP for projected changes in near-surface air tempera-
ture, precipitation and runoff across North America and Europe 
over the next 50 years5,8,9,12–14.

One way to isolate the uncertainty from internal variability is to 
create an ensemble of simulations with a single climate model under 
a particular radiative forcing scenario, applying perturbations to the 
initial conditions of each member to create diverging weather and 
climate trajectories, causing ensemble spread (for examples, see 

refs. 12,15–17). Since the resulting sequences of unpredictable inter-
nal variability are randomly phased between the individual ensem-
ble members, the forced response can be estimated by averaging 
over a sufficient number of members. The definition of ‘sufficient’ 
depends on the quantity of interest, location, spatial scale, temporal 
scale and time horizon, often on the order of 10–100 members (for 
example, see ref. 12). Such ‘initial-condition large ensembles (LEs)’ 
conducted with fully-coupled global models are a relatively new 
development in climate science, with the first efforts employing 
CMIP3-era models12,18.

The past few years have witnessed an explosion of LEs with  
newer-generation CMIP5-class Earth system models (ESMs;  
Table 1). Each LE required substantial high-performance comput-
ing resources and generated hundreds of terabytes of output. For 
example, the CESM1-LE used 21 million CPU hours and produced 
over 600 terabytes of model output (for comparison, the entire 
CESM1 contribution to CMIP5 was 170 terabytes). Making these 
‘big data’ projects accessible to a wide range of users is challenging, 
yet their ease-of-use for different types of analysis workflows has a 
substantial impact on the scientific value gained from their produc-
tion. A case in point is the NCAR CESM1-LE Project19, which was 
created to serve a broad research community by responding to user 
needs to provide easy access to the output and stable on-disk access. 
This project has resulted in more than 860 peer-reviewed studies to 
date, with approximately 400,000 data files downloaded. Remaining  
nimble to new workflows and users is important, as is following the 

Insights from Earth system model initial-condition 
large ensembles and future prospects

C. Deser   1,2 , F. Lehner   1,2, K. B. Rodgers2,3,4, T. Ault2,5, T. L. Delworth2,6, P. N. DiNezio   2,7, 

A. Fiore   2,8, C. Frankignoul2,9, J. C. Fyfe   2,10, D. E. Horton   2,11, J. E. Kay   2,12,13, R. Knutti   2,14, 

N. S. Lovenduski   2,12,15, J. Marotzke   2,16, K. A. McKinnon2,17, S. Minobe   2,18, J. Randerson   2,19, 

J. A. Screen   2,20, I. R. Simpson   1,2 and M. Ting   2,8

Internal variability in the climate system confounds assessment of human-induced climate change and imposes irreducible lim-
its on the accuracy of climate change projections, especially at regional and decadal scales. A new collection of initial-condition 
large ensembles (LEs) generated with seven Earth system models under historical and future radiative forcing scenarios pro-
vides new insights into uncertainties due to internal variability versus model differences. These data enhance the assessment 
of climate change risks, including extreme events, and offer a powerful testbed for new methodologies aimed at separating 
forced signals from internal variability in the observational record. Opportunities and challenges confronting the design and 
dissemination of future LEs, including increased spatial resolution and model complexity alongside emerging Earth system 
applications, are discussed.

NATURE CLIMATE CHANGE | VOL 10 | APRIL 2020 | 277–286 | www.nature.com/natureclimatechange 277



Coordination of US CLIVAR with CLIVAR Internationally

• Promotion of CLIVAR activities and membership calls

• Sharing of panel meeting reports with US Interagency Group, SSC, and Panels

• Co-sponsorship of CLIVAR meetings and workshops

– 2020 CLIVAR SSC Meeting in San Diego last February

– TBI Workshop in Feb 2021 

– Pan-CLIVAR Panel Workshop From Global to Coastal Ocean Obs in 2022

– ENSO Summer School in 2022

– 2021-2022 Panel Meetings

• Travel of US members

• Hosting of meetings in US

• Coordination w/ Atlantic Panel on initiation of CLIVAR AMOC Task Team

• Report-outs at annual SSG/SSC meetings and US CLIVAR Summit

• Quasi-monthly tag-ups of Project Office Directors



Thank You

usclivar.org
@usclivar




