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Executive Summary

he Biological and Environmental Research
I (BER) program within the U.S. Department

of Energy (DOE) Office of Science supports
research focusing on the interconnections between
energy production and the living environment. This
fundamental research, conducted at universities,
DOE national laboratories, and research institutions
across the country, explores organisms and eco-
systems that can influence the U.S. energy system
and advances understanding of the relationships
between energy and environment from local to

global scales.

Research within BER can be categorized into
biological systems and Earth and environmental
systems. Biological systems research seeks to char-
acterize and predictively understand microbial
and plant systems using genomic science, compu-
tational analyses, and experimental approaches.
Foundational knowledge of the structure and
function of these systems underpins the ability to
leverage natural processes for energy production,
including the sustainable development of biofuels
and other bioproducts. Earth and environmental
systems research seeks to characterize and predic-
tively understand feedbacks between Earth and
energy systems and includes studies on atmo-
spheric physics and chemistry, ecosystem ecology
and biogeochemistry, and development and val-
idation of Earth system models extending from
regional to global scales. To promote world-class
research in these areas, BER supports user facilities
that enable observation and measurement of atmo-
spheric, biological, and biogeochemical processes
using the latest technologies.

BER regularly solicits input from the scientific com-
munity to help guide its programs. The Biological
and Environmental Research Advisory Committee
(BERAC) is chartered under the Federal Advisory
Committee Act to advise BER on its research port-
folio and user facilities. To facilitate a synthesis of
community input, the director of DOE’s Office of
Science charged BERAC in March 2016 to review
research progress and establish and deliver a revised
long-term vision for BER by fall 2017. Questions
considered during this process included:

«  To what extent has BER successfully met the
challenges outlined in the 2010 report, Grand
Challenges for Biological and Environmental
Research: A Long-Term Vision?

«  What are the greatest scientific challenges that
DOE faces in the long term (20-year horizon),
and for which of these should BER take
primary responsibility?

«  How should DOE position BER to address
these challenges?

«  What new tools should be developed
to integrate and analyze data from
different disciplines?

«  What unique opportunities exist to partner
with, or leverage assets from, other programs
within the DOE Office of Science?

o What scientific and technical advances
are needed to train the future workforce
in integrative science, including complex
systems science?

November 2017
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Through a series of BERAC meetings, white papers,
and a research community workshop, BERAC
addressed these questions, identifying future grand
challenges in five areas: biological systems, Earth
and environmental systems, microbial to Earth
system pathways, energy sustainability, and data
analytics and computing. Providing critical sup-
port for these challenges are BER user facilities,
research infrastructure, and emerging technolo-
gies. This report represents a synthesis of these
grand challenges and the supporting facilities

and technologies.

Grand Challenges in
Biological Systems Science

Biological systems naturally transform and distrib-
ute energy through photosynthesis and subsequent
decomposition of photosynthetic material. Con-
version of energy to biomass can occur via various
mechanisms, including photosynthetic and chem-
ical pathways with oxygen (i.e., aerobic) and with-
out oxygen (i.e., anaerobic). Greater insights are
needed into the regulation of these pathways, the
genes responsible for the reactions, and environ-
mental influences on the reactions. This improved
understanding is a precursor to enabling changes in
pathways that may uncover new or more efficient
energy sources.

BER facilitates the understanding of complex bio-
logical systems by supporting research that develops
and uses high-throughput genomic, proteomic,
metabolomic, and computational approaches as well
as more traditional advanced experimentation. In
the past 10 years, the program has made significant
progress in sequencing and synthesizing nucleic
acids, rapidly generating high-quality omics datasets,
advancing understanding of single-cell metabolism
and mechanisms of cellular regulation, and devis-
ing approaches to manipulate cellular processes.
Research has expanded systems approaches and
model organism status to bacteria, fungi, and plant
systems increasingly relevant to DOE missions.

In these endeavors, BER has partnered with other
DOE Office of Science user facilities (e.g., light

a I
Biological Systems Science
Action Items

m Conduct experiments that enhance
cooperation among BER-supported
user facilities and other DOE user facil-
ities (e.g.,, DOE Nanoscale Science
Research Centers).

m Lead coordinated efforts to improve and
validate genomic annotation approaches.

m Improve the performance of metabolomics
approaches for BER-relevant science.

m Establish standards across data platforms
so investigators can efficiently link
genomes with phenotypes.

m Coordinate and align research to under-
stand dynamic linkages and feedbacks
between environmental conditions and
complex biological systems.

\_ _/

and neutron sources) and with other federal agen-
cies, including the U.S. Department of Agriculture,
National Science Foundation, and National Insti-
tutes of Health, to leverage different areas of exper-
tise across the government.

Building on and emerging from these successes are
anumber of grand challenges for the next decade or
longer including the following:

2.1 Understand the biological complexity of
plant and microbial metabolism and inter-
faces across scales spanning molecules to
ecosystems.

2.2 Develop technologies to identify DOE
mission-relevant metabolic capabilities
and engineering possibilities in bacteria,
fungi, archaea, viruses, plants, and mixed

communities.

2.3 Optimize the use of large datasets that
integrate omics surveys with biochemical

Biological and Environmental Research Advisory Committee
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and biophysical measurements to generate

knowledge and identify biological paradigms.

2.4 Understand the links between genotype and
phenotype in single but very diverse organ-
isms and in communities of organisms that
interact in terrestrial ecosystems.

2.5 Effectively exploit new and emerging tech-
nologies in systems biology and physical
measurements (e.g., miniaturization) to
accelerate biological discoveries.

Grand Challenges in Earth and
Environmental Systems Sciences

Research on Earth and environmental systems
includes terrestrial and atmospheric systems as
they relate to Earth’s natural and human-driven
energy systems. The study of environmental sys-
tems often includes biotic (living) and abiotic
(nonliving) variables. Earth and environmental
systems science seeks to understand and model
the interactions among natural systems, human
systems, and biotic and abiotic variables that

comprehensively represent observed systems at
local to global scales.

This research has advanced greatly over the past
decade. Earth system models, of which climate is
one component, have benefited from the use of
high-performance computing. Moreover, targeted
environmental science activities, particularly in

the Arctic, have improved the understanding of
ecosystem dynamics in traditionally understudied
regions, thereby helping to reduce uncertainty in
Earth system models. Particular successes include
improved high-resolution aerosol and cloud model-
ing; advances in research on abrupt tipping points
(e.g., thawing permafrost and melting sea ice); better
coupling of human-based biogeochemical drivers
with Earth system models; and quantification of
model uncertainties. To make these advances, BER
has partnered with other DOE Office of Science
programs (e.g., Advanced Scientific Computing
Research) and has coordinated research activities
with other federal agencies through participation in
the U.S. Global Change Research Program.

/

m Develop fine-scale process models and data
assimilation capabilities for data-model inte-
gration to advance model development and
prediction of Earth system processes.

m Advance high-resolution modeling in dif-
ferent simulation and prediction modes
supported by exascale computing to improve
understanding and prediction of extreme or
high-impact events.

m Develop a computational user facility for
rapid design, generation, evaluation, and
diagnosis of Earth system model simula-
tions, as well as analysis of ensemble predic-
tions and data-model synthesis.

\_

Earth and Environmental Systems Sciences Action Items

~

m Develop and maintain a hierarchy of models
for hypothesis testing, model development,
and uncertainty analysis of the complex
human-Earth system.

m Develop and integrate new sensing technolo-
gies and optimize field deployments in Atmo-
spheric Radiation Measurement, AmeriFlux
Network, Next-Generation Ecosystem
Experiments, and other BER programs to
explore interactions across different scales
of biological organization and biosphere-
atmosphere feedbacks.

m Create new integrated field laboratories
that target biogeochemical, energy, and
water flows between urban areas and
surrounding ecosystems.

_/
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From this work, new and future challenges include:

3.1 Advance Earth system modeling using a
hierarchy of models, from process-resolving
coupled models to reduced-order models, to
transform understanding of the coupled Earth
system and to produce useful and credible
simulations and predictions of Earth system
behavior at multiple time scales.

3.2 Establish new observational technologies
and use them to understand human and
Earth system processes, such as land-
atmosphere interactions, biogeochemical
cycles, and subsurface soils, to estimate crit-
ical process parameters using novel analysis
methods, such as machine learning and data
science, and to quantify model errors.

3.3 Advance basic knowledge and scale-aware
simulation capability for Earth system feed-
backs associated with aerosols and moist
processes to better quantify aerosol forcing,
precipitation changes, and extreme events
with consequences for energy and water
cycles, global distribution of nutrients, and
human health.

3.4 Advance modeling and understanding of
important ecological, biological, and car-
bon cycle interactions and feedbacks in the
climate system to identify potential tipping
points and possible energy strategies.

3.5 Characterize, understand, and model the
complex, multiscale water cycle processes in
the Earth system including the subsurface to
understand and predict water availability and
human system response to extremes.

3.6 Understand the time-dependent processes
and mechanisms associated with melting gla-
ciers, ice caps, and ice sheets and their contri-
butions to regional sea level rise.

3.7 Quantify the interplay between internally
generated climate variability and externally
forced response involving anthropogenic
and natural factors and their relative roles in

the time evolution of regional variability to
understand predictability of the Earth system.

3.8 Understand the long-term Earth system
stability in response to possible future Earth
system outcomes and address the level of
confidence and identify emergent constraints
for the range of model projections.

Grand Challenges in Microbial
to Earth System Pathways

Microbial communities influence soil and plant
systems that in turn affect regional and global envi-
ronments. However, research at one scale does not
always translate to other scales because of challenges
in data formats, relevance at different scales, and fun-
damental understanding of the links among scales.
The 2010 BERAC Grand Challenges report indi-
cated that BER was well positioned to undertake the
grand challenge of coordinating research and ana-
lyzing results across scales. Since this time, advanced
capabilities have enabled researchers to functionally
and rapidly annotate microbial genomes using high-
throughput technology and assemble microbial

" I
Microbial to Earth System
Pathways Action Items

m Develop and deploy sensors suitable for
use in the field that integrate the effects of
microbial activity at the ecosystem scale.

m Promote integrated studies that explicitly
test predicted microbial network interac-
tions and attempt to assess membership
and species-specific and collective func-
tional capabilities within ecologically
coherent microbial communities.

m Conduct experiments that help determine
the influence of microbial processes at
larger, aggregate scales.

m Promote research teams to integrate
microbial community dynamics into Earth

system models.

\_ _/
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communities in the laboratory to represent fun-
damental biotic interactions and systems-level
processes. However, development of more complex
model communities is needed to better capture
relevant environments and associated biological
processes at multiple scales. To address this need, a
number of grand challenges were identified:

4.1 Characterize the biogeochemical exchanges
driven by food web and plant-microbe interac-
tions and evaluate their process-level impacts,
sensitivity to disturbances, and shifting
resource availability under changing environ-
mental regimes.

4.2 Define the sphere of influence and key
elements of microbial communities in
space and time relevant for predicting
larger-scale ecosystem phenomena for Earth
system understanding.

4.3 Integrate molecular and process data to
improve the ability to define ecologically sig-
nificant traits of individual taxa and commu-
nities and use trait-based models to develop
predictive links between community dynam-
ics and ecosystem processes.

4.4 Align and deepen connections among
conceptual understanding, measurements,
and models related to the roles of microbes
in determining the rate of transformation,
uptake, and loss of chemical elements
from ecosystems.

Grand Challenges in
Energy Sustainability

Energy production and use are inherently con-
nected to land, air, and water resources. Com-
prehensively understanding these interactions is
therefore important for guiding current and future
energy production that will optimize energy avail-
ability and environmental quality. In recent years,
research on bioenergy conversion and associated
environmental considerations has progressed
substantially, accompanied by an increased under-
standing of energy-food-environment tradeoffs and

improved characterization of spatial and temporal
variabilities of targeted ecosystems. Other significant
advances include further development of integrated
assessment models, climate models, integrated Earth
system models, and the coupling of these models
where appropriate to fully address sustainability
science questions. Moving forward, four grand chal-
lenges will take this research into the next decade
and help resolve important questions:

5.1 Further develop the science of coupling
energy, water, and land use across different
spatial and temporal scales to understand
environmental impacts and changing cli-
mate and to better predict net biogeochem-
ical fluxes.

5.2 Use observational, experimental, and model-
based approaches to explore the sustain-
ability of alternative energy systems, incor-
porating stability and resilience analysis,
uncertainty, transition paths from current

a )

Energy Sustainability Action Items

m Establish a strategically distributed net-
work of energy sustainability testbeds
for addressing crucial research questions
associated with specific energy strategies
and air-water-land feedbacks at multi-
ple scales. The combined testbeds will
address several grand challenges while
leading to a predictive understanding of
couplings between energy systems and
natural systems.

m Create an energy sustainability modeling
and synthesis center for multidisciplinary
teams to address key energy-water-land
research challenges. The center will orga-
nize multidisciplinary teams to understand
impacts (e.g, energy-water-land influences
on energy infrastructure), sustainability
working groups to resolve short-term
research questions, and also facilitate and
house integrated data products at resolu-
tions needed for sustainability analyses.

\_ _/
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infrastructures, and the use of appropriate
common metrics.

5.3 Understand how variability and change in
natural systems affect energy system struc-
ture and function and determine how best to

build this knowledge into models.

5.4 Create new data streams and more effec-
tively use existing observations to ensure
the availability of scale-appropriate data,
particularly related to high-resolution land
use, landscape infrastructure, demographic
change, and energy-land-water research.

Grand Challenges in Data
Analytics and Computing

Data challenges in BER research programs have
increased by orders of magnitude over the past few
years. New techniques and services are required to
leverage the wealth of research results and trans-
form them into world-leading scientific discover-
ies. Although the data differ in format, common
approaches can be employed among BER programs
for archiving, accessing, processing, and generating
enhanced data products.

Over the past decade, further progress has been
made in developing archives, developing software

to handle large amounts of program-specific data,
and linking BER researchers with high-performance
computing capabilities. However, the growth in data
size, complexity, and heterogeneity has far outpaced
these efforts, and the challenges are continually
escalating with the development of new instruments

and sensors that stream data in real time. As a result,
future grand challenges are expected to include:

6.1 Develop robust approaches for large-scale
data collection, curation, annotation,
and maintenance.

6.2 Develop computing and software infrastruc-
ture to enable large-scale data (i.e., Big Data)
storage and analysis.

6.3 Conduct research to develop suitable algo-
rithms and programming models that can
harness current and future computer archi-
tectures to effectively model complex cou-
pled systems and analyze extreme-scale data.

6.4 Engineer advanced computational modeling
combined with data integration across tem-
poral and spatial scales.

6.5 Conduct research and develop activities that
support human understanding of large-scale,
multimodal data streams, including the abil-
ity to steer experiments in real time.

Supporting Grand Challenges
Through the Use of Facilities,
Research Infrastructure, and
Emerging Technologies

Dedicated facilities and new or improved technolo-
gies often can increase the speed and efficiency with
which grand challenges are met. DOE, and BER
specifically, invests in user facilities and the devel-
opment and application of technologies to advance

" I
Data Analytics and Computing Action Items
m Prioritize building and maintaining an inte- m Facilitate and encourage increased inter-
grated facility for long-term data storage, actions across disciplines (e.g., computer
archiving, and data analysis. scientists, statisticians, data analysts, and
: experimentalists).
m Evolve current and develop new ontologies P )
and metadata standards, as well as strengthen m Foster coordination and collaboration within
compliance in funding announcements and DOE and among other agencies.
reporting standards.
\_ J
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scientific understanding. As BER research chal-
lenges evolve, so too will capabilities within BER
and Office of Science user facilities. Potential oppor-
tunities to further enable facilities and emerging
technologies to support BER research and identified
grand challenges are described here.

Facilities and Research Infrastructure

BER fundamental science is empowered by BER,
other Office of Science user facilities, and experi-
mental and observational infrastructure that inte-
grate different technologies to enable state-of-the-art
research in plant, microbial, environmental, and
Earth system sciences. User facilities are intended to
provide unique research capabilities that are beyond
the ability of single or small groups of investigators
to manage for use by national and international
communities. Distributed across the DOE com-
plex, national user facilities provide a concentrated
portfolio of research technologies, methodologies,
instruments, and computational hardware that
would be too expensive or sophisticated to duplicate
in multiple locations. These facilities will continue to
enable scientific breakthroughs in genomics, imag-
ing, structural characterization, and atmospheric
research only if their technologies are cutting edge.
Efforts to improve current capabilities are thus
critical, along with the continued development of
advanced new technologies and their deployment

in existing or new user facilities. These resources

can enable key experiments needed to understand
processes important to BER-aligned research efforts.
Periodic assessments of the potential need for new
or modified facilities to meet growing and changing
BER research requirements are prudent.

Recommended improvements in capabilities
and access to BER and Office of Science user
facilities include:

7.1 Foster a spirit of collaboration to enable inte-
grative capabilities among BER and Office of
Science user facilities, as well as other federal
research facilities and infrastructure, thereby
promoting a fully interdisciplinary approach
to BER-relevant science.

7.2 Solicit input from the BER research commu-
nity regarding researchers’ needs and train
them in new experimental, observational,
and modeling approaches, thus propagat-
ing the knowledge and skills for generating

high-impact scientific results.

7.3 Develop innovative enabling technologies
and construct and acquire state-of-the-art
instruments that exploit the world-leading
characteristics of each user facility. This will
boost capabilities for basic research in bio-
logical systems and Earth and environmental
systems science, thereby providing DOE and
the nation with leading-edge capabilities for
biological and environmental science.

7.4 Develop multimodal imaging and remote-
sensing capabilities at user facilities for inter-
rogating length scales ranging from atomic
to mesoscale and time scales ranging from
nanoseconds to days.

7.5 Build upon existing investments and capabil-
ities at the DOE Office of Science light and
neutron science user facilities, continuing to
align them with BER missions.

7.6 Further develop the necessary infrastructure
at user facilities to study organisms in their
natural habitats.

7.7 Develop and adopt technologies to convert
genome sequence data into functional under-
standing at appropriate BER user facilities.

In addition to these recommendations, BERAC
reviewed the grand challenges with respect to exist-
ing or potential links to BER and Office of Science
user facilities and experimental infrastructure. A
summary matrix of grand challenges and BER user
facilities (see Table ES-1, p. xvii) indicates that

(1) BER grand challenges require a diverse set of
capabilities within user facilities; (2) coordination
and partnerships across facilities are necessary for
addressing complex modeling, data management,
and data analysis priorities; and (3) some challenges
are more readily met by existing user facilities than
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others, potentially requiring additional consider-
ation for filling existing capability gaps.

Emerging Technologies

Emerging technologies play a key role in state-of-
the-art research. Experimental and modeling needs
can drive technology or software development.
Conversely, existing technologies can be brought
together in unique ways to explore existing or new
research questions. Suggested development of tech-
nologies or capabilities include:

8.1 Characterize the genotype and phenotype
of individual cells, including genomics, tran-
scriptomics, proteomics, and metabolomics,
to enable high-resolution predictive biology.

8.2 Increase throughput and integration of
genomics, transcriptomics, proteomics, and
metabolomics to enable improved transla-
tion from the molecular to cellular realm.

8.3 Characterize key processes of aerosols,
clouds, turbulence, atmospheric convective
systems, and their interactions to enable
better modeling of water, carbon, and energy
cycles of the Earth system and predictions of
future climate change and extremes in atmo-
spheric, terrestrial, and watershed events.

8.4 Integrate data covering broad time and
length scales—from seconds to years
and from Angstroms to the Earth scale—
to enable multiscale comprehension
and simulation.

8.5 Develop integrative and interpretive com-
putational approaches that can handle large,
disparate data types from multiple and het-
erogeneous sources using advanced and exa-
scale computing.

8.6 Explore the development and application of
nanoscience and nanotechnology to further
understand biological systems at nanoscales
or larger scales (e.g., nanosensors).

8.7 Explore the development and application
of microsatellites and unmanned aerial
systems as mechanisms for observation of
atmospheric and terrestrial variables.

Common Actions

Understanding of the living environment and its
association with energy cycles, production, and use
continues to develop over time, along with new capa-
bilities and technologies. Since the previous review
of BER grand challenges in 2010, biological and envi-
ronmental sciences have progressed substantially.
For example, scientific understanding of single-cell
metabolism, microbial communities, and associated
systems-level processes has advanced significantly,
as has the use of bacteria, fungi, and plants as model
systems to address DOE missions in energy produc-
tion and use. Concurrently, targeted experiments

in understudied regions (e.g., the Arctic) have filled
knowledge gaps in Earth system models. These
models have been coupled with integrated assess-
ment models, and their complexity and resolution
have increased through the use of high-performance
computing. The interaction between biological and
environmental sciences also has fostered progress in
bioenergy conversion, energy-environment interac-
tions, and increased capabilities to address sustain-
ability science questions.

With increased understanding of research areas
comes increased complexity and the need to inte-
grate and link data streams and model parameters
that help build predictive capabilities. This need was
reiterated across identified grand challenges, along
with other common actions that would facilitate
progress on BER grand challenges. Common actions
identified among grand challenges include:

« Promote integrative science across BER pro-
grams, such that research disciplines benefit
more from one another.

« Establish standards for data and metadata across
platforms and research disciplines.

« Identify and integrate key components
(e.g., molecules, microbial processes, and Earth

Biological and Environmental Research Advisory Committee
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Table ES-1. Capability Assessment of Biological and Environmental Research (BER)
User Facilities to Address BER Grand Challenges*

*  See Chapter 7 for an expanded table that includes other Office of Science user facilities and other BER research
infrastructure.

**  See text in respective chapters for descriptions of individual grand challenges.

*** Existing capabilities and partial capabilities that could be leveraged for the grand challenges are denoted by
@ and O, respectively.
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Earth and
Environmental
Systems Sciences

Energy
Sustainability

Facilities and Research

Infrastructure

Develop research across scales
Increase predictive capaci

Biological
Systems Science

Improve computing and analysis capabilities
Foster emerging technologies

Fig. ES-1. Current Biological and
Environmental Research (BER) pro-
gram research focuses on biological
systems science and Earth and envi-
ronmental systems science, which
can be used to address integrative
research topics including energy
sustainability. In addition to these
core research areas, the Biologi-

cal and Environmental Research
Advisory Committee has identified
grand challenges in conducting
research across scales, developing
predictive capacities, and further
developing computational and
technological capabilities in support
of BER research. U.S. Department of
Energy facilities and research infra-
structure provide a foundation for
state-of-the-art, complex research.

system parameters) that are most significant and
impactful to DOE missions.

« Identify and develop links among different scales
of analysis to obtain more comprehensive repre-
sentation of individual and system dynamics.

« Increase predictive capabilities of Earth
and environmental systems and biological
systems research.

« Explore the use of remote sensors at different
scales and within different disciplines to pro-
mote greater understanding, measurement, and
evaluation of research findings.

« Promote interactions among researchers that
more strongly link experiments, scientific theo-
ries, observation infrastructure, and modeling.

These common actions resonated across sci-

ence focus areas and therefore were suggested as
cross-cutting activities for BER (see Fig. ES-1,
this page). The ability to conduct complementary

and integrative research across different scales of
space and time, along with understanding complex
systems for predictive purposes, is a strength that
can be found within the combined research and
facilities network of DOE’s Office of Science. The
research challenges and suggested actions docu-
mented in this report are intended to help guide
BER over the next decade or more. The information
provided herein will need to be balanced with DOE
mission objectives, research diversity, and available
funding to determine which challenges are ulti-
mately met. Also anticipated is that any implemen-
tation of these challenges would require additional
planning and organization through workshops and
research community engagement, along with con-
tinued partnerships and coordination with other

federal programs.
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Introduction

he Biological and Environmental Research

(BER) program within the U.S. Depart-

ment of Energy (DOE) Office of Science
supports transformative science and scientific user
facilities to achieve a predictive understanding
of complex biological, Earth, and environmental
systems for energy and infrastructure security and
resilience. This research, conducted across DOE
national laboratories, universities, and research
institutions, focuses on interconnections between
energy and the environment. The program aims to
understand fundamental biological, biogeochem-
ical, and physical principles to be able to predict
processes occurring at scales ranging from the
molecular and genomics-controlled smallest scales
to environmental and ecological processes at the
scale of planet Earth.

Starting with the genetic information encoded in
organisms’ genomes, biological research, housed
within BER’s Biological Systems Science Division,
seeks to discover the principles that guide transla-
tion of the genetic code into the functional proteins
and metabolic and regulatory networks underlying
the systems biology of plants and microbes as they
respond to and modify their environments. This
predictive understanding will enable the design and
re-engineering of microbes and plants for improved
energy resilience and sustainability, including
advanced biofuels and bioproducts, enhanced
carbon storage capabilities, and controlled biolog-
ical transformation of materials such as nutrients
and contaminants in the environment. Earth and
environmental systems research, housed within
BER’s Climate and Environmental Sciences Divi-
sion, advances fundamental understanding of the
dynamic, physical, and biogeochemical processes

required to systematically develop and validate
Earth system models (ESMs) that integrate across
the atmosphere, land masses, oceans, sea ice, and
subsurface. These ESMs are required for predic-
tive tools and approaches needed to inform future
energy and resource needs. To facilitate world-class
research in these areas, BER also supports three user
facilities—Joint Genome Institute, Environmental
Molecular Sciences Laboratory, and Atmospheric
Radiation Measurement Research Facility—that
enable observations and measurements of biolog-
ical, biogeochemical, and atmospheric processes
using the latest technologies.

History of BER Science

BER has along and productive history of research
dating back to the Atomic Energy Act passed by
Congress in 1946, which established the Atomic
Energy Commission (AEC). A mission of AEC,
which became the Department of Energy in 1977,
was to understand the effects of radioactive mate-
rial on human health and other living matter. This
endeavor led to research on plants, ecosystems,
atmosphere, and biology from cellular to organismal
levels to understand the impacts of radiation expo-
sure in the early period of the Cold War. From this
research, atmospheric transport models evolved,
which later developed into climate models and then
the ESMs in use today. Likewise, BER research on
understanding DNA replication during cell division
developed into the international Human Genome
Project and launched a new era of modern biotech-
nology and genomics-based systems biology. The
significant and substantial impact that BER has had
on the fundamental understanding of biotic and
abiotic processes at the organismal to Earth scale has
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been profound, and it was made possible through
long-term planning and investment in fundamental
research, as well as coordination with other U.S. gov-
ernmental agencies, universities, and industry.

Defining New BER Grand Challenges

Input from the science community to the plan-
ning process is essential for guiding world-class
research. Such scientific input to BER is provided
throughout each annual funding cycle via confer-
ences, workshops, principal investigator meetings,
program reviews, and proposal panel reviews. BER
also receives mission guidance via the Executive
Administration’s Office of Science and Technology
Policy and Congress, either directly or via multi-
agency administrative working groups and congres-
sional committees.

To synthesize the scientific input for identification
of long-term grand research challenges, the Biologi-
cal and Environmental Research Advisory Commit-
tee (BERAC) convened a subset of the community
in 2009 to review the status of research related to
BER and recommend future research challenges
that BER may consider. A report from this effort
was published in 2010 (BERAC 2010). BER has
accomplished much since then, and the research
challenges have changed based on the progression
of research and technology. As a result, the direc-
tor of DOE’s Office of Science charged BERAC in
March 2016 to review BER's progress and establish
arevised long-term vision for delivery in fall 2017
(see Appendix A: Charge Letter, p. 117; Appen-
dix B: Workshop Agenda, p. 119; and Appendix C:
Workshop Participants, p. 121).

Questions considered during this process included:

«  To what extent has BER successfully met the
challenges outlined in the 2010 report, Grand
Challenges for Biological and Environmental
Research: A Long-Term Vision?

«  What are the greatest scientific challenges that
DOE faces in the long term (20-year horizon),
and for which of these should BER take primary
responsibility?

«  How should DOE position BER to address
these challenges?

«  What new tools should be developed
to integrate and analyze data from
different disciplines?

«  What unique opportunities exist to partner
with, or leverage assets from, other programs
within the DOE Office of Science?

«  What scientific and technical advances
are needed to train the future workforce
in integrative science, including complex
systems science?

This report represents a synthesis of future grand
challenges related to these questions and is orga-
nized with respect to the following topic areas:
Biological Systems Science, p. 3; Earth and Environ-
mental Systems Sciences, p. 21; Microbial to Earth
System Pathways, p. 43; Energy Sustainability, p. 57;
Data Analytics and Computing, p. 71; and the role of
user facilities and research infrastructure, p. 85, and
emerging technologies, p. 95, in supporting these

grand challenges.
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2

Grand Challenges in
Biological Systems Science

Overarching Grand Challenge and 20-Year Vision

Microbial cells, plants, communities, and ecosystems are complex, diverse, and have highly
interactive components and, hence, are best studied as systems and at a depth that provides
information to support predictive capabilities. Researchers must embrace the complexity of these
systems and employ intensive investigation at the interfaces of system components. J

Harnessing the Power of Systems
Biology for Energy and Environment

ver the past 10 years, the U.S. Department of
O Energy’s (DOE) Biological and Environmen-

tal Research program (BER) has led the sci-
entific community in implementing high-throughput
approaches to understand the complexity and
responses of microbial and plant communities. These
approaches are directed toward DOE missions of
advancing biofuels generation and understanding
terrestrial carbon cycling. Four major themes emerged
from the 2017 Grand Challenges workshop that will
guide current and future investigations in systems
biology over the next 10 years: (1) addressing the
challenge of biological complexity, (2) managing and
optimizing large-scale data (i.e., Big Data), (3) inten-
sively studying system interfaces, and (4) widening
the range of organisms targeted for BER research.
These themes are represented in a number of grand
challenges and recommended action items for biolog-
ical systems (see Biological Systems Science Summary
of Grand Challenges and Action Items, p. 4).

Embracing Biological Complexity

Although a significant challenge, understanding
the complexity of molecular interactions, cellular

regulation, and fine-tuning of metabolism in single
cells interacting with their environment will be
important in developing manageable and tunable
cell lines for energy generation and development of
a bioeconomy. Future studies will include natural
and synthetically engineered systems using combi-
nations of high-throughput sequencing, omics tools,
and synthetic biology, together with advanced phys-
ical and biochemical measures.

The Biological and Environmental Research Advi-
sory Committee (BERAC) identified biological
complexity as a grand challenge in its 2010 Grand
Challenges report (BERAC 2010), and biological
complexity is expected to remain a challenge over
the next 2 decades. One aspect of the tremendous
recent progress is that the full extent of biological
complexity is coming into sharper focus, primarily
resulting from the application of new technologies
and increased abilities toward understanding (i.e.,
comprehending) the large amounts of data being
generated. However, even with this progress, capa-
bilities for integrating, synthesizing, and applying
this knowledge to enable “predictive biology”™—
BERAC'’s overarching vision for systems biology—
clearly are still in a very early stage.
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—

Biological Systems Science

Summary of Grand Challenges and Action Items

The overarching theme of BER systems biology efforts is to enable predictive biology. To be predictive, not
only do major elements (e.g., regulatory molecules, pathways, and keystone organisms) and their functions
(i.e., the “parts list”) need identification, but also needed is the understanding of their interactions and how
those interactions are regulated at the interfaces. These interactions must be understood well enough to
enable predictions of their responses under different environmental perturbations (e.g., pH, ionic strength,
water, nutrients, and temperature). The immense difficulty with this theme is that environmental conditions
are diverse, complex, and interactive in their own right, and they elicit major reactions and responses (often
conflicting) from single microbes, microbial populations, communities, and terrestrial ecosystems. With

a long-term vision of enabling predictive biology, investigating these biological systems across multiple
environmental scenarios and scales is crucial; gleaning only the potential responses to stimuli is not sufficient.

The five BER grand challenges for systems biology, outlined here, are described in more detail in the Grand

Challenge Research Recommendations section, p. 9.

2.1. Understand the biological complexity
of plant and microbial metabolism and
interfaces across scales spanning molecules
to ecosystems.

2.2. Develop technologies to identify DOE
mission-relevant metabolic capabilities
and engineering possibilities in bacteria,
fungi, archaea, viruses, plants, and
mixed communities.

2.3. Optimize the use of large datasets that integrate
omics surveys with biochemical and biophysical
measurements to generate knowledge and
identify biological paradigms.

2.4. Understand the links between genotype
and phenotype in single but very diverse
organisms and in communities of organisms
that interact in terrestrial ecosystems.

2.5. Effectively exploit new and emerging
technologies in systems biology and physical
measurements (e.g., miniaturization) to
accelerate biological discoveries.

To begin addressing these grand challenges, the
community identified five immediate action items.

e  Conduct experiments that enhance
cooperation among BER-supported user
facilities and other DOE user facilities (e.g., DOE
Nanoscale Science Research Centers).

o Lead coordinated efforts to improve and
validate genomic annotation approaches.

« Improve the performance of metabolomics
approaches for BER-relevant science.

«  Establish standards across data platforms so
investigators can efficiently link genomes
with phenotypes.

«  Coordinate and align research to understand
dynamic linkages and feedbacks between
environmental conditions and complex
biological systems.

Biological and Environmental Research Advisory Committee
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Managing and Optimizing Big Data
Integrated studies resulting in large datasets and
computer-intensive analyses are posing a Big Data
crisis because generating data is easier than inferring
functional activities or deriving knowledge from
the integration of disparate datasets. Innovative
approaches are needed to organize, decipher, and
annotate datasets and make them publicly available
to the research community. This effort will require
advances in computational capabilities, as well as
experiment-based provision of robust and accurate
functional inferences that provide the foundation
for predicting and assigning molecular functions to
genes and their proteins.

The transformation of biology from an observational
to a data-intensive predictive and computational
science is accelerating, raising numerous challenges.
Among them are the processing of Big Data and
completeness of the data being generated, as well as
their veracity and reproducibility. The utility (e.g.,
ease of use and cost) of many high-throughput tech-
nologies rapidly has increased to the point that they
are employed almost universally, with a concomitant
increase in required data generation and analysis.
However, not all technologies are advancing at the
same high rate. Improvement in metabolomics, for
example, is needed to ensure that the provided cov-
erage approaches that of other technologies (e.g,,
transcriptomics). The lack of completeness among

As defined in the 2010 Grand Challenges report,
synthetic biology is the design and construction

of new biological parts, devices, and systems; the
redesign of existing, natural biological systems for
useful purposes; and the inspiration for new materials
and processes derived from the design, functions,
and products of living cells. While systems biology
generates hypotheses based on data collection over
the whole system, it also enables testing of these
hypotheses by direct manipulation of the system’s

N

Synthetic Biology

the various datasets generated, as well as questions
of spatial and temporal scales in biological systems,
largely limits the ability to integrate dissimilar data,
making them much less useful for generating new
knowledge. These are all critical issues with regard to
integrating and, ultimately, deploying this informa-
tion to support BER’s mission areas (see also Chap-
ter 6 on Data Analytics and Computing, p. 71.)

Investigating System Interfaces

Understanding complex microbial cells, plants, com-
munities, and ecosystems at a depth that enables
predictive capabilities requires intensive investi-
gation at system interfaces. This research spans
interfaces across vast scales of interaction: (a) at the
molecular and cellular scale between types of molec-
ular measurements, between molecules (i.e., genes,
proteins, enzymes, and substrates), and between
cellular structures; (b) at the cell-environment and
cell-cell scales, including environmental and inter-
organism signaling and regulation; and (c) at the
organism-organism scale through tracking the met-
abolic interplay among different organisms (e.g.,
bacteria, fungi, and plants) that regulate cascades

of metabolic responses to changing environments.
Synthetic biology would be used to generate and test
hypotheses based on this data collection to make
informed predictions (see sidebar, Synthetic Biol-

ogy, this page).

parts. Like many of the most exciting advancements

in science, synthetic biology arose at the interface of
converging disciplines, specifically engineering and
biology. Indeed, one aspect of synthetic biology is

the application of engineering design principles to
biological systems. Although these aspects were the
drivers for its development, synthetic biology is quickly
outstripping its beginnings and developing into a
powerful technology that will transform biology, with
profound carry-over effects to society in general.

J
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Expanding Research Beyond
Model Organisms

Much information has been generated from a few
model organisms over recent years. However, BER
research is branching out to multiple, very differ-
ent organism hosts for biochemical synthesis and
process management. The emphasis is turning to
bacterial, algal, and fungal hosts from soils and
other environments that have innate abilities to
withstand harsh chemical environments and have
high-efficiency carbon substrate decomposition
abilities (e.g., biofuels research). These hosts often
are more difficult to grow and manipulate in the lab-
oratory and require design and development of new
engineering and metabolic regulation approaches.

In addressing climate change response and feed-
backs, filamentous fungi are critical for managing the
direction and flow of carbon in the terrestrial envi-
ronment, but detailed knowledge of their metab-
olism is lacking. For both these applications, the
understanding of plant metabolism, breeding and
maintenance of introduced traits, and interactions
with bacteria and fungi is critical. Extrapolating met-
abolic paradigms from model bacterial systems is not
possible, and investigations must focus on organisms
that are actually in environments of DOE mission
interest. At the same time, an emphasis should be
placed on leveraging the foundational knowledge
that can be gained quickly with laboratory-deployed
organisms, maximizing the implementation of this
knowledge to accelerate understanding and guide
design of experimentation in environmental strains.
To maximize the knowledge gained, needs include
prioritizing organisms by mission relevance and
sharing information across laboratories.

In summary, BER has led and will continue to lead
the development and application of systems biol-
ogy and synthetic biology to address critical needs
regarding adaptation to environmental change,
enhancing energy sustainability and contributing to
the developing bioeconomy. Ultimately, the aim is to
contribute significantly to the growth of the bioeco-
nomy. These contributions include defining alterna-
tive pathways to energy sustainability for informing

the design of future energy systems to answer the
question: Can energy pathways be identified that
provide optimal economic and environmental out-
comes that promote efficient energy production and
human well-being?

Building on Progress Related
to the 2010 Grand Challenges

Systems biology has seen significant progress in

four major areas: (1) sequencing nucleic acids and
increasing the ability to rapidly generate high-quality
omics datasets; (2) advancing understanding of
single-cell metabolism and disentangling the mech-
anisms of cellular regulation; (3) devising clever
schemes to manipulate key cellular processes in
single organisms for detection and synthesis (i.e.,
synthetic biology, see sidebar, p. 5); and (4) expand-
ing systems biology approaches to tackle more

DOE mission-relevant bacteria, fungi, and plants as
model systems.

Expanded Sequencing and Omics Approaches.
Since the 2010 Grand Challenges report, the ability
to sequence DNA, RNA, and proteins and gener-
ate synthetic molecules has greatly expanded (see
also Chapter 8 on Emerging Technologies, p. 95).
Data quality and quantity have both increased,

and new research approaches and tools have been
developed (see Fig. 2.1. Dramatic Increase in
Genome Sequencing Throughput, p. 7). Rapidly
maturing sequencing subdisciplines are metage-
nomics, metatranscriptomics, and metaproteomics,
with publications now appearing that examine a
variety of natural environments, in addition to the
well-publicized efforts on animal and human health.
In general, however, all these efforts remain at the
level of phenomenology, lacking the detailed, mech-
anistic information needed to develop predictive
models of such systems, especially those that link
across scales and predict community functions and
processes under changing conditions.

Advanced the Understanding of Single-Cell
Metabolism and Cellular Regulation. The 2010
report called for research at the single-cell level, and
scientists have achieved significant success with a
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Sequence Output
(in billions of bases or GB)

Massively Parallel Short-Read
Sequencing

The DOE JGI supports short- and long-
read sequencers, where a read refers to

a sequence of DNA bases. Short-read
sequencers produce billions of 300-base
reads used for quantification such as

in gene expression analysis. Long-read
sequencers currently average 12,000-base
reads and are used for de novo genome

assembly.
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Fig. 2.1. Dramatic Increase in Genome Sequencing Throughput. Over the past decade, new technologies have enabled an
exponential increase in the generation, analysis, and comparison of sequencing datasets at the U.S. Department of Energy’s
Joint Genome Institute (JGI) and other sequencing centers. Today, JGI generates petabytes of high-quality sequence and

analysis data. [Image courtesy JGI]

few model systems. Over the past few years, there
have been great advances in implementing compu-
tationally useful and biologically sound represen-
tations of structured metabolic networks in several
model organisms at the whole-cell level. In parallel,
the growth and increased accuracy of transcrip-
tomic and proteomic datasets have advanced under-
standing of regulatory networks, potentially adding
to the scaffold of genome-scale representations
provided by metabolic stoichiometry. However, full
integration of metabolic and regulatory networks
remains an open and significant challenge, with the
incorporation of kinetic information into genome-
scale models even more challenging. In addition,
incorporating the effects of enzyme promiscuity
and cell-to-cell metabolic variability into models
remains a key goal.

Moreover, genome annotation (i.e., a detailed
characterization of gene function for all genes in
the genome) remains a limiting factor in the con-
struction of genome-scale models. Challenges in
associating genes with metabolic functions include
the capacity to obtain enough metabolomic datasets
and interpret their complexity. In addition, molec-
ular complexes are important organizational units
in cells, but their structures and functions are not
yet understood. The ability to derive initial models
based on genomic data has advanced greatly. Yet,
the persisting challenge is to integrate multiple data
types and multiple levels of biological description
(i.e., kinetic, metabolic, and probability models

for cellular phenotypes) into unified mathematical
frameworks. More effort will be needed to establish

November 2017

Biological and Environmental Research Advisory Committee 7/



t Grand Challenges for Biological and Environmental Research: Progress and Future Vision

pipelines for facilitating data collection and integra-
tion toward automated model construction.

Challenges also remain in the area of metabolism,
where little progress has been made toward inte-
grating data across scales (e.g., up to the population
level). Also lacking is significant progress in the
ability to analyze single cells in situ in natural envi-
ronments and to determine in vivo kinetics in cells.
However, there is currently more recognition of sub-
cellular compartmentalization and cell type varia-
tion within a microbial population or within a plant.

Improved Biosystems Design Approaches and
Tools. Elegant schemes devised for the discovery
and manipulation of regulatory elements are revo-
lutionizing systems biology and enabling the design
of synthetic metabolic systems. One such scheme
involves clustered regularly interspaced short pal-
indromic repeats, or CRISPRs (see sidebar, A New
Era in Precise Genome Editing for Synthetic Biol-
ogy, this page). Also undergoing great strides is the
design of cells and systems as sensors, with a prim-
itive proof of concept indicating the feasibility and

—
A New Era in Precise Genome Editing for Synthetic Biology

One of the exceptional benefits of conducting whole-
genome sequencing is the potential to discover

new regulatory systems in biological organisms that
would be missed with single-gene approaches. Since
the 2010 Grand Challenges report (BERAC 2010), a
technology based on clustered regularly interspaced
short palindromic repeats (CRISPRs) has emerged
from discovery, through genetic manipulation, to
widespread use as a tool for generating organisms
with desired metabolic properties (Horvath and
Barrangou 2010; Wiedenheft et al. 2012; Lander 2016).
CRISPRs originally were identified by their pattern

of repeats in metagenomic datasets before their
functions were known (Bolotin et al. 2005; Mojica and
Montoliu 2016; Pourcel et al. 2005). Associated with
CRISPRs is an RNA-guided protein named Cas (CRISPR-
associated endonuclease). Cas is a molecular scissor
that uses the spacer repeats in CRISPRs to recognize
and cut exogenous DNA. CRISPR-Cas systems were

reality of metabolic engineering. This area should
continue to advance quickly, combining compu-
tational protein structure prediction and design
algorithms, new molecular engineering techniques,
and the collection of in-depth datasets containing
cellular performance and processes. In addition to
data collection and integration, advances in syn-
thetic biology, such as the ubiquitous implementa-
tion of gene editing using CRISPR, are opening new
avenues for systems biology research—enabling

the engineering of in silico and in vivo mutants with
increasing efficiency and the testing of model capac-
ities to capture the phenotypic effects of genetic
perturbations.

Advanced Engineering and Study of Higher-
Order Organisms. Expansion of systems biology to
a wider variety of DOE mission-relevant organisms
is needed to fulfill DOE goals (U.S. DOE 2015).
Eukaryotic organisms such as fungi and plants are
key players in the DOE missions of biofuels gener-
ation and understanding of global carbon cycling.
Since the 2010 Grand Challenges report, signif-
icant advances have been made in studying and

first identified in bacterial and archaeal systems
where they are now known to function as an acquired
immune system against phages. More recently, these
systems have been found in eukaryotes. Modifications
have led to the CRISPR-Cas9-guide RNA (gRNA)
system, which edits genomes at specific sites, inserting
a target gene into the genome at a precise location

to replace a natural gene (Cong et al. 2013; Mali et

al. 2013). Widely applicable, this technology, when
multiplexed and democratized, can work successfully
with DNA from microorganisms (e.g., bacteria and
archaea), model eukaryotic animals, plants, and
humans. Since 2013, use of the CRISPR-Cas system has
grown exponentially. Its successful implementation

in a wide variety of organisms has revolutionized the
ability to engineer organisms with desirable metabolic
properties. Current applications include microbial
engineering, plant and crop breeding, and human and
animal gene therapy treatments.

- J
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engineering the metabolism of fungi and plants.

The cellular and tissue structures inherent in these
higher-order organisms add to their complexity,
making those structures even more difficult to under-
stand, regulate, and predict than those in bacteria.
With baselines now established, disentangling the
many levels of metabolism, regulation, and com-
munication within and among eukaryotic cells and
tissues may be possible.

Grand Challenge Research
Recommendations

Grand Challenge 2.1

Understand the biological complexity of plant and
microbial metabolism and interfaces across scales
spanning molecules to ecosystems.

Predictive Modeling for Complex Systems

Genomes, transcriptomes, and proteomes contain
the full instruction sets for living organisms, but
epigenetic processes can modify phenotypic expres-
sion. Significant progress over the past 7 years has
shown that metabolism in single-cell systems may
be understood well enough to enable engineering
and manipulation toward production of desired
industrial products or phenotypic characteristics
(e.g., zip-lignin). Major challenges are to assemble
these simple systems into more complex systems
more closely resembling reality and to predict their
performance by integrating modeling scenarios into
biochemical pathways. Genome-scale predictive
modeling should be designed for easy extension

to other organisms, as well as cellular assemblies
and communities of DOE mission relevance (see
Fig. 2.2. Overview of the Length and Time Scales
Spanning Biological Systems Science, p. 10).

Research Needs and Knowledge Gaps

Dynamically Perturbing Systems and Integrat-
ing Results with Measurements, Modeling, and
Diverse Data Types. Predictive systems-level
modeling will require tight integration of theoretical

studies, computer simulations, and experimental
measurements that include both omics and imag-
ing metrics. As researchers move from genotype

to phenotype, obtaining robust, quantitative data
still poses technical challenges. Although genomic,
transcriptional, and flux data could provide the basis
for genome-scale quantification of an organism’s
reaction rates, the integration of other layers of bio-
logical complexity is needed for accurate description
of cellular functions and communication between
organisms. The capacity to quantitatively predict
functions in biological systems is not limited to
static snapshots. To enable accurate understanding
of dynamic processes, tools are needed to precisely
probe systems in temporally or spatially controlled
ways. Tools that introduce perturbations, such as in
gene expression or signaling, can be coupled with
measurements of outcomes at the transcriptional,
translational, and phenotypic levels. Well suited to
enable model validation, these methods, with pre-
cise perturbations introduced, can test, refine, and
revise modeling predictions. Examples of tools that
enable perturbations applicable to systems biology
include optogenetics, small-molecule inducers, and
microfluidics. Overall, the ability to precisely and
dynamically perturb a system is invaluable for model
validation and will move research beyond a static
understanding of cellular processes.

Understanding the Role of Membrane Channels
and Transport Proteins in Cellular Function. An
additional aspect of biological complexity that must
be explicitly introduced in computational descrip-
tions is the hierarchical compartmentalization of
systems and subsystems. Biological compartmen-
talization plays a key role in controlling the flow of
molecules and metabolites, whether from outside to
inside a prokaryotic cell or between compartments
within a eukaryotic cell to form the basis for energy
flow within living systems. Though lipids form the
matrix of these compartmental barriers, the flow of
compounds and ions is mediated mostly by key pro-
teins that vary in nature from simple small-molecule
channels to multicomponent protein assemblies.
Because integral membrane proteins are difficult

to purify and analyze, they are among the least well
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Fig. 2.2. Overview of the Length and Time Scales Spanning Biological Systems Science. Biological systems research
includes complex processes that span a size range from Angstréms to a meter and a dynamic range from femtoseconds

to a week. Representative processes and their elements are illustrated. Key: A, Angstrém; cm, centimeter; fs, femtosecond;
m, meter; mm, millimeter; min, minute; um, micron; us, microsecond; ms, millisecond; nm, nanometer; ns, nanosecond; ps,
picosecond; s, second; sub-ps, subpicosecond. [Figure from BER. 2017. Technologies for Characterizing Molecular and Cellular
Systems Relevant to Bioenergy and the Environment, DOE/SC-0189, U.S. Department of Energy Office of Biological and Environ-
mental Research. See Appendix D, p. 125, to view credits and permissions of individual images.]

characterized protein complements of intra- and
intercellular transporters. The serious knowledge
gap involving the biochemistry and physiological
functioning of these membrane proteins must be
filled to create models that can robustly predict cel-
lular behavior. Thus, a key component of this grand
challenge is to understand contributions to cellular
functions made by membrane channels and trans-
porter proteins.

Expanding Single-Species Experiments and
Modeling to Multicellular Systems and Com-
munities. In addition to performing experimental
measurements, constructing models, and integrating

data and models at the single-species level, expand-
ing the current approaches for these activities will
be crucial for studying multicellular systems and
microbial communities in complex environments.
This expansion will require establishing clear strat-
egies for combining single-organism models into
ecosystem-level models and testing predictions at
different levels. For example, essential capabilities
will include those to measure both intracellular
fluxes and metabolic exchanges between different
organisms. Because the ecological time scales often
overlap with evolutionary time scales, model design
should enable simulations of evolutionary processes,
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from standard mutation and selection dynamics to
horizontal gene transfer among species. Extension
of current models along these directions will ben-
efit not only from the aforementioned coupling of
computer modeling and experimentation, but also
from the exploration of completely novel theoret-
ical frameworks. This new knowledge could draw
from the experience of diverse quantitative sciences,
including theoretical ecology, statistical physics, and
applied mathematics.

Grand Challenge 2.2

Develop technologies to identify DOE mission-
relevant metabolic capabilities and engineering
possibilities in bacteria, fungi, archaea, viruses,
plants, and mixed communities.

Leveraging Advances in Synthetic Biology

As a technology, synthetic biology offers dramatic
potential to reform the developmental processes of
research related to biological systems design and
analysis. Up to this point, biology has been limited
by what exists in the natural world. For example,
expansive sequencing is now providing a reservoir
of sequenced genomes, proteins, and regulatory
elements, as well as the potential to assemble them
in different orders to design new synthesis path-
ways. However, advances in recoding of microbial
genomes, greater understanding of protein struc-
ture, and sophisticated gene design tools all have
the potential to create innovative, de novo pathways,
structures, and molecules beyond those currently
existing in nature—truly transformational ideas
and methods. BER is well positioned to capitalize
on these revolutions given its strong background
and capabilities in synthetic biology, working

with diverse organisms, and exceptional genomic
sequencing. Following are descriptions of several
specific opportunity areas in which synthetic biol-
ogy can contribute to BER-relevant research.

Research Needs and Knowledge Gaps

Deploying Synthetic Biology to Efficiently Pro-
duce Products. Bacteria, fungi, algae, and plants
can be engineered to produce biofuels and bioprod-
ucts, offering improvements over conventional,
petroleum-based processes in terms of sustainability.

Democratizing Genetic and Omics Technologies
for Multiple Species. The goal is to enable genetic
manipulation and the use of genomic, transcriptomic,
metabolomic, and proteomic analysis methods across
awide and diverse set of species. In the envisioned
setting, scientists could manipulate the genomes of
environmental isolates and species of BER mission
relevance, studying uncultivable microbes in situ

and broadly applying omics approaches. Achieving
this goal requires new technologies that enable tool
expansion to reach these targets.

Transforming Recalcitrant Strains. A specific
challenge associated with genetic manipulation

is the need to transform genetic material in recal-
citrant strains. Many methods for transformation
exist (e.g, electroporation, chemical approaches,
heat shock, and mechanical disruption), but the
best approach is often unclear a priori. Although
technologies like CRISPR have been used in a wide
variety of hosts, inserting DNA or proteins into cells
is a technical challenge that can limit the use of these
technologies. To overcome this recalcitrance, the
CRISPR-guide RNA (gRNA) complex potentially
can be directly transformed into cells as demon-
strated in mammalian cells.

Leveraging tools from nanotechnology will be nec-
essary to further address this challenge, with the
subsequent use of high-throughput approaches to
screen for successful transformation. For example,
microfluidic devices can be used to interrogate the
electrical properties required to transform cells in

a high-throughput fashion by imposing a gradient
of electrical fields on cells (Garcia et al. 2016).
High-throughput approaches also may be useful

for systematically interrogating an array of different
transformation conditions, especially when working
with recalcitrant strains. The goal is to enable efficient
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transformation of genetic material in a wide variety of
species, ranging from microbes to plants.

Applying Gene Editing to Diverse Microbial and
Plant Species. New methods for genome editing
and manipulation hold great promise for use as
synthetic biology tools. These methods include
CRISPR-associated protein-9 nucleases (Cas9s),
transactivation-like effector nucleases (TALENSs),
zinc finger nucleases (ZFNs), and recombinases
(Copeland et al. 2014 ). These methods enable
insertion, deletion, or editing of genomic material.
For instance, the technologies can be used to knock
out genes, modify specific regions of the genome
sequence, or replace promoter regions with alterna-
tive sequences. In addition to having DNA-editing
capacity, variants on these methods offer the abil-
ity to regulate gene expression, such as repressing
or activating transcription of a gene of interest
(Dominguez et al. 2016).

Workshop participants envisioned applying these
methods to diverse microbial and plant species for
biological system design. This technological advance
will enable precise interrogation of gene function,
testing of the role of particular sequence features,
and potentially up- and down-regulation of expres-
sion in a programmable fashion. Critical for deploy-
ing the synthetic biology toolbox to a wide variety of
species, these techniques possess the essential ability
to manipulate DNA and regulate gene expression.

Accelerating Development of Technologies

for the Design-Build-Test-Learn Cycle and
High-Throughput Capabilities. Synthetic biology
requires the ability to design gene circuits and met-
abolic networks to achieve production of a desired
output such as a bioproduct or biofuel. Engineer-
ing these systems and gene circuits is challenging,
however, and there may be many different possible
designs to consider. For instance, in a microbial
biofuel production strain, many genes may encode
enzymes required for production, and their order
of appearance in a genetic construct and their
expression level can dramatically influence final
production levels. Therefore, the ability to conduct
experiments in a way that enables rapid learning and

redesign is critical to the success of synthetic biology
for biofuel and biochemical production.

Several technologies can support acceleration of
the design-build-test-learn cycle. Technologies that
reduce the time or effort involved in conducting
experiments are valuable because a particular design
round may be only one in a set of many iterations.
Examples of technologies that can speed this proc-
ess include in vitro systems for synthetic biology,
genome-engineering methods, high-throughput
screening or selections, and improvements in meth-
ods for cloning or gene synthesis.

In vitro methods such as the cell-free transcription
translation (TXTL) system use cell extracts to
conduct cell processes (Garamella et al. 2016), but
because these approaches can be conducted in a test
tube and do not require the use of cells, research-
ers can avoid steps associated with cell growth and
replication. As such, linear DNA obtained through
polymerase chain reaction (PCR) or gene synthesis
can be used directly as a transcription template. This
process reduces the time required to collect data
from a few days to a few hours, thus enabling the
testing of many design iterations and faster learning
of design principles. These in vitro methods can be
coupled with microfluidics to achieve cell-like con-
ditions, replicating cell division and other processes
in a carefully controlled setting (Tayar et al. 2015).

Genome-engineering approaches are powerful

tools for synthetic biology and can be used in
concert with screening and selection methods to
design desired traits (Bao et al. 2016). Examples of
successes for metabolic engineering applications
include multiplex automated genome engineering
(MAGE), CRISPR use for multiplexed genome
engineering, and oligo-mediated approaches (Wang
etal. 2009; DiCarlo et al. 2013; Ryan et al. 2014;
Jako¢itinas et al. 2015). These technologies rapidly
introduce genetic variation at the genome level;
however, to select or screen for a desired phenotype,
they can be coupled to sensor-selector strategies
(Dietrich et al. 2013; Yang et al. 2013; Raman et al.
2014). For instance, direct or indirect readout meth-
ods can be used with fluorescence-activated cell
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sorting (FACS) or other high-throughput methods

to screen for improved phenotypes. These methods
enable rapid engineering of metabolic pathways and
are relevant to biofuel and bioproduct production.

Rapidly Synthesizing De Novo DNA and Assem-
bling Large DNA Molecules. The ability to synthe-
size DNA fragments and assemble them into large
DNA molecules rapidly and cost-effectively is trans-
forming the way synthetic biology research is con-
ducted (Kosuri and Church 2014; Chao et al. 2015),
and BER should continue to encourage efforts in
this area. DNA synthesis can greatly advance the
ability to perform experiments using genetic mate-
rial derived from diverse hosts. For example, gene
synthesis can optimize codons to enable improved
expression in a heterologous host, avoiding codons
that are rare in the host of interest. As a second
example, DNA synthesis is critical for constructing
custom CRISPR single-guide RNAs (sgRNAs),
including the use of multiplexed approaches that
target multiple genes simultaneously. This area also
encompasses a vast quantity of exploitable genome
sequence information. Users anywhere in the world
can obtain sequence information and synthesized
DNA of interest for their particular task.

Grand Challenge 2.3

Optimize the use of large datasets that integrate
omics surveys with biochemical and biophysical
measurements to generate knowledge and identify
biological paradigms.

Maximizing the Wealth of BER Data

Over the past 10 years, DNA sequencing has
exploded into multiple platforms for high-
throughput, high-quality sequencing from DNA
and RNA templates. DOE’s Joint Genome Institute
(JGI) has taken advantage of these platforms to
sequence the genomes of thousands of bacteria
and fungi and dozens of plant and algal genomes

to broaden phylogenetic references and advance
DOE missions in bioenergy and carbon cycling
(see also Chapter 7 on User Facilities and Research

Infrastructure, p. 85). These technological advances
are providing the in-depth datasets needed to
disentangle the complexity of individual cellular
regulation, metabolic responses to environmental
stimuli, and interactions among different microbial
communities (i.e., bacteria, fungi, and archaea) and
plants in terrestrial ecosystems. Scientists can now
test hypotheses about cellular status, community
responses, and microbe-plant interactions at res-
olutions not achievable 10 years ago. Laboratory
and field experiments can be interrogated with
sufficient technical replication, across time series,
and with gradients and combinations of environ-
mental conditions to facilitate statistical analyses.
High-throughput sequencing and the ability to
synthesize DNA have enabled rapid generation

of high-coverage sequence datasets for individual
organisms across multiple physiological states,
defined mixtures of organisms, natural microbial
communities, and microbe-plant interactions.

This expansive sequencing capability presents

a new set of challenges for the next 10 years in
overcoming the bottleneck of data analysis and
interpretation. To maximize the utility of these
datasets, three new challenges must be overcome
and managed: (1) a simple, managed program of
data organization, archiving, and retrieval, both
for individual investigative teams and the scien-
tific community as a whole; (2) sequence datasets
accompanied by or interfaced with their related
metadata, such as chemical and physical measures,
cellular conditions, environmental conditions, and
references containing the appropriate information;
and (3) sequence data that are quality controlled
and functionally annotated using appropriate,
community-vetted standards and readily available
to all (see also Chapter 6 on Data Analytics and
Computing, p. 71). The lack of high confidence

in annotation is recognized as a significant bar-
rier to enabling predictive biology; however, little
progress has been made because of the problem’s
daunting scale. A potential solution would be to
develop capabilities to accelerate discovery and
prioritize efforts for providing meaningful, but not
particularly onerous, requirements (e.g., veracity of
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annotation to genes with demonstrated relevance to
BER missions). This solution represents an oppor-
tunity to integrate breakthroughs in accelerating
experimentally grounded gene-function prediction
with advanced computational and bioinformat-

ics approaches. Each of these three challenges

and potential approaches for achieving success is
described in more detail in the following section.

Research Needs and Knowledge Gaps

Organizing, Archiving, and Retrieving Data.
With guidance from BERAC’s 2010 Grand Chal-
lenges report, DOE BER user facilities have begun
offering joint proposals. For example, DOE’s JGI
and Environmental Molecular Sciences Labo-
ratory (EMSL) issued a joint call as part of the
Facilities Integrating Collaborations for User
Science (FICUS) program, which helps facilitate
innovative and efficient use of BER facilities (see
Chapter 7 section, Collaborative Research Among
Scientists and Facilities, p. 91). Currently, however,
users typically partition samples and send them to
each facility where they are relabeled according to
that facility’s convention. This situation exempli-
fies the critical need for user facility coordination
to manage sample integrity and organization.
These coordinated datasets need to be housed in a
publicly available resource accessible by all DOE
researchers and organized in a way that links them
to their associated manuscripts. Sophisticated
tools must be available with intuitive and easy-
to-use web-based interfaces that do not require
extensive training in computer science. Moreover,
the user facilities could be used as a framework
for integrating Big Data approaches across BER
mission areas (e.g., biofuels, climate responses, and
carbon cycling).

To begin addressing data challenges, BER also
might consider supporting a community work-
shop focusing on the issues associated with the
deposition, archiving, retrieval, management, and
exploration of large-scale sequencing and related
process datasets. Participants, including experts
in cell biology and synthetic biology, microbial

communities, microbe-plant interactions, and
plant metabolism, could devise scenarios to maxi-
mize knowledge from existing and future datasets.
Critically needed, though, are guidance and a
framework for facilitating standard practices across
disciplines (see also Chapter 6 on Data Analytics
and Computing, p. 71).

Coordinating Sequence Datasets with Their
Associated Chemical, Physical, Temporal, and
Environmental Treatment Datasets. DOE inves-
tigators have studied the responses and feedbacks

of terrestrial ecosystems to elevated carbon dioxide,
warming, nitrogen deposition, ozone, heavy metals,
and organic solvents using the full gamut of BER
molecular, chemical, physical, and modeling tools.
Over the past S years, multiple meta-analyses have
emerged in attempts to derive emergent general
principles from the wealth of past individual studies.
The difficulty has been, and continues to be, that
datasets are too sparse and too poorly replicated to
identify consistent response trends. This difficulty

is due in part to different experimental designs,
sampling approaches, reporting requirements, and
misidentification of sequences housed in that time’s
“state-of-the-art” databases. Bringing the datasets
from multiple past studies together and providing a
robust assessment of their collective findings have
been challenging and are resulting in much con-
fusion in the literature. With new technologies in
hand, BER can now advance from single-organism
investigations across more complex environmental
conditions to mixed-community studies toward sus-
tainable production of biofuels and whole-ecosystem
assessments of climate change responses and feed-
backs. The standardized deposition of all related
datasets into public resources is imperative for
mining these data efficiently and appropriately and
deriving general principles. Specifically needed are
new approaches for integrated science designed to
aid knowledge mining from omics datasets (e.g., con-
duct imaging chemistry and physical measurements
to phenotype cellular outcomes as necessary). These
datasets should be housed in interactive, accessible
locations for multiple investigators to enable reanaly-
sis and meta-analysis as desired.
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Providing Quality Control and Functional
Annotation. The depth of coverage enabled by cur-
rent and emerging sequencing approaches provides
datasets of unprecedentedly high quality. This is true
of PCR-based amplicon sequencing, a technology
that can interrogate more than 300 samples on a sin-
gle MiSeq run, and whole-cell or whole-community
metagenomic and metatranscriptomic datasets that
enable multiplexing of samples to maximize data
output. Although current sequencing approaches
have multiple technical constraints, the ability

to appropriately implement quality control met-
rics is critical to downstream data analysis. Poor
sequences must be culled early in the process to
avoid later misinterpretation. Providing quality
control standards and approaches is a critical DOE
responsibility because most DOE-funded research
laboratories can easily generate DNA and RNA
sequence datasets. Most universities and national
laboratories currently house sequencing facilities.
To enable cross analysis of data from different stud-
ies and different regions, guidance and standards
for all BER-generated data must be provided or at
least presented concisely with the datasets. Large-
scale experimental efforts are needed to “prime

the pump” with respect to computational propaga-
tion of functional inference because the quality of
sequencing data does not address the lack of appro-
priate experimentally derived functional annota-
tions of genes that contribute to traits of relevance
to BER missions.

Grand Challenge 2.4

Understand the links between genotype and phe-
notype in single but very diverse organisms and in
communities of organisms that interact in terres-

trial ecosystems.

Building on Genotyping and Phenotyping
Advances for System Prediction

The genome encodes an organism’s full potential,
but the manifestation of this potential with regard
to environmental interactions defines the organism’s

phenotype. Although the genome is largely fixed

(i.e., excluding nonheritable, epigenetic effects),

the phenotype can be quite variable, reflecting
genotype-by-environment interactions (i.e., varying
responses of different genotypes to changes in the
environment). Therefore, understanding biological
complexity to the point of predicting outcomes
requires a complete understanding of both genotype
and phenotype. High-throughput sequencing has
enabled the full sequencing of various microbial,
fungal, and plant genomes, although at different
levels of completeness and quality. Continued
improvements expected in sequencing technology
will, over the next 20 years, provide at least the
potential to sequence the full genomes of all living
organisms. Applying these approaches to messen-
ger RNA (mRNA) provides a platform to examine
gene expression (i.e., transcriptomics), while other
applications enable the identification of epigenetic
marks (e.g., methylome), chromatin structure (HiC-
seq), and protein-DNA interaction (e.g.,, ChIP-seq).
Access to these technologies, coupled with the
ability to extract nucleic acids directly from envi-
ronmental samples, underlies the exciting area of
metagenomics, where microorganisms that cannot
be cultured in the laboratory can now be identified
and investigated.

Although high-throughput nucleic acid approaches
have developed at an exponential rate, the ability to
query the corresponding phenotypes lags behind,
especially when the questions to be answered
require in situ analysis of organisms (i.e., in their
natural habitat). However, exciting new technologies
are being applied to these questions. For example,
many universities, borrowing from technology
deployed in the agricultural biotechnology indus-
try, have installed automated plant growth cham-
bers and greenhouses that provide relatively high
throughput analysis of various phenotypic features
such as growth rates, photosynthetic efficiency, and
biomass. These platforms are useful for basic plant
and algal discovery research. However, measure-
ments made in these growth facilities thus far do not
translate readily to experiments conducted in the
field, hence, arguably contributing only marginally
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to the ultimate goal of enabling predictive biology in
the natural environment.

The good news is that the importance of pheno-
typing is now readily apparent, in large part due to
the stark contrast with the ability to genotype (i.e.,
by sequencing). Technological advancements now
enable measurements of various parameters both

in the laboratory and the field, which then can be
statistically associated with genotype. For example,
one such approach, the genome-wide association
study (GWAS), makes use of natural genotypic vari-
ation in the population of a given species. Statistical
association with specific alleles identified by this
variation with measured phenotypic traits enables
the identification of new genes controlling those
traits. One advantage to this approach is its capacity
for use in the field (e.g., with crop plants), providing
greater potential for accurately reflecting the pheno-
types expressed under natural conditions. An exam-
ple is the application of GWAS to identify key alleles
governing important crop biomass traits for biofuel
production (Slavov et al. 2014).

Research Needs and Knowledge Gaps

Applying Multiple Functional Genomics
Approaches to Single Samples and Cells. At
another level, the application of various functional
genomics approaches (e.g., transcriptomics, pro-
teomics, and metabolomics) also defines phenotype
when applied to bacteria, fungi, and plants. These
measurements can be related to genotype, such as
through the use of mutant populations, GWAS,

or other approaches. However, in most cases,
researchers have applied only one or a few of these
experimental approaches (e.g,, transcriptomics

and proteomics) in a given study. One remaining
challenge is to gain the ability to apply a multiomics
approach to a single sample, an essential capabil-
ity for accurate data comparison and integration.
Another issue is that of tissue dilution. In many
functional genomics approaches, the samples used
are multicellular organisms or communities of
organisms in which the phenotype may vary from
cell to cell in response to a specific environmental

change. Hence, if such cell assemblages are used,

the data obtained represent an average of cellular
responses across all cells, obscuring the fine details
of responses at the level of an individual cell. Thus,
truly understanding regulatory mechanisms and
integrating dissimilar datasets are difficult, even if
the measurement data are taken from the same sam-
ple. Consequently, as described in the 2010 BERAC
Grand Challenges report, there remains great inter-
est in conducting functional genomic measurements
(ie., phenotyping) on single cells, especially if they
can be sampled in situ without extensive manipula-
tion that could change the phenotypic response (see
also Chapter 8 on Emerging Technologies, p. 95).

Developing a Hierarchal Annotation Pipeline
that Integrates Experimental and Computational
Approaches to Assess Functional Annotation
Quality. Given the relative speed with which an
organism’s genotype can be defined, researchers
often explore the DNA sequence to infer pheno-
type, mining the genome annotation (i.e., descrip-
tion of the genome function) for information

such as specific enzymes that encode a pathway

of interest. The success of this approach depends
on the ability to accurately annotate the genome

to provide accurate information that defines the
true biochemical function of each gene, regulatory
site, and epigenetic mark. The classic tenet that

one gene leads to one enzyme is clearly false, with
one gene potentially encoding proteins of differing
functions (whether via a promiscuous active site,
gene splicing, or multifunctional proteins and com-
plexes), adding further complexity to the annotation
process. There also is a growing appreciation for
the impact of post-translational modifications on
protein function or compartmentalization and the
myriad forms these impacts can take (i.e., beyond
the more-studied role of protein phosphorylation),
a discovery which adds even more complexity to
gaining a full understanding of the cellular function
that a single protein may play. When these issues
are considered in the context of the exponential
growth in genome sequences deposited in data-
bases, accurate genome annotation, while essential,
also clearly becomes an extremely challenging and
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perhaps impossible task. Currently, the volume of
accumulating genomic information mostly enables
only in silico, automated genome annotation. This
work usually is based on comparisons to previously
defined annotations that may be incorrect. Hence,
areal and growing risk is that the ever-increasing
knowledge of genomes is being continually cor-
rupted by incorrect and misleading annotation.

At the same time, the means to broadly engineer
genomes is advancing more rapidly than a basic
understanding of potential engineering targets. The
advent of technologies such as the CRISPR-Cas9
system underscores the urgent need for break-
throughs in addressing the gene function knowledge
gap and advancing predictive understanding.

How should critical issues related to accurate
genome annotation be addressed or at least
curtailed? Clearly, experimental biochemistry
approaches are the only accurate means to properly
define, for example, the enzymatic function of a
specific protein. Equally clear, however, is that such
approaches, even if conducted in a high-throughput
manner, are unlikely to catch up with genome
sequencing advances. Experimental biochemistry
or physiological approaches will remain largely in
the realm of specific studies that require this level

of annotation confirmation, but platforms designed
to identify genes of importance to achieving BER
missions provide a potential approach to prioritizing
efforts. In other cases, especially as a prelude to such
detailed studies, other available approaches need
concentrated development and application.

Computational approaches are the only means
currently addressing the full scope of genome anno-
tation. One challenging area that may hold great
promise is the use of methods that do not rely on
pre-existing knowledge (e.g., Bayesian methods).
Such methods are being used to predict protein
structure solely from the amino acid sequence

(Li et al. 2014). Nevertheless, protein structures
predicted by comparison to known, experimentally
derived structures are far superior. Hence, Bayesian
approaches currently do not provide the level of

confidence that comes, for example, from compari-
son to current databases.

“Perfect” (i.e., experimentally validated) annotation
is the ultimate goal, yet perfect should not become
the enemy of the good. Therefore, BERAC’s rec-
ommendation is to develop a rational, hierarchal
approach to genome annotation that can provide a
continuous gradient of useful information to con-
strain a given gene’s annotation. This approach will
provide a starting point for deeper investigation

by specialists when needed. For example, tran-
scriptomic approaches can define where, when,

and under what conditions a gene is expressed,
while imaging approaches can define where in the
cell the encoded protein is expressed. Compu-
tational and experimental approaches can deter-
mine in a high-throughput fashion the proteins
with which a specific target protein may interact.
High-throughput genetic, biochemical, and struc-
tural experimental approaches focused on processes
of central importance to BER missions can provide
underlying functional inferences to catalyze func-
tion prediction and provide a level of confidence to
computational predictions. Graphic methods using,
for example, mRNA or protein expression data can
be used to define co-expression networks, providing
a nearest-neighbor approach to further confine the
annotation. None of these approaches ultimately
leads to a perfect annotation. Yet, concerted BER-led
efforts would develop a hierarchal annotation pipe-
line that fosters breakthroughs in combining exper-
imental and computational approaches to address
functional annotation veracity. Such work would
greatly increase the success of sequencing-based
techniques in understanding BER-relevant pro-
cesses. The establishment of a database [e.g., DOE’s
Systems Biology Knowledgebase (KBase)] for stor-
ing and efficiently querying this information would
greatly support BER research, while also likely con-
tributing a platform for recognizing currently incor-
porated genome annotation data.

Tackling Genomic “Dark Space” by Characteriz-
ing Proteins of Unknown or Uncertain Function.
The ability to sequence genomes and quantify a
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microbe’s or plant’s transcriptome, proteome, and
metabolome during any set of prescribed conditions
or stresses is far outpacing current understanding

of the transcriptome-encoded proteins (i.e., com-
ponents of the proteome) and determinants of the
metabolome. Available omics data provide invalu-
able functional insight, but more than half of genes
in relevant bioenergy crop genomes encode proteins
whose functional annotation is either uncertain or
lacking altogether. This critical knowledge gap—the
genomic dark space—undermines the ability of
BER systems scientists to leverage genomic informa-
tion from photosynthetic and microbial organisms
to meet national energy needs. As stated in the

2010 Grand Challenges document, the uncertainty
of functional annotations constitutes a barrier to
enabling predictive biology, and this barrier still
exists today. Indeed, the means to broadly engineer
plant and microbial genomes is advancing more
rapidly than protein functional discovery. Most
notably, the advent of technologies such as the
CRISPR-Cas9 system underscores the urgent need
to address this knowledge gap and advance predic-

tive understanding.

Grand Challenge 2.5

Effectively exploit new and emerging technologies
in systems biology and physical measurements
(e.g., miniaturization) to accelerate biological
discoveries.

A number of opportunities exist to accelerate sys-
tems biology research using emerging technolo-

gies in (1) nanotechnology and microfluidics (see
also Chapter 8 on Emerging Technologies, p. 95),
(2) imaging, and (3) capabilities that capitalize on
foundational knowledge at DOE user facilities (see
also Chapter 7 on User Facilities and Research Infra-
structure, p. 85).

Research Needs and Knowledge Gaps

Using and Coupling Nanotechnology and Micro-
fluidics. Advances in nanotechnology offer great
promise for systems biology research. For instance,

these methods can enable single-cell resolution mea-
surements and perturbations and precise recording
of interactions between microbes within a commu-
nity. In addition, devices can be designed to conduct
in situ experiments, allowing a coupling of the con-
text in which an organism is isolated and the experi-
mental test conditions.

Microfluidic devices also offer great potential
because these devices can be used to culture biolog-
ical samples with precision control over dynamic,
time-varying environments. Microfluidic chips often
are coupled with imaging to visualize the outcome of
experimental perturbations, often at the single-cell
level. Their small size affords reduced sample size
requirements, smaller volumes of reagents, and the
ability to measure many different conditions in par-
allel or in a repeatable, programmable fashion.

Coupling the microfluidic approaches with nano-
technology could accelerate and automate synthetic
biology. For instance, these devices can achieve
automated assembly of DNA fragments on a sin-
gle chip (Shih et al. 2015). When coupled with
next-generation cloning methods such as Gibson
assembly or Golden Gate (Engler et al. 2008, 2009;
Gibson et al. 2009), this technology can be used to
rapidly construct prototype assemblies for testing
and analysis. Another significant need in this area is
the development of additional methods to optically
report cellular concentrations and activities [e.g.,
fluorescent reporters for adenosine triphosphate
(ATP) synthesis or glycolysis].

Some potential outcomes of advances in nanotech-
nology and microfluidics include rapid construction
and screening of gene constructs for biofuel produc-
tion. In addition, researchers can use these methods
to assess microbial communities. They can construct
synthetic communities using pairs or groups of
microbial species and then subject these commu-
nities to time-varying environments that allow for
slow, moderate, or rapid changes of environmental
conditions to assess their impact on community
structure. They also can assess spatial organization at
this level, especially when coupling spatial organiza-
tion with imaging methods.
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Applying Imaging Technologies. For many years
cryo-electron microscopy (cryoEM) was useful for
identifying large protein complexes to provide an
overall shape and relative orientation with respect
to membranes or other subcellular structures.
Researchers routinely used single-particle cryoEM
analysis in conjunction with gold-labeled antibody
binding to map the location of individual proteins
within large protein complexes. Recent advances in
direct electron detectors, along with the develop-
ment of new algorithms for data analysis, have rev-
olutionized cryoEM applications so that obtaining
near atomic-scale (<3 Angstrém) resolution is now
possible for large proteins and protein complexes.
This technique complements crystallography in
probing three-dimensional (3D) structures of mac-
romolecules at the near-atomic level. Additional
emerging electron microscopic techniques address
sample scales above and below those accessible to

single-particle cryoEM. For example, cryo-electron
tomography (cryoET) of cells or cell sections <500
nanometers (nm) thick (Villa et al. 2014) produced
by focused ion beam (FIB) milling yields 3D images
in the S- to 10-nm resolution range (Diebolder et al.
2012) and can be combined with single-molecule
techniques in correlative studies (Hampton et al.
2017). Protein complexes within tomograms can be
viewed by single-particle subtomogram averaging,
and micro-electron diffraction (microED) from
radiation-sensitive micro- and nanocrystals yields
high-resolution structures that have proven to be
intractable by other means (Shi et al. 2016). This
array of electron-based imaging techniques, in addi-
tion to a host of emerging X-ray imaging techniques
now possible with the coherent beams produced by

new-generation synchrotron lattices, will enable new

and more detailed visualizations of biological and
environmental samples important to BER.
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and uncertainty.

Grand Challenges in Earth and
Environmental Systems Sciences

Overarching Grand Challenge and 20-Year Vision

Earth system evolution is governed by complex processes and their interactions spanning a
significant range of temporal and spatial scales. Credible simulations and predictions require
synergistic advances in observation, modeling, data-model integration, and computing, as
well as novel experimentation for mechanistic understanding of integrated system behavior

)

Improving Predictive
Understanding of Earth
System Variability and Change

O ne of the greatest challenges for Earth and
environmental systems sciences in the
coming decades lies in addressing the need
for better information that enables communities to
assess, quantify, and plan for climate risks. These
risks could affect energy and other engineering infra-
structures, human and ecosystem health, food and
water supply, conflict, and migration, but the current
generation of Earth system models (ESMs) and the
measurements that underpin them still are not well
suited to inform decisions that need to be made in
the context of these changing risks. Needed capabil-
ities include (1) the ability to explore and quantify
model aspects that are uncertain, inadequate, or
lacking key components; (2) expanded capabilities
for observing and measuring not only atmospheric
processes, but also terrestrial, coastal, and cryosphere
systems; and (3) coordinated research and modeling
of ecosystems and processes representing key uncer-
tainties in the coupled human-Earth system.

The U.S. Department of Energy’s (DOE) Office
of Biological and Environmental Research (BER)

has made great strides in addressing some of these
challenges through strategic investment in capabil-
ities and facilities that advance understanding and
modeling. Building on previous successes and antic-
ipating new opportunities, the Biological and Envi-
ronmental Research Advisory Committee (BERAC)
has identified eight new grand challenges in this
report for Earth and environmental systems research
(see Earth and Environmental Systems Sciences
Summary of Grand Challenges and Action Items,

p- 22). Successfully addressing these challenges will
transform predictive understanding of Earth system
variability and change in the coming decades.

Earth System Models

Current ESMs have a number of limitations includ-
ing (1) each model is a central estimate, (2) mod-
els are not independent, (3) ensemble size is too
small to fully sample the changing likelihood of
extreme events, and (4) uncertain parameters are
undersampled. A significant factor limiting ESM
fidelity is model resolution, which is restricted by
computing resources; consequently, key Earth sys-
tem processes cannot be resolved. As exascale com-
puting is realized in the coming decade, researchers
have a significant opportunity to improve ESM
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N

3.1.

3.2,

3.3.

3.4.

3.5.

3.6.

3.7.

Advance Earth system modeling using a hierarchy of
models, from process-resolving coupled models to
reduced-order models, to transform understanding
of the coupled Earth system and to produce useful
and credible simulations and predictions of Earth
system behavior at multiple time scales.

Establish new observational technologies and

use them to understand human and Earth system
processes, such as land-atmosphere interactions,
biogeochemical cycles, and subsurface soils, to
estimate critical process parameters using novel
analysis methods, such as machine learning and data
science, and to quantify model errors.

Advance basic knowledge and scale-aware
simulation capability for Earth system feedbacks
associated with aerosols and moist processes

to better quantify aerosol forcing, precipitation
changes, and extreme events with consequences
for energy and water cycles, global distribution of
nutrients, and human health.

Advance modeling and understanding of
important ecological, biological, and carbon cycle
interactions and feedbacks in the climate system
to identify potential tipping points and possible
energy strategies.

Characterize, understand, and model the complex,
multiscale water cycle processes in the Earth system
including the subsurface to understand and predict
water availability and human system response

to extremes.

Understand the time-dependent processes and
mechanisms associated with melting glaciers, ice
caps, and ice sheets and their contributions to
regional sea level rise.

Quantify the interplay between internally generated
climate variability and externally forced response
involving anthropogenic and natural factors and their
relative roles in the time evolution of regional variability
to understand predictability of the Earth system.

qarth and Environmental Systems Sciences
Summary of Grand Challenges and Action Items

The overarching goal of BER Earth and environmental systems sciences is to improve predictive understanding of Earth
system variability and change. BERAC has identified eight grand challenges to advance modeling and observation of the
Earth system and its key processes including aerosols and clouds, terrestrial and ocean biogeochemistry, the water cycle,
and cryosphere. Addressing these challenges synergistically will improve predictions of water availability, sea level rise,
and extreme events, from weather to climate time scales, and will provide an understanding of Earth system stability and
low-probability, high-risk outcomes. These grand challenges are listed here and then described in more detail in the Grand
Challenge Research Recommendations section, p. 24.

3.8. Understand the long-term Earth system stability

in response to possible future Earth system
outcomes and address the level of confidence
and identify emergent constraints for the range of
model projections.

Associated with the grand challenges are six action
items recommended for initiating progress toward
the challenges:

Develop fine-scale process models and data
assimilation capabilities for data-model integration
to advance model development and prediction of
Earth system processes.

Advance high-resolution modeling in different
simulation and prediction modes supported by
exascale computing to improve understanding and
prediction of extreme or high-impact events.

Develop a computational user facility for rapid
design, generation, evaluation, and diagnosis of
Earth system model simulations, as well as analysis of
ensemble predictions and data-model synthesis.

Develop and maintain a hierarchy of models
for hypothesis testing, model development,
and uncertainty analysis of the complex
human-Earth system.

Develop and integrate new sensing technologies
and optimize field deployments in Atmospheric
Radiation Measurement, AmeriFlux Network, Next-
Generation Ecosystem Experiments, and other BER
programs to explore interactions across different
scales of biological organization and biosphere-
atmosphere feedbacks.

Create new integrated field laboratories that target
biogeochemical, energy, and water flows between
urban areas and surrounding ecosystems.

_
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spatial resolution for cloud-resolving atmosphere
modeling, eddy-resolving ocean modeling coupled
with detailed sea ice and ice sheet dynamics, and
fine-scale terrestrial modeling of ecosystems and
surface and subsurface processes of hydrology and
biogeochemistry. DOE is in a leadership position
to advance exascale computing and Earth system
modeling in tandem.

Supported by computational user facilities, short-
term climate predictions can be used as a testbed
for accelerating ESM improvement and evaluation
and for providing information on which impacts
will be felt from the interplay between internal
variability and externally forced response. At the
same time, a hierarchy of models with different
complexities is needed for large-ensemble model-
ing, hypothesis testing, process understanding, and
uncertainty analysis.

Measurements and Observations

To improve understanding and modeling, observa-
tional capabilities need to be expanded. The concept
and capabilities of BER’s Atmospheric Radiation
Measurement (ARM) Research Facility are unique
and significant, but the ARM Facility focuses on
atmospheric measurements, whereas progress in
modeling will require measurements for the coupled
Earth system. Measurements of terrestrial, coastal,
and cryosphere systems have significant gaps. The
data challenge for ESMs is to (1) fill these mea-
surement gaps; (2) identify niche areas to integrate
models and data; (3) develop data assimilation capa-
bilities for model-data integration; and (4) leverage
data analytics to develop new understanding and
address key uncertainties in aerosol and cloud pro-
cesses, terrestrial and ocean biogeochemistry, and
water cycle and cryosphere processes.

Coordinated Research and Modeling
of Key Uncertainties in the Coupled
Human and Earth Systems

Using new variable-resolution capabilities, DOE is
uniquely suited to address the significant challenge

of regional sea level rise and coastal impacts
related to ice sheet dynamics, ocean-ice interac-
tions, ocean thermal expansion, coastal inunda-
tion, and other impacts. High-latitude changes
and their global influence will continue to be an
important target over the next 20 years. DOE is
well positioned to address this challenge with
coordinated research activities in Earth system
modeling, analysis of cryosphere processes, and
measurements from BER’s Next-Generation Eco-
system Experiments (NGEE)-Arctic project and
the ARM supersite on Alaska’s North Slope. Lastly,
through the development of human-Earth system
models, DOE can further develop and use the
capability to explore Earth system stability and the
potential for low-probability, high-risk outcomes.

Building on Progress Related
to the 2010 Grand Challenges

The 2010 BERAC report, Grand Challenges for
Biological and Environmental Research: A Long-Term
Vision (BERAC 2010), posed six grand challenges
in climate research. Important progress and some
remaining challenges are briefly summarized:

Developed Higher-Resolution Modeling. DOE
has contributed to the development of high-
resolution versions of the Community Earth System
Model (CESM), global variable-resolution models,
and super- and ultraparameterizations. Researchers
have used high-resolution models to understand
the water cycle and extreme events. Efforts are well
under way to develop DOE’s Energy Exascale Earth
System Model (E3SM) as a very high resolution
model, but more relevant processes must be inte-
grated into ESMs.

Improved Parameterizations of Aerosols that
Affect Clouds. Significant progress has been made
through research supported by multiple DOE pro-
grams to develop parameterizations of aerosols and
aerosol-cloud interactions and perform modeling
experiments to understand and quantify aerosol
direct and indirect effects. However, indirect aero-
sol forcing and some basic knowledge of aerosols
remain uncertain.
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Developed Ecosystem-Observing Systems to
Monitor Biogeochemical Cycles. DOE has estab-
lished ecosystem-observing systems in a few regions,
but they are not positioned to monitor biogeochem-
ical cycles on global scales. Ecosystem models have
been tested against some observations, but efforts
have not yet narrowed enough to estimate critical
process parameters.

Advanced Understanding of Important Bio-
logical Interactions and Feedbacks. DOE has
advanced understanding of potential rates of perma-
frost carbon losses and the influence of climate and
land use change on wildfires. However, understand-
ing regarding the long-term stability of other carbon
stores and biological systems is still lacking.

Improved Integration of Anthropogenic Climate
Forcings into ESMs. DOE has made important
progress in developing an integrated Earth system
model (iESM) that couples integrated assessment
models (IAMs) with ESMs to represent human-
Earth interactions. DOE is well positioned to fur-
ther enhance integration of anthropogenic forcings
into ESMs for improving climate projections and
mitigation, as well as impacts, adaptation, and vul-
nerability research.

Established New Observational Technologies to
Quantify Model Errors. Some notable new obser-
vational technologies include the ARM supersites,
which represent significant progress in providing
data critical for improving cloud and aerosol mod-
eling, and DOE’s AmeriFlux Network for providing
carbon and energy fluxes in different terrestrial
ecosystems. Important advances have been made

in model-experiment integration as exemplified by
(1) the NGEE-Arctic and NGEE-Tropics projects,
(2) the development of frameworks for diagnostics
and metrics such as the Program for Climate Model
Diagnosis and Intercomparison (PCMDI), and

(3) the International Land Model Benchmarking
(ILAMB) project to comprehensively evaluate and
diagnose model errors.

Grand Challenge Research
Recommendations

Grand Challenge 3.1

Advance Earth system modeling using a hierarchy
of models, from process-resolving coupled models
to reduced-order models, to transform understand-
ing of the coupled Earth system and to produce
useful and credible simulations and predictions of
Earth system behavior at multiple time scales.

Increasing the Predictive Power
of Earth System Models

Comprehensive ESMs are the primary tools used in
predicting Earth system response to external per-
turbations. However, large uncertainty and lack of
spatial detail have limited the usefulness of ESMs for
addressing DOE’s energy mission. ESMs could be
advanced to produce useful and credible simulations
and predictions to support planning of energy infra-
structure and energy production and use through
(1) the use of a modeling hierarchy, (2) systematic
efforts in developing data assimilation systems that
advance measurement-to-modeling integration,

(3) user facilities that enable rapid development and
evaluation of simulations and forecasts, and (4) col-
laborations among model developers and climate
and data analytics scientists.

ESMs include a wide range of physical processes,
from large-scale circulations of the atmosphere and
oceans to atmospheric convection and mesoscale
ocean eddies, to cloud microphysics and radiative
transfer, to the biophysics of photosynthesis and res-
piration on the land surface and in the ocean. ESMs
are used to simulate and predict phenomena on time
scales ranging from days to centuries, but the results
also depend on small-scale processes that have time
scales of minutes or less. For these reasons, investi-
gators have always run ESMs on the most powerful
computing systems available.

ESMs are able to simulate many important phenom-
ena of the real Earth system, including important
modes of internal variability such as El Nifio and
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the system’s response to external forcings. However,
ESM-based simulations of future anthropogenic
climate change are subject to uncertainties caused
by insufficient resolution, incomplete understanding
of physical processes, and large internal variability
that obscures the signals. Models cannot directly
simulate processes on scales smaller than their grid
spacing, so parameterizations are used to represent
subgrid-scale processes. A major challenge in Earth
system modeling is reducing uncertainty, an aim
that may be achieved by making the grid finer but
requires more computing power. Increased spatial
resolution has several immediate benefits, including
simulation of a wider range of fluid dynamical scales,
leading to more realistic representations of a host of
processes. Another way to reduce uncertainty is to
improve the realism of the parameterizations. Com-
puting power helps with that too, because, as spatial
resolution increases, the nature of the unresolved
parameterized processes becomes simpler, although
the models also can become less constrained as the
number of degrees of freedom increases.

Research Needs and Knowledge Gaps

Leverage New Computing Architectures for ESM
Evolution. The operational numerical weather pre-
diction (NWP) community already has achieved
atmospheric grid spacing decreases from around 100
kilometers (km) to around 10 km, probably achiev-
ing within the next few years a convection-resolving
grid spacing of 4 km or finer. Decreases in grid
spacing, while short of being convection resolving,
always provide improvements in short-range fore-
casts but hardly decreases the errors of longer-range
forecasts beyond a few days (Buizza 2010). An inter-
pretation is that the errors in long-range forecasts
are due mainly to deficiencies in the physical param-
eterizations, suggesting that ESMs will benefit less
from increased resolution, relative to NWP models.
Enabled by computers of the coming decade, the
eventual transition to convection-resolving reso-
lution may allow ESMs to benefit from increased
resolution. Similar arguments also can be made for
eddy-resolving ocean models and process-resolving
land surface and sea and land ice models that play

important roles in Earth system evolution. A strong
collaboration between the Earth system modeling
and high-performance computing communities is
needed to facilitate a smooth transition in which
ESM:s evolve to take advantage of new computer
architectures (see also Chapter 6 on Data Analytics
and Computing, p. 71).

Improve Process Parametrizations. Increased com-
puting power also can improve physical ESM param-
eterizations. Superparameterization (Randall et al.
2016) and ultraparameterization (Parishani et al.
2017) improve physical representations by embed-
ding a simplified cloud-resolving model and large
eddy simulation (LES) model, respectively, within
each atmospheric grid column of an ESM. As resolu-
tion increases, the model parameterizations become
simpler in the sense that fewer processes have to be
parameterized. However, even if extreme increases in
computing power eventually permit 100-meter grid
spacing over the entire globe, ESMs will still need
parameterizations of turbulence, radiation, and cloud
microphysics including the effects of aerosols. Of
these, cloud microphysics and aerosols are likely to
be the most problematic (see Grand Challenge 3.3,
related to aerosols and moist processes, p. 29).

Develop Fine-Scale, Process-Resolving Mod-

els with Data Assimilation Capabilities. ESM
parameterizations inevitably involve numerical
parameters whose values must be specified based on
observations. One approach is to adjust the param-
eter settings iteratively to reduce the errors, but this
approach does not improve understanding of the
errors and may reduce errors for the wrong reason.
With finer grids, the parameterized grid-scale pro-
cesses are more amenable to direct comparison with
field data, making model evaluation more straight-
forward. As more processes are explicitly resolved,
enabling parameterizations to be increasingly physi-
cally based, observations can be used more effectively
to estimate the numerical values of model parameters.
This applies to models of all Earth system compo-
nents and is another motivation for increasing model
resolution. ARM data are ideally suited for assigning
values to parameters associated with atmospheric
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physical processes. The ARM Research Facility has
been exploring use of LES for the weather observed
at its Southern Great Plains site. LES data can fill in
gaps associated with processes that are not observed
or not sufficiently well sampled by the observing sys-
tem. Assimilating field measurements into LES mod-
els can make this strategy more effective. Similarly,
fine-scale plant and subsurface hydrology and bio-
geochemistry models are important tools for linking
measurements to models to improve terrestrial sys-
tem models. A systematic effort to develop fine-scale
models with data assimilation capability may support
these objectives across multiple DOE programs.

Develop Reduced-Order Models to Understand
Earth System Interactions and Responses to
Perturbations. As the resolution and complexity
of ESMs increase, understanding model behaviors
and quantifying the uncertainty in their predictions
become more challenging. ESMs of intermediate
complexity and reduced-order models are important
tools on the other end of the modeling hierarchy
for understanding interactions among Earth system
components and for unraveling the system response
to perturbations and quantifying its uncertainty.
Developing and maintaining a hierarchy of models
and simulation capabilities should be an important
part of a strategy to improve ESMs and advance
their use in understanding and predicting Earth
system variability and change across all time scales
relevant to stakeholder decision making.

Collaborate with Computational User Facilities
for Model Testing and Improvement. To further
ESM development and utility, computational user
facilities need to be expanded for on-demand, rapid
generation, evaluation, and diagnosis of ensemble
simulations and experimental ensemble predictions.
One example is to test ESMs through extensive
forecasting on time scales ranging from days (e.g.,
Palmer et al. 2008) to those that are subseasonal

to seasonal, for which observations for model eval-
uation can be provided in great detail. DOE has
taken some steps in this direction (e.g., Phillips et al.
2004), but a more comprehensive and systematic
effort would be useful. In addition, the ability to

run decade-to-century simulations is important for
understanding both fast and slow responses (see
Grand Challenge 3.7, related to Earth system pre-
dictability, p. 39). The user facilities should engage
model developers and computational scientists and
also collaborate with scientists in climate research
and machine learning, an essential area for turn-
ing large-scale data (i.e., Big Data) into knowledge
useful for improving understanding and predicting
the Earth system. Additionally, increased in-house
expertise is needed in physical oceanography to
complement DOE'’s existing in-house expertise in
ocean modeling and to improve understanding of
the coupled Earth system in which the ocean plays a
key role.

Grand Challenge 3.2

Establish new observational technologies and use
them to understand human and Earth system
processes, such as land-atmosphere interactions,
biogeochemical cycles, and subsurface soils, to esti-
mate critical process parameters using novel anal-
ysis methods, such as machine learning and data
science, and to quantify model errors.

Building on BER Success in Earth System
Measurements and Observations

Observations provide the foundational knowledge
upon which hypotheses about the function of the
complex Earth system and its response to perturba-
tions are developed and tested in combination with
modeling. BER’s leadership in the development of
observing systems and experiments has created a
vibrant community of scientists who have provided
answers to some of the most urgent questions chal-
lenging the ability to develop a predictive under-
standing of the Earth system. This research has a
rich tradition of transforming Earth system science
by developing new measurement technologies and
deploying them at remote field sites throughout
the world. Important examples of these flagship
systems include the ARM fixed sites and mobile
facilities, AmeriFlux terrestrial ecosystem flux net-
work, Free-Air Carbon Dioxide (CO,) Enrichment

26 Biological and Environmental Research Advisory Committee

November 2017



Chapter 3 — Earth and Environmental Systems Sciences )

(FACE) experiments, and NGEE projects (see also
Chapter 7 on User Facilities and Research Infra-
structure, p. 85). Each of these observing systems
operates at a scale that is not possible to sustain
with university or private-sector investments. Prac-
titioners of this emerging new field of Earth system
data science are harnessing machine learning and
other data science approaches to search for patterns
and create new process-level understanding of
important biological and physical phenomena.

The AmeriFlux Network provides high-quality
information about carbon and energy fluxes in
different terrestrial ecosystems. Thousands of sci-
entists download AmeriFlux and Fluxnet datasets
annually, and publications from this data use have
transformed current understanding of the proc-
esses regulating photosynthesis, respiration, and
environmental factors that influence net ecosys-
tem carbon balance. With 110 registered active
sites, the network is arguably the largest and most
successful federally funded ecosystem-observing
network in the United States. The ARM Research
Facility provides measurements of the physical

and chemical properties of atmospheric aerosols,
clouds and their microphysical compositions, and
radiative fluxes, as well as a suite of other meteo-
rological measurements at four fixed sites and two
mobile facilities. These measurements represent
the most comprehensive observations of aerosols
and clouds available in the world. ARM data have
been used by thousands of scientists worldwide

to understand aerosol and cloud processes, as well
as aerosol-cloud-precipitation interactions, and to
improve models. The ARM measurement strategies
are being adopted by other countries. NGEE—-Arctic
and NGEE-Tropics have created important new
science infrastructures for investigating ecosys-
tem responses to global environmental change in
remote and logistically challenging environments.
NGEE-Arctic has led to recent breakthroughs

in understanding how permafrost influences
hydrologic flows and biogeochemical processes in
high-latitude ecosystems. NGEE-Tropics, in turn,
has provided insight about the sensitivity of tropical
forests to drought and other environmental changes

associated with EI Nifio. More recently, BER has
developed the concept of integrated field labora-
tories (IFLs) with the aim of studying interactions
along important lateral and vertical gradients that
link human population centers with surrounding
natural environmental systems. The IFL conceptual
design included themes associated with coastal
regions, arid lands, mountain watersheds, agricul-
ture, and urban ecosystems.

Building on these BER successes, new observational
technologies would further advance the understand-
ing of environments in rapidly changing regions
both within and outside the United States. Such
understanding is strategically important for energy
security, as environmental and societal changes are
connected through myriad energy, water, biogeo-
chemistry, and socioeconomic pathways at a broad
range of temporal and spatial scales.

Research Needs and Knowledge Gaps

Outfit AmeriFlux with New Technologies for

In Situ Sequencing and Expanded Measure-
ments. New investment in the AmeriFlux Network
has the potential to transform ecosystem science.
One challenge is to link variation in ecosystem
fluxes with changes in plant gene expression

and soil microbial community dynamics to help
researchers probe the fundamental mechanisms
regulating seasonal and interannual changes in

the carbon balance of terrestrial ecosystems. This
challenge could be achieved by developing and
deploying in situ sequencing technologies at sev-
eral core AmeriFlux sites. New information about
the changing composition of fungal and bacterial
communities could enable significant advances in
modeling ecosystem respiration as well as methane
(CH,) and nitrous oxide (N,O) trace gas produc-
tion. Concurrent information on gene expression
in plants could revolutionize understanding of cold
hardening (and recovery) processes in temperate
and high-latitude ecosystems, time-evolving lim-
its to photosynthesis, and production of different
volatile organic compounds that create clouds and
feedbacks via atmospheric chemistry. Another
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critical AmeriFlux frontier involves more quantita-
tively linking carbon and water fluxes to ecosystem
demographics, landscape dynamics, land use, and
land management. First, new investment in tree and
shrub demography at core sites would considerably
strengthen the use of AmeriFlux to study climate
change impacts on vegetation dynamics and to test
next-generation demography models such as the
Functionally Assembled Terrestrial Ecosystem Sim-
ulator (FATES) model, which is being integrated
into the E3SM. Second, systematic deployment

of ecosystem-level lidar and remote-sensing mea-
surements have considerable potential for mapping
three-dimensional (3D) changes in forest compo-
sition before and after climate extremes and other
processes that influence ecosystem structure and
flux dynamics. Third, new tower clusters along land
use and management gradients are essential in devel-
oping a quantitative understanding of how humans
are modifying ecosystem fluxes at regional and con-
tinental scales.

Add ARM Capabilities for Understanding
Aerosol-Cloud Interactions, Cloud Radiative
Feedbacks, and Extreme Precipitation. New
investment in the ARM Facility has potential for
characterizing the coupling of aerosols and clouds
with atmospheric turbulences and convective
systems, which is currently lacking. Such informa-
tion is essential for understanding aerosol-cloud
interactions, cloud radiative feedback, and extreme
precipitation. Needed to constrain models are mea-
surements of 3D atmospheric motion fields from
remote-sensing instruments and drones across a
range of scales from a few hundred kilometers to a
few meters, along with concurrent measurements of
aerosols and clouds.

Develop New Remote-Sensing Technologies

for Atmospheric, Land, and Urban Systems.
Another challenge for BER is the design and
deployment of new systems to remotely monitor
ecosystem properties and environmental variables
by exploiting emerging technologies. Over the past
decade, several remote-sensing techniques have
transformed understanding of Earth system science.

Paradigm-changing observing systems include

the Argo float network in the oceans, AmeriFlux
Network on land, ARM scanning cloud radars, and
the National Aeronautics and Space Administra-
tion’s (NASA) constellation of Earth-observing
satellites. The pace of development in the
environmental-sensing field continues to accelerate
and includes advances in drone, lidar, and subsur-
face imaging technologies as well as improvements
in networking systems. An important science chal-
lenge for BER is to develop new systems that pro-
vide new environmental information across a range
of temporal and spatial scales that are currently
inaccessible by NASA or other federal agencies.
Development of a strategic plan and the specific tar-
geting of several achievable science objectives in the
atmosphere, land, and urban domains are important
near-term requirements for BER to maintain its
commitment to excellence within this field. New
technologies that enable mapping the 3D structure
of trace gas, heat, and wind and water flows within
cities, for example, may create new opportunities for
the design of sustainable energy solutions.

Deploy IFLs, Conduct Regional-Scale Exper-
iments Examining Biosphere—Climate Sys-
tem Feedbacks, and Design Expanded FACE
Studies. Three major research needs are identi-
fied for future BER field experiments. The first

is to develop IFLs that target biogeochemical,
energy, and water flows between urban areas and
surrounding ecosystems. Important gradients
include connections between cities and nearby
coastal ecosystems, mountain watersheds, arid
lands, and croplands. IFLs should be located in
rapidly changing regions or areas that are strate-
gically important for energy security. They also
need to exploit existing BER science capabilities
across biological and Earth science disciplines
(e.g., ARM, AmeriFlux, and DOE’s Joint Genome
Institute and Environmental Molecular Sciences
Laboratory), while simultaneously fostering new
ones. The second research need is to create new
experiments that capture feedbacks between the
biosphere and physical climate system at regional
scales. An important example is the analysis of
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how different land uses modify surface fluxes and
atmospheric composition that, in turn, modify
regional climate and, ultimately, the sustainabil-
ity of human enterprise within a region. Existing
NGEEs and ARM facilities have not yet embraced
these coupling and feedback challenges. Finally,
BER’s past and current investments in FACE have
yielded datasets that have proven essential for
developing predictive models of the global car-
bon cycle. Yet escalating costs have limited the
expansion of these experiments into new regions
where uncertainties remain extremely high. Con-
sidering new breakthroughs in simulating air flows
through forest canopies, control systems, and
isotopic labeling approaches, BER should revisit
whether new FACE designs could be developed
that would enable a wider suite of deployments.
The direct response of ecosystems to rising atmo-
spheric CO, remains one of the most important
sources of uncertainty in ESMs, on par with uncer-
tainties associated with aerosol direct and indi-
rect effects and exceeding those associated with
climate-carbon feedbacks.

Tightly Couple Models and Experiments to Test
Predictions and Hypotheses and Inform Obser-
vational Strategies. Seamless model-experiment
integration is critical for measurements to effec-
tively inform model development and hypothesis
testing. Models are increasingly capable of resolv-
ing the complexity of processes exhibited within
observations and interpreting causal pathways.
Combining inverse modeling, data assimilation
strategies, and novel metrics can help design

better observational systems to test relation-

ships important to predictions. The past decade
has seen tremendous growth in new capabilities
such as machine learning and other data science
approaches. Consequently, the time is right to
invest in capabilities synthesizing different fields of
expertise to create new process-level understanding
of many important biological and physical phe-
nomena (see also Chapter 6 on Data Analytics and
Computing, p. 71).

Grand Challenge 3.3

Advance basic knowledge and scale-aware simula-
tion capability for Earth system feedbacks associ-
ated with aerosols and moist processes to better
quantify aerosol forcing, precipitation changes, and
extreme events with consequences for energy and
water cycles, global distribution of nutrients, and
human health.

Resolving Critical Uncertainties for
Aerosols, Cloud-Climate Feedbacks,
and Precipitation

Aerosols originate from both natural and anthropo-
genic sources. Atmospheric aerosols directly affect
Earth’s energy balance and air quality. Depending
on the physical and chemical properties of aerosols,
direct radiative forcing on the Earth can be negative
or positive due to scattering of solar radiation to
space and aerosol absorption of solar and infrared
radiation. Aerosols can modify the number density
concentration of cloud particles and, thus, cloud
particle sizes, which impact cloud optical properties.
Cloud particle sizes, in turn, affect the precipitation
efficiency and lifetime of clouds. These indirect
effects of aerosols on Earth’s energy budget and
precipitation still are not well understood, and their
simulations are poorly constrained by observations,
so aerosols represent one of the largest uncertainties
in current ESMs (Boucher et al. 2013; Nazarenko
etal. 2017).

Clouds strongly affect Earth’s energy budget by
reflecting solar radiation and trapping infrared radi-
ation. Their net radiative impact depends on cloud
temperature, hydrometeor particle sizes, and mass of
liquid and ice in the clouds. Clouds form as a result
of supersaturation by the lifting of moist air in the
presence of aerosols and atmospheric flows across
a broad spectrum of temporal and spatial scales.
How clouds respond to climate change determines
whether they positively or negatively feed back to

a climate forcing such as atmospheric greenhouse
gases (GHGs; Geoffroy et al. 2017).
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Current ESMs require parameterizations of many
atmospheric processes important to aerosols and
clouds. The large uncertainties of current ESMs in
simulating the indirect effects of aerosols on Earth’s
energy budget, cloud-climate feedback processes,
and intensity-frequency distribution of precipitation
seriously limit the utility of these models in simu-
lating energy and water cycles and projecting their
future changes.

Resolving these areas of uncertainty will advance
efforts to predictively understand the Earth system
and its variability on a number of fronts. For exam-
ple, deeper insights into aerosols and their indirect
effects will improve simulations of aerosol forcing
on the Earth system from natural and anthropogenic
sources. Meanwhile, increased knowledge of clouds
and their interactions with turbulence and the Earth
surface would enable researchers to better quantify
cloud-climate feedbacks and reduce uncertainties

of future climate change projections. Better under-
standing and an improved ability to model meso-
scale convective systems (MCSs) will lead to better
simulations of the global water cycle and prediction
of extreme weather events that affect the production,
transport, and use of human energy systems. Finally,
robust, scale-aware physical parameterizations will
enable practical applications of ESMs to predict
water, energy, and carbon cycles as well as their
impacts on human energy systems.

Research Needs and Knowledge Gaps

Improve the Understanding of Biogenic Aerosol
Emissions, New Particle Formation, and Aero-
sol Evolution in the Atmosphere. Knowledge of
the chemical and physical properties of aerosols,
including their mixing states, is needed to under-
stand their growth and evolution. Aerosol effects
on mixed-phase clouds are known to significantly
affect cloud lifetime and precipitation, but this
knowledge is incomplete and their simulations are
highly uncertain. Also poorly understood is the
nucleation of ice cloud particles by aerosols. Both
laboratory experiments and field measurements
are needed to test and improve the fundamental

theory of new particle formation (see Fig. 3.1.

New Particle Formation, p. 31), secondary organic
aerosol (SOA) growth, and aerosol nucleation of
ice particles. Process models should be developed
based on first principles of physics and chemistry
to connect measurements with models. Parameter-
izations should be developed on the basis of theo-
retical understanding and process models for use in
coarse-resolution ESMs for long-term simulations.

Understand and Accurately Simulate Cloud
Interactions with Atmospheric Turbulence and
Earth’s Surface. Clouds primarily develop in turbu-
lent atmospheric flows, and they, in turn, affect tur-
bulence flows through their effects on radiation and
latent heating. Accurately simulating turbulence-
cloud coupling is essential for simulating both the
aerosol indirect effect and cloud-climate feedback.
The ubiquitous low clouds over the eastern oceans in
the subtropics exist due to atmospheric turbulence
generated by cloud-top radiative and evaporative
cooling. Surface heterogeneities, including terrain,
vegetation, and soil temperature and moisture, influ-
ence atmospheric turbulence and cloud formation.
Research is needed to develop a hierarchy of models
to describe cloud processes—from single air parcels
to single shallow cumulus clouds, to large eddies of
several kilometers—to enable ESMs to explain and
parameterize the coupling of atmospheric turbu-
lence and clouds and the roles of surface heteroge-
neities and large-scale atmospheric conditions. New
observations should be made to better quantify the
interaction among turbulence, clouds, and surface
fluxes and to constrain the models.

Characterize Mesoscale Convective Systems and
Their Role in Extreme Weather Events. MCSs
are responsible for some of the most damaging,
high-impact weather events such as tornados, hail,
and extreme precipitation. Recent findings suggest
that the increased frequency of longer-lasting MCSs
is responsible for increased extreme precipitation
over the central United States in the past decades
(Feng et al. 2016). MCSs self-organize to exhibit a
variety of dynamical structures strongly modulated
by large-scale atmospheric and surface conditions
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NEW PARTICLE
FORMATION IN OUTFLOW

SMALL PARTICLES
(GROWN FROM NEW PARTICLES

FORMED IN OUTFLOW OF
EARLIER CONVECTIVE SYSTEMS)
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Fig. 3.1. New Particle Formation. New particles form in the outflow region of earlier convective clouds, leading to high
concentrations of small particles in the free troposphere. These small particles are injected into the boundary layer by

the downward motions in the convective system, where they interact with volatile organic compounds (VOCs) and other
gases emitted by vegetation from the Earth’s surface to grow and become cloud condensation nuclei. [Image courtesy Luiz
Machado, National Institute for Space Research, and Jian Wang, Brookhaven National Laboratory]

(Houze et al. 2015). The initiation, propagation,
and decay of MCSs and their structures of dynamics
and thermodynamics still are not well understood
and are poorly simulated in models. Research is
needed to characterize MCSs with simultaneous
measurements of cloud microphysics and precipi-
tation, updrafts and downdrafts, cold pools, anvils,
gravity waves, and environmental conditions of the
atmosphere and surface. Research also is needed

to improve theoretical understanding of the orga-
nization within MCSs, their propagation, and time
evolution under different environmental conditions.
A hierarchy of models can be used to describe their
mechanisms, leading to their realistic simulation
and prediction. Research is needed to understand
the predictability limit of MCSs through data

assimilation and hindcast and forecast experiments
(see also Chapter 8 section, Planet Scale, p. 109).

Develop Scale-Aware Physical Parameteriza-
tions, Particularly for Deep Convection. The
impact of subgrid-scale processes on resolved-scale
dynamics and thermodynamics is represented by
physical parameterizations in ESMs. By definition,
the subgrid-scale processes change with model
resolution, but physical parameterizations in cur-
rent models are designed for resolutions limited
by computational resources. As high-resolution
and variable-resolution models become practi-

cal, the physical basis and formulation of some
existing parameterizations are no longer valid.
Research is needed to develop scale-aware physical
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parameterizations for models across resolutions. A
particular challenge is the treatment of deep convec-
tion that barely can be resolved by global models but
may occupy a large fraction of a model grid cell. As
deep convection may organize to MCSs, the inabil-
ity to resolve the former also limits representation of
the latter in climate models. Research on new meth-
odologies is needed to overcome this challenge.

Grand Challenge 3.4

Advance modeling and understanding of import-
ant ecological, biological, and carbon cycle inter-
actions and feedbacks in the climate system to
identify potential tipping points and possible
energy strategies.

Developing a Rigorous Understanding of
Ecosystems and the Global Carbon Cycle

Biogeochemical feedbacks have the potential to
considerably alter future trajectories of atmospheric
composition and climate in the 21 century (see

Fig. 3.2. Biogeochemical Feedbacks, this page). Mul-
tiple lines of evidence suggest that forest responses
to rising atmospheric CO, are responsible for a large
component of the contemporary terrestrial carbon
sink (Pan et al. 2011; Schimel et al. 2015). How-
ever, several massive terrestrial carbon reservoirs
may be vulnerable to future change. They include
carbon stored in permafrost soils within boreal and
tundra biomes (Schuur et al. 2015), aboveground
biomass in tropical forests (Brienen et al. 2015),
carbon preserved under anoxic conditions in boreal
and tropical peatlands (Turetsky et al. 2015), and
organic matter associated with mineral soils that
may be sensitive to changes in temperature or soil
moisture (Pries et al. 2017). Within oceans, the

net air-sea CO, flux will respond to future changes
in the solubility of dissolved inorganic carbon and
ocean circulation. A weakening of ocean mixing and
overturning could reduce the ocean’s ability to soak
up anthropogenic CO, that is emitted into the atmo-
sphere, directly by reducing surface inorganic car-
bon flows into the interior (Schwinger et al. 2014)
and indirectly by reducing the availability of surface
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nutrients that regulate the strength of the biological
pump (Galbraith and Martiny 2015). Combined,
the impact and uncertainty associated with these
biogeochemistry feedbacks are as large as those
associated with clouds and ocean dynamics (Greg-
ory et al. 2009). Thus, an improved understanding
of carbon cycle processes is essential for developing
predictive models of Earth system dynamics over
time scales of years to centuries.

Apart from understanding Earth system feedbacks,
fundamental knowledge of ecosystems is essential for
understanding their resilience to changes in human
and environmental drivers. Accurate predictions of
water availability for energy and agriculture, for exam-
ple, depend on a mechanistic representation of veg-
etation controls on evapotranspiration in upstream
watersheds. Similarly, analysis of the factors that
influence U.S. food security can benefit from a mech-
anistic representation of crops in ESMs, enabling
yield predictions that respond simultaneously to
changes in multiple environmental factors. In oceans,
future changes in net primary production and interior
oxygen availability may limit the range of important
commercial fisheries (Deutsch et al. 2015). Under-
standing the mechanisms that regulate the carbon
sequestration potential of ecosystems is important to
systematically explore future land use scenarios that
may limit carbon accumulation in the atmosphere,
thus helping to stabilize the Earth system.

Achieving a rigorous understanding of the global
carbon cycle and ecosystems is necessary for under-
standing long-term Earth system consequences
such as floods, water availability, wildfire damage,
and heat waves in different energy scenarios. Such
knowledge also is critical for the design of energy
solutions that optimize outcomes across different
economic sectors and regions. Moreover, maintain-
ing a robust biosphere is an essential foundation for
national and economic growth as well as regional
and global food security.

Research Needs and Knowledge Gaps

Predict the Changing Structure and Compo-
sition of Ecosystems Across the Global Land

Surface. Although considerable progress has been
made during the past decade in understanding
controls on tree mortality (Anderegg et al. 2015),
the mechanistic representation of underlying phys-
iological processes in ESMs remains rudimentary,
with advances expected from better simulation of
plant-soil hydrologic coupling and stand dynamics
and from the use of experimental testbeds for model
development and evaluation. Environmental con-
trols on seed dispersal, recruitment, migration, pest
outbreaks, wildfires, invasive species, and changing
land use patterns represent equally important con-
trols on vegetation dynamics at region-to-continent
scales. Recognizing this broader suite of processes
and interactions will be necessary for making prog-
ress on this challenge. To create a new synthetic
understanding of vegetation dynamics, new invest-
ments will need to target experimental manipula-
tion, remote ecosystem monitoring, mechanisms
coupling human and natural ecosystems, and simu-
lation capacity to rapidly and systematically explore
a wide range of future scenarios.

Improve Model Representation of the Terres-
trial Carbon Sink and Responses of Key Systems
(e.g., Arctic, Tropics, and Peatland) to Change.
As ESM simulation of the global carbon cycle

is becoming more mature, critical uncertainties
remain that limit the ability to predict feedbacks and
future atmospheric composition with confidence.
Perhaps the most significant uncertainty originates
from the CO, fertilization effect—specifically, the
degree to which the terrestrial biosphere is taking
up carbon in response to increasing atmospheric
CO,. Model predictions of the magnitude of the
contemporary terrestrial carbon sink vary by more
than a factor of two in current ESMs. Contemporary
and future responses of high-latitude and tropical
ecosystems to different global change drivers remain
the largest source of uncertainty in carbon cycle
predictions. Thus, model-experiment integration
targeting these regions is essential for making future
progress. Other carbon cycle challenges will require
investments in new areas. In Indonesia, decomposi-
tion and burning of peatlands during El Nifio events
have considerably accelerated annual carbon losses
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associated with land use change, while creating
regional haze events that cause premature deaths
(Koplitz et al. 2016). In northern tundra and boreal
forest ecosystems, peatland also represents a very
large and vulnerable carbon reservoir that has the
potential to considerably modify future atmospheric
composition (Turetsky et al. 2015). Thus, accurate
peatland representation in ESMs represents an
important need essential for future carbon cycle and
air quality predictions.

Accurately Simulate Atmospheric CH, and N, 0.
Fully coupled Earth system simulation of biogeo-
chemical cycles other than CO, remains nascent,

so another important challenge is to simulate the
transient dynamics of atmospheric CH, and N,O.
The biogeochemical processes regulating these gases
have undergone profound modification by human
activities, and their future trajectories remain highly
uncertain. These gases have the potential to consid-
erably modify emissions scenarios. For CH,, new
investment is needed in land use model development,
complementing the existing capability to simulate
CH, production and oxidation in soils. A fully cou-
pled nitrogen cycle will require similar investments in
land use, along with explicit mass-conserving simu-
lation of land-to-ocean nutrient flows and better rep-
resentation of nitrogen and oxygen dynamics in the
ocean. Although state-of-the-art ESMs now simulate
the influence of nitrogen limitation on photosynthe-
sis, the model’s ability to simulate preindustrial atmo-
spheric N,O mole fractions and the transient rise of
this trace gas over the past 200 years represents an
important (and unrealized) mechanistic test of global
nitrogen cycle knowledge.

Develop New Approaches to Couple and Sim-
ulate Land, Aquatic, and Ocean Biogeochemi-
cal Cycles. Coastal ecosystems are vulnerable to
changes in human systems and environmental con-
ditions such as extreme events. Developing realistic
future scenarios of ocean ecosystem responses to
global change requires new approaches for coupling
land, aquatic, and ocean biogeochemical cycles,
including the flow of freshwater, nutrients, organic
carbon, and sediments from terrestrial ecosystems

to the river and coastal ocean. Understanding and
modeling plant, soil, and hydrologic processes
across land, river, and coastal systems are important
as these processes exert a fundamental control on
biogeochemical interactions. Changes in both the
frequency and magnitude of hydrologic extremes, as
well as changes in land management, will have signif-
icant impacts on nutrient flows and their ecological
impacts. A mechanistic understanding of this cou-
pling also is required for predicting nutrient trapping
in coastal sediments, and, ultimately, the delivery of
phosphorus, nitrogen, and iron to the open ocean, as
well as how extreme events such as tropical cyclones
and associated storm surge and coastal inundation
may influence biogeochemistry in the coupled land-
river-ocean system. Anthropogenic modification of
river inputs is likely to be considerable over the next
several decades with expected increases in global
agriculture. Sustained agricultural and urban inputs
have the potential to modify the strength of the
biological pump, as well as coastal and open ocean
interior oxygen concentrations.

Develop a Quantitative, Multiscale Understand-
ing of the Coupling Mechanisms Associated with
Reactive Trace Gases and Aerosols. Over the

past decade, recognition of reactive trace gases and
aerosols as important drivers of land and ocean eco-
system dynamics has increased. Examples of cou-
pling mechanisms include the effects of aerosols on
diffuse light; the impact of ozone on photosynthesis
and canopy conductance; and the redistribution of
nutrients by dust storms, wildfires, and spores. A key
challenge within this emerging field is the need to
develop a quantitative understanding of the impact
of the different coupling mechanisms across a range
of spatial and temporal scales. These mechanisms
often are obscured in the observational record as a
consequence of extreme events modifying multiple
aspects of atmospheric composition. For exam-

ple, large volcanic eruptions can profoundly affect
diffuse light, yet these events also influence tropo-
spheric hydroxyl concentrations and iron deposition
in remote ocean regions. Similarly, drought extremes
in the tropics associated with El Nino trigger mas-
sive biomass burning events that simultaneously
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modify surface energy fluxes, diffuse light, ozone,
moisture availability, and nutrient inputs. Continued
investment in field campaigns, such as BER’s Green
Ocean Amazon campaign, and model analysis of
biosphere-atmosphere interactions are essential for
making further progress in this important frontier.

Grand Challenge 3.5

Characterize, understand, and model the com-
plex, multiscale water cycle processes in the Earth
system including the subsurface to understand
and predict water availability and human system
response to extremes.

Advancing Water Cycle Research

Freshwater is essential to life and supports myriad
human activities that in turn alter freshwater avail-
ability. Water cycles through the Earth system as
water evaporates from the land and ocean surface to
reside as water vapor and clouds in the atmosphere.
Precipitation from clouds changes soil moisture,
snow and ice, groundwater, and runoff over land,
and precipitation and river runoff change ocean
salinity and stratification and sea level. Terrestrial
moisture status and ocean stratification influence
evaporation from the land and ocean surface.
Human activities such as water extraction, reservoir
operation, irrigation and agricultural production,
and industrial and municipal water use have signifi-
cantly altered the water cycle (Postel et al. 1996;
Wada et al. 2010; Richey et al. 2015). Processes that
are integral to the water cycle vary over a consider-
able range of spatial and temporal scales, challeng-
ing both observation and modeling to understand,
quantify, and predict the properties of these proc-
esses as well as their variability and change rates.
Water cycle processes are major sources of uncer-
tainty in modeling and quantifying climate sensitiv-
ity because these processes play a key role in water
vapor, cloud, surface albedo, and carbon cycle feed-
backs. Uncertainty in predicting water cycle changes
also has direct implications for predicting freshwater
availability, sea level rise, and extreme events such
as floods, droughts, and storm surges, all restraining

the ability to assess human system vulnerability to
weather and climate extremes.

The highly coupled multiscale, multiphase nature of
water cycle processes has long been a major challenge
confounding modeling and prediction. Increasing
grid resolution has yielded some improvements in
modeling the spatial distribution of clouds, precipita-
tion, soil moisture, and snowpack, but biases in simu-
lating water cycle processes in ESMs remain large.

Despite increasing recognition of the role of subsur-
face water processes in modulating surface fluxes and
plant functioning, growth, and mortality, there are
gaps in understanding and modeling subsurface water
processes, partly because of limited measurements
and modeling across local-to-watershed and large
river basin scales. Global estimates of groundwater
storage are extremely uncertain, varying by an order
of magnitude depending on the data and methods
used (Famiglietti 2014; Gleeson et al. 2016). Human
systems are beginning to be incorporated into ter-
restrial models, but their interactive role in the inte-
grated water cycle of the human-Earth system is still
largely unexplored.

Resolving these water cycle uncertainties cuts across
all BER Earth system science research needs because
water is integral to all Earth system processes through
its indispensable role in connecting the water, energy,
and carbon cycles. Quantifying the spatiotemporal
distribution and predicting the changes in freshwa-
ter supply, as well as understanding the drivers of
extreme events and their changes, are critical for sup-
porting DOE’s energy mission as energy production
and use are intimately linked to water supply and
quality through the energy-water nexus. Therefore,
an urgent need remains to characterize, understand,
and model the complex, multiscale water cycle for
understanding and predicting freshwater availability
and assessing the vulnerability of human systems to
extremes and prolonged climatic stress.

Research Needs and Knowledge Gaps

Leverage Advances in Global Cloud-Resolving
Modeling. The multiscale modeling challenge
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in Earth system modeling is most acute for the

water cycle because errors in modeling water cycle
processes at small temporal and spatial scales

can upscale through water cycle feedbacks and
water-energy-carbon interactions to affect larger-scale
and longer-term Earth system predictions. Strong
evidence suggests that when atmospheric models
resolve clouds and convection, significant improve-
ments in model fidelity are possible, such as more
realistic precipitation characteristics (Kendon et al.
2012; Kooperman et al. 2016; Gao et al. 2017) and
land-atmosphere feedbacks (Hohenegger et al. 2009;
Leung and Gao 2016). Global cloud-resolving mod-
eling with grid spacings of 4 km or less is becoming
feasible with advances in computing resources for
short-term simulations and weather forecasting. Rou-
tinely running cloud-resolving models coupled with
land surface models in weather forecasting mode at
continental and global scales can provide the foun-
dational knowledge needed to improve the models
for use in coupled ESMs. Such endeavors should

be key activities of the computational user facilities
discussed in Grand Challenge 3.1 on Earth system
modeling, p. 24.

Develop Multimodel Ensembles of Cloud-
Resolving Forecasts. Collaborations with U.S. and
international modeling centers on cloud-resolving
weather forecasting is highly beneficial to enable
comparison and shared expertise and data for rig-
orous forecast evaluation and diagnosis. Exploring
forecast sensitivity to model formulations and
parameterizations of unresolved processes can guide
model development. Production of a multimodel
ensemble of cloud-resolving forecasts of extreme
events that are poorly characterized by observa-
tions can advance understanding of their large-scale
drivers and predictability. With significant gaps

in understanding the governing characteristics of
extreme events, such as their intensity, duration,
size, frequency, and co-occurrence, another research
need is to develop dynamical and statistical theories
about which factors control these characteristics.
The multimodel ensemble forecasts will provide
unprecedentedly high resolution data for knowledge
discovery through machine learning and analysis of

large datasets, combined with the development of
theories and novel metrics and diagnostics.

Improve Convection and Circulation Simula-
tions to Better Project Regional Precipitation
Changes. Global precipitation changes in a warmer
climate are constrained by the global energy budget
to be roughly 2% per degree Celsius of warming
(Held and Soden 2006). However, large uncertainty
remains in projecting future changes in regional
precipitation because precipitation changes can

be dominated by poorly constrained circulation
changes whose interactions with convection are
not well understood or simulated by models (Bony
etal. 2015). The substantial variability of large-scale
circulation (Shepherd 2014) is only beginning

to be characterized using large-ensemble simula-
tions (Kay et al. 2015). Computational advances
enabling convection-permitting simulations and
large-ensemble simulations may facilitate the devel-
opment of theories to constrain regional precip-
itation changes in a perturbed climate. Modeling
hierarchies may be used to disentangle different
physical and dynamical mechanisms and develop
emergent constraints on hydrological cycle changes
(Klein and Hall 2015).

Improve Subsurface Process Fidelity in Terres-
trial Models. Terrestrial subsurface processes influ-
ence the partitioning of surface sensible and latent
fluxes and, hence, land-atmosphere interactions and
local water recycling. They also directly influence
groundwater, an important source of freshwater
supply. Measurements have provided evidence that
plants can access moisture from diverse sources for
transpiration (Thompson et al. 2011), and subsur-
face hydrology can be strongly influenced by geol-
ogy and lithology, for example, when rock fractures
(Salve et al. 2012) and soil micro- and macropores
(Beven and Germann 2013) dominate the flow
paths. However, land-surface models used in ESMs
have limited representations of soil hydrology,
plant-root-soil moisture interactions, surface water—
groundwater interactions, and terrestrial-aquatic
interactions. These limitations hinder skillful sim-
ulation of the spatial and temporal variability of
evapotranspiration and recharge to groundwater,
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with implications for modeling flood generation,
precipitation-soil moisture feedback, vegetation
drought response, and land carbon sinks. Improving
representation of such processes in terrestrial mod-
els is an ongoing need. Recent efforts to develop
global hydrogeological datasets of soil permeability
and porosity (Gleeson et al. 2014), soil depth (Pel-
letier et al. 2016), and lithology (Hartmann and
Moosdorf2012) provide a significant opportunity
for global high-resolution modeling of subsurface
processes (e.g., Gleeson et al. 2016).

Understand the Effects of Human-Earth System
Interactions on the Water Cycle. Human systems
such as dams and reservoirs, irrigation, and crop
management have large footprints on the regional
and global water cycle. However, the mechanistic
nature of the footprints and how they may change

in the future are not well understood. Efforts in
modeling human systems generally focus on global
modeling using conceptual representations or
regional modeling with detailed, process-based
representations that may not be transferable to the
continental or global scale for lack of global input
data. Human systems data and coupled models must
be developed to explore the dynamics of human-
Earth system interactions and their impacts on the
water cycle. Combined with data assimilation and
cloud-resolving modeling, high-resolution terrestrial
models coupled with human systems models may
provide much improved quantification of hydrologi-
cal fluxes and storage to better characterize the water
cycle and its historical changes and improve under-
standing of the drivers of water cycle changes.

Grand Challenge 3.6

Understand the time-dependent processes and
mechanisms associated with melting glaciers,

ice caps, and ice sheets and their contributions to
regional sea level rise.

Predicting Changes in Sea Level Rise

Over the past century, sea level has risen roughly
20 centimeters (cm), largely due to increases in
ocean heat content and, to a lesser extent, surface

melt from the Greenland ice sheet and global moun-
tain glaciers (Hay et al. 2015). By the end of this
century, sea level will rise another 50 to 100 cm, and
possibly more, from continued warming and melt
(IPCC 2013). The larger concern involves potential
changes in the force balances that currently limit
rates of ice flow through marine outlets. For instance,
changes in the delivery of heat to ice shelves could
lead to ice shelf thinning, reducing the buttressing
effect of confined outlets. This change could result
in significant acceleration of ice flows, potentially
activating ice streams deep into the interior of their
catchments. Moreover, several catchments are
known to reside in marine basins with reverse-slope
bedrock geometry, a configuration that has been
associated with a hypothesized marine ice sheet
instability mechanism. The concern is that changes
in ice flow dynamics could significantly increase the
rate of sea level rise, potentially generating an addi-
tional meter per century or more.

The challenge for predicting ice flow changes is that
many of the controlling processes are not directly
observable. Around the Antarctic Ocean, for
instance, heat delivery to ice shelves is mediated by
upwelling of relatively warm, salty water masses onto
the continental shelf and by ice-shelf boundary layer
processes (see Fig. 3.3. Melting Ice Shelf, p. 38).
These boundary conditions and processes are poorly
observed and resolved in numerical models. Similar
observational challenges affect understanding of sub-
glacial hydrologic systems and fracture mechanics.

Changes in sea level potentially are a predictable
and consequential outcome of human activity on
the environment, with significant implications for
the resilience of coastal and offshore energy infra-
structures. BER can play a pivotal role in developing
advanced modeling tools that can leverage a limited
observational record to interpret the processes
involved with these changes. However, developing

a modeling capability is only part of the challenge.
Longer prediction time scales and the limited obser-
vational record will make difficult the testing and
evaluation of the contributions of new capabilities
to improved performance. The development of
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tica in 1995 (red) superimposed with its complete collapse
in just over a month (yellow, green, and blue). Image
captured by the moderate-resolution imaging spectrora-
diometer (MODIS) on the National Aeronautics and Space
Administration’s (NASA) Terra satellite between January 31
and March 5, 2002. [Image courtesy NASA]

modeling capabilities within an uncertainty quan-
tification framework is therefore needed. Such a
framework can play an important role in synthesiz-
ing the modeling and observational components of
research endeavors.

Research Needs and Knowledge Gaps

Model Processes and Mechanisms Controlling
Ice Melt and Dynamics. The ability to predict
decade-to-century changes in global glacial ice
inventories and their effect on regional sea level
rise depends on understanding and representing
within numerical models the time-dependent proc-
esses and mechanisms controlling ice melt and ice
dynamics. Such predictions also require understand-
ing and modeling the set of gravitational, wind, and
ocean current forces that affect the global distri-
bution of ocean mass. The highest-priority model
development needs, among others, in this regard

are ice-ocean interactions, subglacial hydrology, and
ice-fracture mechanics and calving. Because obser-
vations of these processes are severely limited, the
community will need to adopt a much tighter cou-
pling among observation, theoretical, and modeling
activities to advance current understanding and test
model predictive capabilities. Polar ice caps integrate
and respond to environmental change on all time
scales, including decades to centuries. Needed is a
better understanding of how ice sheets participate

in this variability. Attributing recent changes to par-
ticular causes requires recognizing in observations
the signature of forced change, relative to unforced
variability, coming from ice-ocean interactions,
changes in subglacial hydrology, surface melt, or
even longer-term adjustments from states estab-
lished during the Quaternary and Holocene that still
reside within the polar ice caps.

Develop Data Assimilation and Inversion Tools
to Deal with the Dearth of Observational Data.
Many of the scientific aspects to these challenges
stem from the limited observational record with
which to test hypotheses and advance understand-
ing. A key capacity for dealing with this constraint

is to develop tools for data assimilation and data
inversion, which can be used to establish initial
conditions for near-term predictions of changes in
ice mass, as well as plausible model interpretations
of uncertain physical properties or uncertain forc-
ings. Such tools need to be refined further to make
optimal use of available observations and infer
uncertainties. Currently feasible is focusing on a few
well-instrumented catchment basins that can serve
as testbeds for developing understanding, predictive
modeling capability, and future tests to establish
model credibility in predictions of sea level rise.

Assess Uncertainties in Data and Modeling
Methods and Forge Interagency Collaborations.
Pursuing multiple strategies is needed to estimate
the boundary conditions and physical processes
that affect sea level rise. This endeavor may involve
gaining a deeper understanding of the limitations
in observational and modeling methods for rep-
resenting plausible alternatives. In many cases,
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incorporating statistical methods may be useful for
simulating such uncertainties so that their effects
may be properly represented in model predic-

tions. Expertise in the observations and products,
including ice core and ocean sediment data, radar
images of ice sheet stratigraphy, geothermal fluxes,
inferences of ocean and ice sheet bed geometry, and
subsurface fluid flow, is important to complement
modeling capabilities. Given the importance and
scarcity of observations, interagency collaborations,
particularly with research activities aimed at model-
data synthesis and discovery, are highly beneficial.

Grand Challenge 3.7

Quantify the interplay between internally gen-
erated climate variability and externally forced
response involving anthropogenic and natural fac-
tors and their relative roles in the time evolution of
regional variability to understand predictability of
the Earth system.

Providing Decadal Predictions
for Climate-Human System Interactions

Over the next 20 years, policymakers will be plan-
ning how to adapt to climate change and effectively
mitigate further changes. Climate science will need
to provide more accurate climate predictions and
more detailed assessments of the overall impacts of
changes to Earth and human systems. To achieve
this goal, reliable and decision-relevant climate
model products with uncertainty information are
needed. These products typically are produced

by running a model initializing in the mid-1800s.

It progresses forward in time, adding observed,
time-evolving external forcings such as volcanic
eruptions, solar variability, visible air pollution, and
increasing GHGs, while looking to the mid-21*
century and beyond, where different emissions sce-
narios provide the major source of uncertainty. For
nearer-term time scales, “decadal climate prediction”
is an emerging field in climate science that aspires
to make near-term predictions for the next 10 to 20
years (Meehl et al. 2014). Credible predictions of
climate and human systems, from subseasonal to 10

to 20 years in the future, would support BER in pro-
viding a foundational science capability for planning
future energy and resource needs. These decadal cli-
mate predictions use ESMs that are initialized with a
set of climate-system observations at a specific time.
This model is run forward for about 10 years, with
the objective of simulating both the internally gen-
erated variability and response to external forcings.
Thus, the challenge for near-term prediction is to
quantify the interplay between the internal variabil-
ity and response to external forcings with the goal of
providing climate information to assess impacts.

This scenario can be illustrated by viewing the
observational record of 20" century global tempera-
tures as a “rising staircase” (Kosaka and Xie 2016).
Even though CO, has continuously increased over
the 20" and early 21* centuries, the temperature
response has not been a continuous increase. Rather,
there have been 10- to 20-year periods of accelerated
and slower warming (see Fig. 3.4. Recent Slowdown
in Global Warming Symptomatic of Decadal Cli-
mate Variability, p. 40). Time-evolving changes to
external forcings combine with internally generated
10- to 20-year decadal variability to modulate what
otherwise would have been a continuous increase

of global temperatures due to the steady increase

of CO,. For near-term predictions, the internal
variability or noise is a critical part of the system to
be predicted, involving the interplay of the internal
variability with other externally forced responses.

Research Needs and Knowledge Gaps

Use Hindcast and Multiple Ensemble
Approaches to Assess Short-Term and Regional
Predictions. For decadal climate prediction, sets
of “hindcasts” typically are performed with ESMs
to quantify the predictability and reliability of the
predictions. These hindcasts involve starting the
model at certain times with climate system condi-
tions observed at that time. Application of multi-
ple ensemble methodology has achieved success
in NWP for periods of a week or so. Applied to
decadal climate prediction, each start date for each
hindcast should have multiple ensemble members
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Fig. 3.4. Recent Slowdown in Global Warming Symptomatic of Decadal Climate Variability. Time series of annual mean
globally averaged surface temperature anomalies (red dots) based on data from Karl et al. (2015). The black line shows a long-
term linear trend, computed from 1950 to 2014, forced mainly by increasing greenhouse gases. Green lines are multidecadal
linear trends for positive phases of the interdecadal Pacific oscillation (IPO), blue lines for negative phases of the IPO.
Multidecadal trend lines associated with IPO phases generally follow the long-term change in global temperature but differ
intermittently depending on the phase. [Image courtesy National Oceanic and Atmospheric Administration. From Meehl, G.
A.2015."Decadal Climate Variability and the Early-2000s Hiatus,” Variations 13(3). U.S. Climate Variability and Predictability
Program. usclivar.org/sites/default/files/documents/2015/Variations2015Summer.pdf ]

to assess the uncertainty of the predictions on
regional scales, as well as for time scales of a season
to a decade in advance. More work is needed to
explore the ensemble space, especially to provide
credible, time-evolving probabilistic regional cli-
mate change information.

Develop Best Practices for Initializing ESMs with
Observational Data. To improve predictions, a
number of actions are needed. When an ESM is ini-
tialized with observations at a certain start date, the
model starts to drift away from the observed state as
a consequence of model biases. Adjustment of these
biases is necessary before evaluating the hindcasts
and predictions. Improving ESMs would reduce

the need for bias adjustments. Additionally, there is
no best practice for how to initialize a fully coupled
ESM; a more thorough exploration is needed to
determine the best way to initialize an ESM with
observations of individual or combined states of the
Earth system components, with and without data
assimilation. Much work to date has focused on pre-
dicting ocean temperatures on decadal time scales,
since that is where most of the mechanisms thought
to produce decadal climate variability reside. More
assessments are needed, however, of predictions
over land, such as precipitation and temperature, on
regional to local spatial scales and from seasonal to
20 years ahead in temporal scales.
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Improve Understanding of How the Climate
System Works on Decadal Time Scales. Currently,
several proposed modes of decadal climate variabil-
ity exist in the different ocean basins. The funda-
mental premise of decadal climate prediction is that,
if initialized properly, the processes and mechanisms
associated with those modes of decadal variability
could provide capabilities for near-term regional
prediction. Thus, insights into such processes and
mechanisms would be essential to understanding
how internal climate system variability interacts with
the response to external forcing in decadal climate
predictions, depending on analyses of observations
in conjunction with climate model simulations.

Test Decadal Predictions Using Weather Forecast-
ing and Multimodel Ensembles. The atmospheric
components of ESMs used for decadal climate pre-
dictions are very similar to those used in operational
NWP. Atmospheric ESM components should be
tested by using them to perform weather forecasts,

as discussed in Grand Challenge 3.1 on Earth system
modeling, p. 24. The coupled atmosphere-land-ocean
models of the ESMs also can be tested in subseason-
to-season (S2S) forecasting mode. Interagency col-
laborations provide an opportunity for comparison
and analysis of a large multimodel ensemble, which
may elucidate coupled model behaviors relevant to

decadal predictability and prediction skill.

Grand Challenge 3.8

Understand the long-term Earth system stability
in response to possible future Earth system out-
comes and address the level of confidence and
identify emergent constraints for the range of
model projections.

Predicting Potential High-Impact Earth
System Thresholds and Feedbacks

Current assessments of climate change risks do not
adequately account for the high-risk, low-probability
outcomes associated with threshold behavior within
vulnerable systems. Some examples of vulnerabili-
ties include significant mass wasting of the polar ice
caps, appreciable carbon releases from stores within

marine sediments, and the possible prolonged
droughts or regime shifts in tropical hydroclimates.
The potential for threshold behavior within these
systems is supported by a large diversity of obser-
vational evidence interpreted from paleoclimate
archives. The mechanisms and forcings involved
with triggering these events are still largely unex-
plained. Much remains to be understood about
potential threshold behavior within terrestrial and
marine ecosystems. Current model development
practices are not ideally set up to identify such vul-
nerabilities, much less quantify their likelihood.

As the climate changes, humans will continu-

ally adapt their behavior, both consciously and
unconsciously, in response. For instance, electrical
demand will increase as warmer climate increases
the need for air conditioning. While some behav-
ior changes affect carbon emissions in a relatively
straightforward manner, some human-climate
interactions are far more complex. For example, in
many low-stabilization scenarios, substantial bioen-
ergy requirements necessitate that large portions of
arable land be devoted to energy production at the
possible expense of food production and without
consideration of the water supply needed to support
production of other crops or energy sources. The
impacts on the global agricultural economy and
water resources may be significant but are poorly
quantified. Such stresses likely will trigger socioeco-
nomic and technical changes that could alter pop-
ulation trends, energy demands, and other societal
behaviors relevant to GHG emissions. These feed-
backs also could trigger instabilities in the coupled
human-Earth system, either through the feedbacks
themselves or by pushing the climate system past

a critical threshold. Many decision makers require
information about high-risk, low-probability out-
comes, but current scenario development is based
on plausible pathways with little or no estimate of
their likelihood. Outlier scenarios typically are out-
side those generally used to force model simulations
of future climate. However, improved understand-
ing of the potential for high-impact Earth system
threshold behavior as well as human-Earth system
teedbacks will lead to more realistic assessments
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of the feasibility of future scenarios and risks. This
grand challenge will better inform development of
appropriate U.S. energy policies intended to achieve
specific targets. Just as insurers need to correctly
price their policies for high-risk, low-probability
events, cost-effective climate change adaptation pol-
icies also must be developed with the consideration
of such outcomes.

Research Needs and Knowledge Gaps

Investigate Plausible High-Risk Scenarios
Exploring Potential Earth System Threshold
Behavior. Much of the community’s effort is
directed toward developing optimal model config-
urations based on the observational record of the
past few decades. This focus has limitations given
the value of information about potential extremes
within a risk assessment. More lateral thinking is
needed concerning methodology to explore and
test alternate hypotheses for the physics of climate.
As an example, an “abrupt change early-warning
system” can be used to prioritize observation,
modeling, and theory toward critical Earth system
components where the risk of threshold behav-
ior could be imminent (NRC 2013). Analysis of
high-risk, low-probability climate scenarios could
employ advanced statistical techniques. While more
can be done to generate quantitative information
about uncertainties in climate model predictions
using state-of-the-art ESMs, the limiting factor

in making significant advances about low-prob-
ability, high-risk scenarios is the community’s
scientific creativity aided by mathematical and
computational wherewithal.

Improve Human-Earth System Modeling Capa-
bilities. To discover how human-climate feedbacks
could trigger instabilities, more work is needed

to fully couple IAMs with ESMs (e.g., see www.
globalchange.umd.edu/iesm/) and use these tools to

construct large ensembles of simulation databases
to more fully explore possible interactions. How-
ever, more research is required to understand when
offline IAM:s versus coupled human-Earth system
models are needed and to develop more robust,
offline IAM:s for interrogating datasets to look at
human feedbacks. Higher resolution should be a
target for JAM improvement, as well as comparison
with observations and evaluation of parametric

and structural model uncertainty using emulators.
Also needed is representation of a broader range

of interactions between human and Earth system
processes. There are three essential areas of model
development: (1) human-Earth interactions at fine
scales such as processes in urban population centers
and coastal environments are not well represented in
the current generation of models; (2) more holistic
representations of carbon-water interactions are
important to account for human and ecosystem
response to perturbations and their feedbacks to the
Earth system; and (3) representing potential feed-
backs involving migration, population, and labor
productivity is important to explore their signifi-
cance in projecting future changes.

Improving human-Earth system modeling capabil-
ities will provide the tools needed to characterize
how humans respond to climate change and how
those responses affect further climate change, influ-
encing the Earth system trajectory and the reali-
zation and stability of future scenarios. There are
implications of long-term outcomes for near-term
climate, particularly related to the need to under-
stand negative emissions. More attention needs to
be paid to reversibility and hysteresis on a variety
of temporal and spatial scales. Lastly, closer pro-
grammatic coordination via common risk analyses
should target areas of DOE interest, including risks
to energy and water demands.
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Grand Challenges in Microbial
to Earth System Pathways

Overarching Grand Challenge and 20-Year Vision

Define the levels of biological organization most relevant to scaling from single cells to
ecosystems and global cycles; capture how that organization varies in time and space; and
identify critical interactions that dictate rates of carbon, nutrient, and energy transformation in

different environments.

J

Determining the Pathways that
Link Microbial Activities to the
Earth System Scale

icrobes affect atmospheric and climate
change, energy production, and reme-
diation of legacy waste. Moreover, they

link the carbon, nitrogen, and water cycles by cat-
alyzing ecological processes and biogeochemical
transformations that are strongly mediated by water
availability and that affect carbon and nutrient
cycling and transfer between the biosphere and the
atmosphere. Overall, this high-order grand challenge
seeks to determine the pathways that link micro-
bial activities to the Earth system scale, identifying
(1) the strong interactions and interactors (i.e.,

the keystone taxa) that influence these pathways,
(2) how microbial communities change in response
to environmental changes (i.e., as responses and
feedbacks), and (3) how these communities might
be managed to elicit desired outcomes of Earth
system functioning (see Fig. 4.1. Microbial to Earth
System Pathways, p. 45).

The long-recognized linkages between Earth system
science and microbiology are central to develop-
ing an integrative and practical understanding of
how energy use affects the environment. Though

individual microbial cells have negligible impact,
when summed their influence is massive, often dom-
inating elemental transformations at a hierarchy of
spatial and temporal scales. These combined impacts
range from the blooms of microbial activity around
resource “hot spots” to processing and filtering

of contaminants across landscapes, to influencing
soil structure, to spreading disease, to determin-

ing trace gas fluxes that affect the composition of
Earth’s atmosphere and the global climate. Microbes
catalyze major transformations in every elemental
cycle relevant to carbon, water, and energy. Not well
known, however, is how these activities respond to
changing edaphic drivers and how they shape the
direction and pace of those changes.

The biological diversity of microorganisms is far
deeper and broader than diversity among plants and
animals, but knowledge of how this genetic potential
is distributed across the globe is growing rapidly.
The hackneyed “black box” is now at least partially
translucent. Yet, understanding is still lacking
regarding whether and where diversity matters for
the processes through which microorganisms affect
the Earth as an ecological system.

The Biological and Environmental Research Advi-
sory Committee’s (BERAC) vision for microbial to

November 2017

Biological and Environmental Research Advisory Committee

43



t Grand Challenges for Biological and Environmental Research: Progress and Future Vision

—

section, p. 46:

4.1. Characterize the biogeochemical exchanges
driven by food web and plant-microbe
interactions and evaluate their process-level
impacts, sensitivity to disturbances, and
shifting resource availability under changing
environmental regimes.

4.2. Define the sphere of influence and key elements
of microbial communities in space and time
relevant for predicting larger-scale ecosystem
phenomena for Earth system understanding.

4.3. Integrate molecular and process data to improve
the ability to define ecologically significant
traits of individual taxa and communities and
use trait-based models to develop predictive
links between community dynamics and
ecosystem processes.

4.4. Align and deepen connections among
conceptual understanding, measurements,
and models related to the roles of microbes in
determining the rate of transformation, uptake,
and loss of chemical elements from ecosystems.

—

Earth system pathways is a more complete transla-
tion between microbial ecology and Earth system
modeling for improved prediction and management.
To achieve this vision, BERAC has identified four
grand challenges (see Microbial to Earth System
Pathways Summary of Grand Challenges and Action
Items, this page). Successfully addressing these
challenges revolves around (1) identifying microbial
traits that can be used to organize microbial diver-
sity and enable prediction of how microorganisms
function in nature as cells, populations, and com-
munities; (2) recognizing that the functional roles
of microorganisms rely on the complex network of

Microbial to Earth System Pathways
Summary of Grand Challenges and Action Items

Microbial communities influence soil and plant systems that affect regional and global environments.
However, research at one scale does not always translate to other scales because of challenges in data formats,
relevance at different scales, and fundamental understanding of the links among scales. To help determine the
pathways that link microbial activities to the Earth system scale, BERAC has identified four grand challenges
that are outlined here and then described in more detail in the Grand Challenge Research Recommendations

Associated with the grand challenges are four action
items recommended for initiating progress toward
the challenges:

«  Develop and deploy sensors suitable for use in
the field that integrate the effects of microbial
activity at the ecosystem scale.

«  Promote integrated studies that explicitly test
predicted microbial network interactions and
attempt to assess membership and species-
specific and collective functional capabilities
within ecologically coherent microbial
communities.

e Conduct experiments that help determine
the influence of microbial processes at larger,
aggregate scales.

«  Promote research teams to integrate microbial
community dynamics into Earth system models.

_

ecological interactions that shape their biogeochem-
ical impact; and (3) integrating microbial attributes
quantitatively and describing the functional signif-
icance of microbial biodiversity for Earth system
processes and their representation in Earth system
models (ESMs).

Building on Progress Related
to the 2010 Grand Challenges
As noted previously, the concept that microbial

processes influence the Earth system is not new.
Although this focus was not explicit in BERAC’s
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Fig. 4.1. Microbial to Earth System Pathways. This
diagram illustrates the range of scales—from molecular to
global—through which microorganisms influence the Earth
system. [Image courtesy Victor Leshyk]

20-year visioning effort published in the 2010 Grand
Challenges report (BERAC 2010), the intention is
implicit in many of the challenges that were iden-
tified. The topic has been elevated for this current
report because connecting the understanding of
microbiome function across scales of biological
complexity has become increasingly important.

Substantial progress has been made for several of
the specific goals identified in the 2010 report.
Under “enabling predictive biology,” for example,
the challenge was to develop technologies and
models for associating biological activities at the
microscale (i.e., dimensions of individual cells) with
processes at the macroscale, having the ultimate
goal of achieving a more predictive biology. The
realization of complete in situ, single-cell omics
(i.e., for metabolites, transcripts, and proteins) is
on the near-term horizon. Recently cultured, novel
microbes can rapidly be made genetically tractable
and their genomes functionally annotated using
high-throughput technology. Advanced spectro-
metric instruments have greatly enhanced the sen-
sitivity and detection of metabolites and signaling
molecules associated with the transformation of
carbon and energy in the laboratory and envi-
ronmental systems. Significant progress has been
achieved in assembling simple laboratory microbial
communities that recapitulate fundamental biotic
interactions and system-level processes. Still a chal-
lenge, however, is developing more complex model
communities that more fully capture environmen-
tally relevant interaction networks and incorporate
the plasticity and resiliency of those networks.
Those types of model systems will be critical for
(1) identifying the interdependencies most sensi-
tive to environmental change, as well as the general
design principles of natural systems (a challenge
specified in the 2010 report), and (2) modeling
and testing the relevance of those design principles
in open environmental systems. Also still urgently
needed, however, is the ability to measure gross
rates (fluxes) of materials passing between organ-
isms and their environment. Such information will
be critical for predicting and manipulating the types
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and rates of ecosystem processes and response feed-
backs influenced by climate change.

Some of these earlier unachieved challenges require
rescoping and reformulation to reflect new under-
standing of system complexities. Clearly, functional
metagenomics alone will not enable mass balance
closure for biogeochemical cycles or be sufficient to
predict organismal fitness, but it must be more fully
integrated with modeling and complementary ana-
lytical measurements. The more immediate decadal
challenge is to improve functional gene annotation
methods to achieve a better approximation of phe-
notypes inferred from genotypes. This chapter out-
lines an updated set of challenges for (1) defining
the different levels of biological organization most
relevant to scaling from single cells to ecosystems
and global cycles; (2) capturing how that organiza-
tion varies in time and space; and (3) identifying
interactions most critical to controlling the rates of
carbon, nutrient, and energy transformations in dif-
ferent environments.

Grand Challenge Research
Recommendations

Grand Challenge 4.1

Characterize the biogeochemical exchanges driven
by food web and plant-microbe interactions and
evaluate their process-level impacts, sensitivity

to disturbances, and shifting resource availability
under changing environmental regimes.

Microbial Interactions Structuring
Earth System Processes

Microorganisms live in the most complex ecolog-
ical communities on Earth, and their interactions
with plants, insects, and animals, while intimate in
scale, influence processes at much larger scales. The
complexity of microbial communities in taxonomic
diversity, biochemical versatility, and evolutionary
breadth and depth is both awe-inspiring and an
immense grand challenge for any kind of practical
synthesis. Understanding the nature, consistency,

and organizing principles underlying such interac-
tions is just beginning, yet there is reason to expect
that such interactions imprint on ecosystem biogeo-
chemistry in consistent ways, enabling prediction.

Full knowledge of Earth system consequences of
interactions in microbial communities will improve
the understanding of energy and material flow in
ecosystems, as well as the ecological significance

of the full range of organisms in microbial commu-
nities—bacteria, fungi, protozoa, metazoan, and
viruses, including individual taxa or strains that may
play keystone roles in such interactions. Identifying
these interactions, the environmental influences

on them, and their ecosystem-scale consequences
should improve prediction by illuminating key path-
ways to Earth system processes.

Research Needs and Knowledge Gaps

Quantify and Predict Complex Ecological Net-
works. Within a habitat, organisms interact with
each other via flows of energy, matter, and informa-
tion to form complex ecological networks, including
(1) trophic interactions described in food webs
(Montoya et al. 2006; Bascompte 2007); (2) sig-
naling networks [e.g., those involved in biofilm
formation, quorum sensing (DeAngelis 2016), or
the development of symbioses (Neal et al. 2012)];
and (3) cascades of metabolites as communities use
avariety of substrates, as well as the resulting waste
products, necromass, and persistent soil organic
matter (SOM; Kallenbach et al. 2016). These inter-
actions cause nutrient elements and carbon to cycle
both into and out of microbial biomass, affecting
organic matter stabilization (Kindler et al. 2009;
Schweigert et al. 2015), plant nutrient availability,
and conversion of microbial cell carbon to carbon
dioxide (CO,; Clarholm 198S; Griffiths 1994; Bon-
kowski 2004; Fox et al. 2006). The major players in
these interactions include plants, bacteria, archaea,
fungi, protozoa, metazoans, and likely many phages
and viruses not yet discovered. Quantifying and pre-
dicting such networks in terms of their composition,
structure, dynamics, and biogeochemical impact
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remain extremely challenging, yet finding generali-
ties in such networks could enable prediction.

Model Elemental Dynamics. Predictive food web
models have been developed (Berlow et al. 2009),
but the complexity and cryptic nature of soil food
webs have hampered understanding (Brose and
Scheu 2014). With the advent of more powerful
omics and isotopic techniques, the ability to model
elemental dynamics in complex ecosystems is
improving (Digel et al. 2014), such as identifying
unique structural features of soil food webs (Riede
etal. 2010) and exploring the effects of temperature
and moisture on soil food chains (Binzer et al. 2012;
Lang et al. 2012; Lang et al. 2014). Next-generation
sequencing approaches, including ever-growing ref-
erence sequence collections of mitochondrial and
nuclear DNA sequences for higher eukaryote taxa,
are making accurate predictions of species compo-
sition and richness more feasible for mixed environ-
mental samples (Taberlet et al. 2012; Leray et al.
2013). The next challenge is to identify components
of interaction networks that are quantitative and
repeatable, and thus predictive of energy and nutrient
flow through microbial ecosystems (see also Chap-
ter 8 section, Modeling and Engineering, p. 110).

Detect and Quantify Ecosystem Consequences
of Plant-Microbe-Soil Interactions. Interactions
between microorganisms and plants have a major
influence on plant productivity and biogeochemical
fluxes from the ecosystem to the global scale. Carbon
flow from plant roots to soil is the primary source of
stabilized soil carbon, provides much of the energy
that powers soil microbial food webs, drives produc-
tion and consumption of trace gases, and shapes the
nutrient cycles that influence plant growth. Global
networks that monitor ecosystem-atmosphere
exchange of CO, (i.e., eddy flux networks) point to
root exudation as a quantitatively significant flux in
the carbon cycle, but its effects on nutrient cycling,
balance of SOM formation and decomposition

(ie., “priming”), and trace gas production are not
quantitatively represented in models because the
controls are not well parameterized. Unlike leaf-level
processes, which can be scaled using physical and

radiative transfer physics, belowground processes
are highly variable owing to the soil environment’s
heterogeneity and the diverse strategies that plants
have evolved for resource acquisition (Reich 2014),
both of which make linking belowground and above-
ground processes challenging at the scale of individ-
ual plants, plots, or ecosystems (Kramer-Walter et al.
2016). Details are emerging of how communication
among microbes, and between microbes and plants,
affects symbiotic associations (Lareen et al. 2016;
Rubin et al. 2017) and biofilm formation (Flemming
etal. 2016), but translating these quantitatively to
ecosystem processes is not yet possible. Thus, new
methods are needed for detecting and quantifying
the ecosystem consequences of plant-microbe-soil
interactions in situ (i.e., to minimize biases intro-
duced by isolating plants and microbes in artificial
media or under controlled laboratory or greenhouse
conditions). Also needed are new conceptual frame-
works that enable modeling of these processes at
multiple spatial and temporal scales.

Meeting this grand challenge requires a systems
approach to microbial to Earth system pathways,
where microbial interactions with biogeochemical
processes will be observed in situ and mechanisti-
cally linked to ecosystem-scale consequences. Syn-
thetic systems and enrichment cultures will be used
to better understand what is first observed in nature.
BERAC recommends several intermediate steps for
advancements toward Grand Challenge 4.1:

«  Support research that applies stable isotope
probing and other labeling techniques to
quantitatively trace elemental flows and
reveal structuring interactions in situ. Such a
powerful suite of tools can physically couple
elemental flow to biodiversity by measuring
isotopes in cells or biomolecules that contain
taxonomic information.

. Identify sentinel molecules that indicate (1) the
presence, nature, and degree of ecological
interactions in complex communities and
(2) metabolic status of organisms involved,
integrating their significance in ecosystem
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functioning. These molecules include com-
pounds in both living cells and microbial
“remains” [e.g., cell walls, extracellular poly-
meric substances (EPS), and exoenzymes] that
capture the salient components of microbial
community, ecology, interactions, and function.
Such compounds would help to integrate
microbial effects in a targeted way relevant

to parameterizing models at higher scales.
Examples include indicators of metabolic
stresses from environmental change—stresses
such as nutrient, moisture, and temperature
(e.g., common genetic regulatory stress-
response systems, such as sigma factors, as
potential integrator signaling molecules).

Improve quantitative understanding of how
root exudates drive specific microbial activities
(particularly those related to priming, the
deconstruction of exudate compounds versus
lignocellulose) and microbial responses that
affect plant growth.

Incorporate local patch-scale dynamics of
interkingdom interactions (e.g., plant, fungal,
and bacterial) to reconstruct ecological
interaction networks and to understand the
impact of microbial interactions on SOM
formation, mineralization, and stabilization.

In collaboration with national laboratories and
equipment facilities, develop and deploy sensors
suitable for field use (i.e., operable without
pumps and on solar power) that integrate the
effects of microbial activity at the ecosystem
scale [e.g., concentrations of hydrogen, nitrous
oxide (N,0), CO,, methane (CH,), oxygen,
and porewater dissolved organic carbon, as well
as the isotopic composition of these analytes].

Develop new targeted efforts to analyze
consortia of interacting microorganisms to
isolate and understand the strong interactions
detected in nature, including multispecies
interactions that span trophic groups such as
bacteria, archaea, protists, and viruses.

«  Request research proposals to (1) identify the
molecular signatures of microbial interactions
and physiology that drive and respond to
biogeochemical and environmental conditions;
(2) quantify in situ energy budgets, element
fluxes, and population dynamics in microbial
ecosystems, identifying the subset of biotic
and abiotic interactions that contribute to soil
carbon stabilization, pollutant degradation, and
their sensitivity to a changing environment (e.g,,
moisture, temperature, and atmospheric CO,
concentrations); and (3) develop new tools to
determine the roles of specific organisms in situ,
including tools that enable targeted knockouts
of individual organisms (e.g., phage therapy) or
specific genes [clustered regularly interspaced
short palindromic repeats (CRISPR)] to test
how removal of a key taxon or gene affects
broader community dynamics.

Grand Challenge 4.2

Define the sphere of influence and key elements of
microbial communities in space and time relevant
for predicting larger-scale ecosystem phenomena
for Earth system understanding.

Microbial Interactions and
Scales in Space and Time

The collective activities of interacting microorgan-
isms existing within communities have a significant
impact on physicochemical processes in the environ-
ment, spanning from biogeochemical transformations
of major and minor elements to physical alterations
through processes such as biofilm formation, min-
eral precipitation, and weathering. Yet the ability to
recognize the boundaries of a microbial community
in space and time is limited. Common descriptions
of microbial communities are derived primarily from
an artificial construct of microorganisms recovered
in a sample rather than the actual ecologically rele-
vant interacting network of microorganisms within

a community (see reviews by Konopka 2009 and
Vos et al. 2013). Given the small spatial scales and

48 Biological and Environmental Research Advisory Committee

November 2017



Chapter 4 — Microbial to Earth System Pathways )

interaction spheres between co-occurring microor-
ganisms, most environmental samples collected for
molecular microbial diversity analysis (e.g., sediment,
soil, groundwater, or rhizosphere) likely harbor mul-
tiple microbial communities and microenvironments.
New strategies are essential for enabling more robust
and meaningful identification of the true member-
ship, spatial distribution, cellular activities, and inter-
actions within a cohesive microbial community that,
in turn, influence an ecosystem’s large-scale geochem-
ical and physical processes.

Research Needs and Knowledge Gaps

Develop Reliable Metrics for Investigating Spa-
tiotemporal Interactions. Reliable metrics are
urgently needed to visualize and define the spatio-
temporal boundaries, membership, and interactions
among microbial communities (e.g., in soil). Devel-
opment of these metrics will enable investigation of
several key questions: (1) Are there interdependen-
cies or synergisms among microbial assemblages on
discrete soil or sediment particles, or does each par-
ticle constitute its own ecological community? (2) If
interactions and emergent metabolic processes
occur at the multiparticle scale, what is the spatial
and temporal extent of these interactions? (3) Can
the boundaries of ecologically coherent communi-
ties be experimentally tested and modeled?

Assess the Spatial Variation of Microbial Commu-
nities. To date, only a handful of well-replicated field
investigations have attempted to assess the spatial
variation of microbial communities (i.e., diversity)
by sampling along well-defined transects span-

ning millimeters to meters in scale (Martiny et al.
2011). Other studies have documented microscale
heterogeneity in metabolic activity on particles

[e.g., organic carbon respiration without the corre-
sponding information about the associated microbial
diversity (Gonod et al. 2003)]. To understand and
define what constitutes a coherent microbial com-
munity, information regarding microscale diversity
must be connected with data characterizing the varia-
tion in microbial spatial distribution, species-specific

activities, and emergent community-wide influence
on relevant biogeochemical processes.

Geostatistical approaches at the phylotype or gene
level show some promise for assessing spatial rela-
tionships (e.g., Nunan et al. 2002; Grundmann and
Debouzie 2000). Also promising are developments
using network modeling of 16S ribosomal RNA
(rRNA) amplicon operational taxonomic units (e.g.,
Barberan et al. 2012; Furhman and Steele 2008) and
metagenomic datasets (Lima-Mendez et al. 2015)
that offer large-scale assessments of central microbial
interaction nodes based on co-occurrence analysis.
With the exception of Lima-Mendez et al. (2015),
the majority of network studies thus far have not
been extended beyond in silico predictions. Statistical
associations often are inferred from coarse-grained
samples, which are collected at the plot or ecosystem
scale and are not representative of interactions occur-
ring at the scales of local communities or populations.
The assembly of discrete microscale communities
likely dictates the extent of interacting microbial
assemblages within a microbial ecosystem and, in
turn, how interactions among microbial assemblages
shift in response to changing environmental condi-
tions. Studying microbial communities in high repli-
cation at the local patch scale is necessary to identify
ecological interaction networks and to model the
functional impact of microbial interactions. To begin
to define the boundaries and structure of ecologically
coherent communities, the next phase of research
should evaluate cross-species metabolite exchange
potentials based on genome-informed prediction of
nutrient dependencies and community metabolic
network models. Experiments should be developed
to generate and test network-based hypotheses,
employing molecular and analytical visualization
methods, stable isotope probing, microfluidic
devices, and other complementary methodologies

to visualize, analyze, and track interactions among
species and assemblages in a spatially explicit man-
ner, including computational statistical analyses that
incorporate spatial and temporal dynamics.

Characterize Microbial Community Boundaries
and Spatiotemporal Dynamics. Models of major
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microbial community activities and interactions
often produce unreliable predictions of microbial
community stability, resiliency, and emergent prop-
erties, especially under fluctuating conditions or

in highly heterogeneous environments. Current
modeling efforts are confounded by even simple
attributes (i.e., defining the coherent network of
interacting microorganisms that compose an ecolog-
ically relevant community in nature, or defining the
taxa that are metabolically active versus those that
are dormant or represented only by “relic DNA”).
Developing new approaches to characterize the
boundaries and spatiotemporal dynamics of micro-
bial communities will assist with optimizing the
forecasting models of community-level activity and
response to environmental change.

BERAC recommends several intermediate steps for
advancements toward Grand Challenge 4.2:

« Advance and incorporate methods and
approaches that facilitate the study of microscale
processes, enabling multiscale investigations
that transition from the bulk analysis (i.e.,
grams to milligrams) of soil to the fine-scale
(i.e., millimeters to microns) particle mapping
of cellular activity, behavior, and interactions.
Independent methodologies are needed to
validate current approaches based on 16S rRNA
sequence or gene-based network predictions of
microbial interactions. Incorporation of single-
cell omics techniques; advanced light, electron,
X-ray, and ion microscopy; and further tracer
development of microbial activity in situ (e.g.,
stable isotope probing or fluorescently labeled
substrates) all represent promising directions
that will continue to advance the study of
microorganisms within the context of their
community in complex natural environments.

«  Develop new computational statistical tools
to incorporate spatial and temporal dynamics
and enable interpretation of data-driven
microbiome experiments.

«  Encourage integrated studies that explicitly test
predicted microbial network interactions and
attempt to assess membership, species-specific,

and collective functional capabilities within
ecologically coherent communities.

«  Develop a new U.S. Department of Energy
(DOE) laboratory service (in collaboration
with the National Institute of Standards and
Technology), focusing on the development of
fluorescent probes and tracers for biomolecule
detection and synthesis of isotopically labeled
substrates. The availability of well-characterized,
isotopically labeled substrates and new
fluorescence-based tracers will relieve some of the
current limitations of microscopy-based assays
for direct quantification of microbial activities,
food web interactions, syntrophic associations,
and the net flux of carbon and energy within
coherent microbial communities.

Grand Challenge 4.3

Integrate molecular and process data to improve
the ability to define ecologically significant traits
of individual taxa and communities and use trait-
based models to develop predictive links between
community dynamics and ecosystem processes.

Trait-Based Approaches to Scaling Up

Considering the dynamic nature of microbial
interactions may help identify when and where
molecular-scale information is important and where
minimal reductionist information is sufficient. A
trait-based approach provides a tractable and repro-
ducible framework for identifying the physiological
characteristics that determine the contribution of
microbial communities to a biogeochemical process.
This framework, in turn, will enable connection of
microbial mechanisms at multiple scales to quantify
the integrative effects that govern net effects at the
ecosystem scale. As modelers and empiricists collab-
orate on community phenotypes, empirical studies
will generate more appropriate data, and models
will improve aggregation of hyperdiverse micro-

bial communities into tractable functional units.

As more collaborative data are collected to define
the relationship between microbial composition
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and ecosystem functioning, incorporating micro-
bial interactions into process models will become
increasingly valuable.

Research Needs and Knowledge Gaps

Identify Ecologically Significant Traits of Micro-
organisms and Microbial Consortia. Microbial
metabolism cycles elements within and through
ecosystems. Representing this influence in predic-
tive models makes sense, and doing so has reduced
uncertainty (e.g., Wieder et al. 2013). Efforts are
still rudimentary, however, and do not account for
microbiome variation among systems or in system-
specific responses to changing environmental
conditions. Incorporating the spectacular diversity
of traits present in the microbiomes of Earth’s eco-
systems remains challenging. An essential challenge
in scaling from microbial (or genomic) diversity to
ecosystem function stems from the need to define
the ecologically significant traits of microorganisms
and microbial consortia, quantify their variation

in situ, and test whether useful simplifications

could reasonably represent the vast diversity while
remaining quantitatively tractable. In most cases,
diverse soil microorganisms function as networks
of interacting organisms, or consortia, rather than as
physiologically autonomous cells. Identifying these
functional modules, or community phenotypes, that
can be mapped to system-level processes may offer
a promising approach for enabling prediction of the
emergent outcomes of community metabolism.

Isolated microbial representatives do not repre-
sent the full spectrum of traits found in nature (see
sidebar, Defining Traits, this page). Conversely,
within some microbial groups such as organisms
that conduct oxygenic photosynthesis or methano-
genesis, traits may exhibit coherence among natural
taxonomic groups defined by phylogenetic relation-
ships; they also can map broadly to Earth’s different
ecosystems (Martiny et al. 2013). Examples include
(1) the exclusive provenance of certain marine
bacteria, such as the cyanobacterium Prochlorococ-
cus and the heterotroph Pelagibacter, to the world’s
oceans and (2) the preference of specific groups

—
Defining Traits

Traits broadly encompass the physiological,
morphological, and behavioral characteristics of
an organism, species group, or functional guild.
A microorganism’s simplest traits are encoded
by just one genetic locus; thus, an organism'’s
genotype matches the potential phenotype.
Traits also relate to definitions of a population
(i.e., genetically cohesive) and strain (i.e., genetic
sequence variation).

- J

of nitrifying microorganisms for either marine or
terrestrial systems. Those patterns can be associated
with well-defined traits of biogeochemical impor-
tance. Photoautotrophy by cyanobacteria, the spe-
cialization to mineralization of organic carbon in
low-nutrient environments by Pelagibacter, and the
oxidation of ammonia by both archaea and bacteria
are biological processes of fundamental importance
to planetary carbon and nitrogen cycles (see Fig. 4.1,
p. 45). However, variations in physiological traits
influencing the biogeography of major functional
guilds—such as adaptive differences among guild
members to changing pH, temperature, light, or
nutrient concentration—are not captured in these
very broad correlations between phylogenetic affilia-
tion and function. For example, different genetically
distinct species groups of Prochlorococcus vary in
basic adaptive traits, including variable resistance to
virus attack and optimum conditions of light, tem-
perature, and nitrogen required for growth (Martiny
etal. 2009). In turn, these trait differences have
been shown to govern oceanic distribution patterns,
suggesting that understanding this precision of trait
assignment is fundamental to predicting ecosystem
response to environmental change.

Link Patterns of Microbial Diversity with Eco-
system Function. Advancing understanding of
traits in an ecological context requires conceptual
and mathematical models that move beyond genetic
potential to characterizing the realized phenotypes
(i.e., traits) of microbes and, where possible, the inte-
grated traits of the communities in which they occur
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(Allison 2012). For example, DOE’s Office of Bio-
logical and Environmental Research (BER) supports
Next-Generation Ecosystem Experiments (NGEE)
in the tropics and the Arctic (see also Chapter 7 on
User Facilities and Research Infrastructure, p. 85).
These NGEE projects seek to develop process-rich
ecosystem models, employing a trait-based modeling
approach. Defining key traits is an essential founda-
tion for understanding how traits interact within an
organism in response to other organisms (e.g., com-
petition and mutualism) and the environment (e.g,,
niche partitioning and substrate access) and is a crit-
ical objective for identifying and predicting realized
phenotypes under field conditions. A trait-based
approach could provide an essential framework for
linking patterns of diversity with ecosystem function
and predicting the response of those systems to envi-
ronmental change.

Identify Dominant Microbial Interactions that
Influence Biogeochemical Cycling. Genomic
studies suggest that metabolic complementation
regulates biogeochemical pathways in natural
microbial communities (Zelezniak et al. 2015).
Interactions through metabolic complementarities
are common in nature and have potentially large
impacts on the function of microbial consortia and,
in turn, ecosystem microbiomes. The interactions
of microbial consortia also can affect the spatial seg-
regation of consortia among niches, as well as the
community’s stability, by impacting the potential to
buffer environmental change. Therefore, spatially
explicit studies that identify the metabolic response
of discrete consortia to the local nutritional and
physicochemical environment present a tractable
approach for identifying the dominant microbial
interactions influencing biogeochemical cycling in a
diverse range of ecosystems.

Incorporate Microbiome Variation into Earth
System Models. Incorporating microbial processes
into ESMs is known to improve uncertainty sur-
rounding carbon and nutrient cycling (Wieder et

al. 2013), but ESMs have incorporated few of the
microbial parameters needed to account for microbi-
ome variation among systems or system response to

changing environmental conditions (see also Chap-
ter 3 on Earth and Environmental Systems Sciences,
p-21). Doing so remains a significant challenge
because the potential for generating new knowledge
from metaomic data still is unfolding. Annotation
also remains a key challenge, and sequencing data—
even with more robust annotation—represent only
microbial potential, not realized phonotypes.

BERAC recommends several intermediate steps for
advancements toward Grand Challenge 4.3:

«  Solicit proposals that (1) develop models
to identify microbial interaction scenarios
and thus narrow the set of molecules for
targeting in empirical studies; (2) identify
chemical signatures (i.e., genes, transcriptomes,
metabolites, and isotopic tracers) that link
biotic responses to environmental changes with
ecosystem feedbacks critical to the carbon and
water cycles; (3) characterize the dynamics of
microbial interactions and how their plasticity
drives organism and ecosystem resiliency in
responses to seasonal changes and extreme
events; and (4) identify markers for community
traits that may scale from cells to systems. To
enable their incorporation into ESMs, traits
must be considered in new ways—using culture-
independent strategies that include isotopes,
remote sensing, and changing molecular profiles
(e.g., genes and transcripts) across seasons,
extreme events, and gradients to identify markers
for environmentally significant biological
properties. Trait dynamics must be understood,
especially for biogeochemistry, capturing how
hot spots and “hot moments” drive net effects
on ecosystem processes. Identifying traits, both
stable and dynamic, will define how plasticity
drives organism, community, and ecosystem
responses to changes.

«  Facilitate cross-disciplinary teams that examine
ecosystems across organisms (i.e., plants and
microbes), identify important traits across
scales (i.e., watershed, ecosystem, community,
organism, and molecules), and bring together
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scientists, engineers, and modelers. Significant
gaps among scientific domains limit the ability
for molecular scientists to generate data useful
for microbially explicit models. Similarly,
modelers are challenged with identifying the
important properties and processes governing
ecosystem- to watershed-scale biogeochemical
processes, which necessitates new funding
opportunities encouraging cross-domain invest-
igations to enable studies that develop new

and complementary empirical, analytical, and
modeling approaches to foster understanding
across scales. Enabling cross training and literacy
among domains will enable large advances in
integrating high-resolution, spatiotemporal data
to inform ESMs.

Grand Challenge 4.4

Align and deepen connections among conceptual
understanding, measurements, and models related
to the roles of microbes in determining the rate of
transformation, uptake, and loss of chemical ele-
ments from ecosystems.

Microbial Processes in Earth System Models

The persistence and stability of organic carbon in soil
was long thought to be dominated by its chemical
“quality”—its elemental composition and the nature
of chemical bonds affecting its use as a microbial sub-
strate—modulated by factors like temperature and
moisture. The environmental and edaphic context is
indeed important, but a new view has emerged that
emphasizes soil minerals and microbial ecology as
important controls of the formation, stabilization,
and decomposition of organic matter in soils (see
sidebar, Soil Organic Matter, p. $4). This new para-
digm has not been implemented in soil biogeochem-
ical models that predict trace gas fluxes of CO,, CH,,
and N, O or the persistence of contaminants in the
environment. Developing this capacity is imperative,
and new initiatives are needed to develop a mecha-
nistic understanding of (1) how the physicochemical
protection of SOM determines its long-term fate,

compared to its molecular composition (e.g., chem-
ical recalcitrance); (2) how microbial communities,
especially those found in the rhizosphere, play a
vital role in the formation, stabilization, and decom-
position of SOM, including the role of microbial
necromass and extracellular products; and (3) how
interactions between microbes and minerals at the
soil pore scale govern carbon and nutrient retention
and loss in ecosystems, trace gas exchange between
ecosystems and the atmosphere, and persistence and
fate of pollutants in watersheds. Concurrently, spe-
cial attention must be given to developing numerical
tools that tractably transfer these insights to soci-
etally relevant scales.

Research Needs and Knowledge Gaps

Develop New Measurement Networks for Col-
lecting Data on Multiple Spatial and Temporal
Scales. New data collection and models are needed
to address emerging soil paradigms, emphasizing
linkages between soil minerals and microbes
responsible for SOM stabilization, trace gas pro-
duction, nutrient availability, and contaminant pro-
cessing. Integrating these data and formalizing fresh
insights into new model structures are critical, and
they present simultaneous challenges in identifying
the key data and knowledge gaps that can inform
and parameterize models yet to be built. Such chal-
lenges can be met with new measurement networks
that collect various data on multiple spatial and
temporal scales. Advancing this research area also
requires the development of tools that measure
process rates in ways that can be paired with the
massive volume of molecular data coming online.
Special attention is needed for integrating these
measurements to inform, parameterize, and validate
models of terrestrial biogeochemistry at ecosystem
to Earth system scales.

Determine How Fine-Scale Analyses Map

onto Larger-Scale Processes. Advances in
high-throughput nucleic acid sequencing have led
to new understanding of the extent of biodiversity,
its functional potential, and clues about its actual
functioning in the environment. Meanwhile, omics
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Soil organic matter (SOM)
accumulates in terrestrial
ecosystems through the
combined activities of
photosynthesis by plants,

as well as biosynthesis and
decomposition by complex
mixtures of soil microorganisms
(i.e., bacteria, archaea, and fungi).
As SOM becomes stabilized
through several mechanisms,
some of the matter remains in the
soil for up to thousands of years,
whereas other SOM cycles back
to atmospheric carbon dioxide

in a matter of days. SOM’s role

in storing carbon and thereby
slowing climate change promotes
fertility and crop growth in
agriculture, retaining nutrients
and contaminants and thus
slowing their release to aquatic
ecosystems. These processes
contributing to SOM stabilization
are key to understanding
microbial to Earth system
pathways. Contributing factors
include microbial physiology (e.g.,
carbon use efficiency, growth
rates, and growth efficiency),
selective preservation, and
mineral stabilization (see figure,
Microbial Controls on Soil Organic
Matter Stabilization, at right).

Plant input quantity / quality

Microbial Explicit
Bottom-up Control

Microbial
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Microbial Explicit
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Microbial Controls on Soil Organic Matter Stabilization. Three con-
ceptual representations depict different ways models could represent
microbes and fauna. Key: CUE, carbon use efficiency; MGE, microbial
growth efficiency; SOM, soil organic matter. [Reprinted from Grandy, A. S.,
etal. 2016.“Beyond Microbes: Are Fauna the Next Frontier in Soil Biogeo-
chemical Models?” Soil Biology and Biochemistry 102, 40-44, with permis-

sion from Elsevier. © 2016]

Plants also play a major role by providing root-
derived (i.e., labile) inputs to soil, which can promote

stabilization and destabilization (e.g., the priming
effect) in ways not fully understood.

techniques are cheaper than ever, leading to a deluge
of data from microbial systems. Yet, there still are

no clear connections between these rich data and
ESMs for several reasons: (1) relationships between
complex microbial community structure and its
ecological function have been difficult to establish,

even under laboratory conditions, because of inad-
equate genome annotation; (2) techniques for
quantifying gross process rates in situ have not kept
pace with techniques for describing microbial com-
munities or their putative functions; and (3) rep-
resentation of soil pore- and plot-scale dynamics at
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larger spatial and temporal scales remains elusive.
Addressing these three knowledge gaps will require
consideration of how fine-scale analyses map onto
larger-scale processes in ways that better inform pre-
dictive models.

Historically, ecosystem theories and biogeochemical
models were based on the assumption that envi-
ronmental conditions change the rate of ecosystem
processes, but that biotic responses are consistent
across sites (Bradford and Fierer 2012). Emerging
evidence, however, suggests that the activities of
microbial communities in soils, aquifers, and sedi-
ments are shaped by particular local environmental
conditions (Fierer et al. 2012; Evans and Wallen-
stein 2014; Talbot et al. 2015). Accordingly, physio-
logical tradeoffs between acquiring resources versus
withstanding environmental stress potentially dic-
tate the activities of belowground communities and
their functional response to environmental change.

Better understanding is needed of the extent to
which local microbial processes and mechanisms
affect projections at Earth system scales. The frame-
work for quantifying these influences is not yet
developed. Across scales, multiple processes and
drivers regulate ecosystem processes (Bernhardt
etal. 2017), but additional insight is needed to
understand how these factors integrate to deter-
mine emergent Earth system behavior. In particu-
lar, theoretical frameworks need investigation and
refinement to illuminate broad-scale properties and
processes that cause divergent trajectories across
environmental gradients and in response to environ-
mental perturbations.

Understand How Factors Controlling Biogeo-
chemical Processes Aggregate Across Scales.
Questions related to this fundamental challenge
include: Can the mean abundance of a functional
gene (or transcript) lead to increased predictive skill
of models that operate at scales of square kilometers
or larger? Similarly, how may this information trans-
fer to deeper soil horizons or change through time?
If new scientific insights are intended to improve
predictive models, they also must inform the
broad-scale processes and properties that delineate

divergent trajectories or threshold behaviors that
may not be predictable from current approaches.
Predictive modeling necessarily projects ecosystem
behavior beyond the domain over which the model
has been informed. As in the physical climate sys-
tem (Knutti and Sedldcek 2013), greater fidelity in
process representations should increase confidence
in modeling terrestrial and aquatic biogeochemical
systems (Bradford et al. 2016). Toward this end,
knowledge must be developed across environmental
gradients, edaphic conditions, and land use practices.
Given the challenges and costs of exhaustively sam-
pling diverse subsurface environments, modeling
also serves as an important tool to generate hypoth-
eses, refine theory, and highlight key uncertainties in
belowground process understanding.

Recent work suggests that trait-environment rela-
tionships can be context dependent. For example,
the functional form of microbial responses and
sensitivities to soil moisture may be constrained by
historical environmental conditions and commu-
nity composition (Hawkes and Keitt 2015; Martiny
etal. 2017), suggesting that strategic sampling
across biotic and abiotic gradients may be required
to define the key ecological boundaries and envi-
ronmental thresholds. A combination of targeted
experiments coupled with multiscale model devel-
opment can fill key data and knowledge gaps related
to prediction of microbial community processes and
ecosystem function.

BERAC recommends several new research funding
opportunities to fill knowledge gaps needed to link
microbial physiology with mineral stabilization and
destabilization of SOM and the production and
consumption of greenhouse gases. Potential proj-
ects that could lead to advancements toward Grand
Challenge 4.4 are:

« Identify patterns in microbial functional
traits among ecosystems, across edaphic
gradients, and in response to perturbations.
The physiological traits of microbial com-
munities hold some promise for ways to
connect microbial ecology to ESMs (see
Grand Challenge 4.3, p. 50). Boiling down
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data-rich omics information through

a functional trait lens will facilitate the
identification of key community structure—
ecosystem function relationships—namely,
informing microbial kinetics, growth rates,
growth efficiency, and biochemistry. Similarly,
microbial traits may influence microbe-mineral
interactions related to the physicochemical
stabilization and destabilization of SOM (e.g.,
through cell chemistry, necromass production,
and EPS). These opportunities should enable
integration of information at the microbial scale
in dimensions tractable for modeling.

Determine when microbial processes matter
and change aggregate behavior. To meaningfully
fill knowledge gaps, measurements of biogeo-
chemical process rates (e.g., trace gas fluxes,
nutrient cycling, redox conditions, and contam-
inant fluxes) must be correlated with omics
datasets to identify appropriate trait metrics.
These insights are critical for understanding
how shifts in microbial community composition
may drive changes in biogeochemical cycling
and, ultimately, increase predictive capacity.
Linking process rates with microbial community
information and models is critical for larger-
scale projections through the assimilation of
increasingly autonomous (and diverse) data
into models.

Develop tools to scale microbe-mineral

insights from the molecular to ecosystem and
global scales. The fine spatial and temporal
heterogeneity of the subsurface environment
presents enormous challenges in representing
microbe- and mineral-scale insights into
ecosystem and Earth system models. Models
typically average and aggregate over nonlinear
processes, but this approach may not be effective
at representing the emerging understanding in
larger-scale (ecosystem to Earth system) models.

Accordingly, new opportunities should focus

on identifying the best scale to explicitly model
processes and extract emergent properties that
can be parameterized at larger-scale models (i.e.,
as relates to Grand Challenge 4.2, p. 48).

Additionally, BERAC recommends support for

opportunities and workshops that increase training,

collaborations, and communication across disci-

plinary boundaries:

Organize small, recurrent (annual) workshops
to bring together microbial ecologists and
multiscale modelers. These workshops would
implement an integrated modeling-experiment
framework called MODEX, with postdoctoral
support (housed at a national laboratory) to
coordinate group activities.

Hold workshops at DOE’s Joint Genome
Institute and Environmental Molecular
Sciences Laboratory. Participants would design
experiments exploring microbial community
structure-function relationships, specifically
focusing on rhizosphere priming and plant-
microbe interactions, interactions between
microbial biomass and mineralogy, nitrification
and denitrification, and methanogenesis and
methanotrophy.

Issue new proposal calls to incorporate microbial
processes into ESMs. One new program would
support the development and deployment of
observational networks to challenge models.
Large-scale and long-term experiments have been
a hallmark of BER research. A second program
should focus on building new knowledge and
models that bridge BER’s Biological Systems
Science Division with its Climate and Environ-
mental Sciences Division, capitalizing on syner-
gistic crossover and new frontiers in scaling from
molecules to the Earth system.
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Grand Challenges in
Energy Sustainability

Overarching Grand Challenge and 20-Year Vision

Provide a scientific foundation for implementing resilient energy strategies that promote
prosperity, security, and human and environmental health by quantifying fundamental
interactions between energy and natural system processes over a range of relevant geographic

and temporal scales.

J

Envisioning 20-Year, Resilient
Energy Strategies

he need for sustainable energy systems has

never been greater. Providing the energy

necessary for economic growth and pros-
perity in the face of a changing planet requires
approaches to energy production and delivery that
afford both economic and environmental security.
This sustainability challenge is formidable, particu-
larly because the energy system is and will remain
completely entangled with the use of air, water, and
land resources. On the leading edge of Earth system
research, the U.S. Department of Energy’s (DOE)
Office of Biological and Environmental Research
(BER) is uniquely positioned to advance and inte-
grate the basic science needed to revolutionize a
transition to resilient energy strategies (i.e., strategies
developed from knowledge of the multiple feed-
backs that occur between energy and natural systems
as well as system responses to various stressors).

For example, water is essential for growing bioen-
ergy feedstocks, producing hydropower, and cool-
ing thermoelectric and nuclear power generation
facilities, but its availability is in part a function
of hydroclimate variability and how watersheds
respond to these variabilities and are managed.
Likewise, the growth potential for wind and solar

energy sources is dependent on how the climate
system operates on regional scales, land availability,
and the technological evolution of the grid itself.
Underlying all these factors is the need for sophis-
ticated understanding of the critical infrastructure
used for water, energy, transportation, and com-
munication, as well as infrastructure sensitivity to a
variety of environmental stresses.

Developing strategies to improve energy system
sustainability, therefore, depends on a much more
complete understanding of how stressors to land, air,
and water resources influence energy strategies and
the roles that humans play in these interactions. A
systems approach is required to discover fundamen-
tal interdependencies, including trigger points and
thresholds, and to identify the inevitable tradeofts
that will need to be managed.

Approaches to energy sustainability also must

be scale aware, considering interdependencies
occurring within the energy strategy’s geographic
footprint, which could range from local managed
ecosystems to regional landscapes to continents (see
Fig. 5.1. Multiscalar Energy-Land-Water Interac-
tions, p. 58). Moreover, the details of how national
goals intersect with regional and local realities are
complicated. Wind power, for example, is growing
rapidly within the national grid, but the location of
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Fig. 5.1. Multiscalar Energy-Land-Water Interactions. Energy sustainability is multiscalar, involving energy-land-water
interactions at scales ranging from cellular to global. Interactions within and among scales largely will define the resiliency of
different energy sustainability strategies; thus, questions must be scale aware and answers appropriately scalable.

adequate resources is a function of regional climate. Building on Progress Related

Bioenergy’s potential expansion depends not only to the 2010 Grand Challenges
on climatic conditions that support bioenergy crops,

but also on the simultaneous availability of healthy The 20-year vision of the Biological and Environ-

mental Research Advisory Committee (BERAC) is

soil and water resources at the farm scale, economics ] ] ] )
to enable strategies that guide the implementation

of energy demand and supply, and availability of
appropriate infrastructure to support this very dif-
ferent energy source. The feedbacks resulting from

of a range of resilient energy systems promoting
prosperity, security, and human and environmental

changes in the current energy portfolio to a much health. Such a vision requires important investments

wider dependence on renewables and bioenergy
also have the potential to interact with local and
regional weather and climate patterns through both

in the fundamental sciences central to BER’s mission.

BER is uniquely positioned to foster this vision.

Assets that support fundamental research regarding

biogeochemical and physical processes. basic biology, watershed, climate, and integrated

Data-driven approaches, new observations, and assessment provide a foundation for (1) under-
modeling innovations will be needed to seek standing how very different systems couple to one
energy pathways that provide optimal economic other and (2) identifying which feedbacks are quan-
and environmental outcomes and promote human titatively important. BER has a history of addressing
well-being. complex systems coupling in Earth system sciences
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[e.g., Earth system models (ESMs) ], watershed sci-
ence (e.g., hydrobiogeochemistry), and bioenergy
(ie., from genes to landscapes). This experience is
part of what will be needed to implement an encom-
passing vision for energy sustainability. BER addi-
tionally brings scientific rigor to functional studies
of ecological systems, biogeochemical cycling,

and the water cycle, as well as the physical climate
system—from model development to uncertainty
quantification, to new strategies for computational
sciences and data analysis.

Considerable progress has been made over the past
6 years to meet the energy sustainability challenges
identified in the 2010 Grand Challenges report
(BERAC 2010), with many noteworthy examples of
success that fall into the report’s three broad energy
sustainability challenge areas. Descriptions of sev-
eral successes follow.

Advanced a Fundamental Understanding of the
Impacts and Tradeoffs of Alternative Bioenergy
Feedstocks and Land Uses on Energy, Climate,
and Ecosystem Functioning. BER has positioned
itself to meet most of the challenges identified in
the 2010 Grand Challenges report through its Bio-
energy Research Centers and Genomic Science
sustainability programs. Although most of BER’s
early focus was on energy conversion (i.e., biomass
to biofuels), currently receiving more attention are
environmental considerations (i.e., climate, biodi-
versity, and ecosystem functioning including healthy
soils), and progress is steady. Breakthroughs are
needed to make bioenergy and related bioproducts
price competitive and to fully reap environmental
benefits through an integrated understanding of the
entire field to fuel enterprise.

Improved Understanding of Global Change
Effects on Energy and Environmental Systems.
BER also is making substantial progress in helping
to identify and quantify the impact of energy-food-
environment tradeoffs via an understanding of the
interactions among individual global change impact
sectors, especially those related to energy and water.
A recent BER water-energy testbed solicitation is a
positive step in the direction of energy sustainability,

underpinned by fundamental BER system science
and models. Some of the individual and interactive
impacts could be large enough to significantly feed
back to the evolution of the Earth system as a whole
in ways not yet included in ESMs.

Demonstrated Targeted Progress Toward Char-
acterizing the Spatial and Temporal Variabilities
of Specific Watersheds and Ecosystems. The
Arctic is one of these important ecosystems, where
there is now better understanding of ecosystem
sensitivity to warming and permafrost thaw, partic-
ularly, the responses of microbes, vegetation, and
greenhouse gases (GHGs) to climate change. New
insights also are emerging about the responses of
critical western U.S. river watersheds, such as the
Colorado and Columbia rivers, to a range of stress-
ors as well as their associated impact on downgra-
dient water and nutrient delivery with relevance to
energy strategies. Very early insights are starting to
emerge about other key systems that are especially
sensitive to potential state changes, such as tropical
forests and human-dominated systems. Next-gen-
eration observation platforms—some focused on
coincident and autonomous monitoring of above-
and belowground interactions (e.g., Dafflon et al.
2017) and integration of multiscale observations
through remote-sensing datasets (e.g., Wainwright
etal. 2016)—are being tested at key sites (see also
Chapter 7 on User Facilities and Research Infra-
structure, p. 85). In most cases, researchers are using
the observations and process insights to challenge
developing multiscale models.

Developed Unifying Models and Frameworks
Capable of Testing and Evaluating the Signifi-
cance of Potential Global Change Drivers,
Including Climate, Energy, Land Use, and Water.
Programs in high-performance modeling and scaling
are unmatched and have contributed substantially
to the successful development of integrated assess-
ment models (IAMs), ESMs [e.g., Energy Exascale
Earth System Model (E3SM)], and integrated
ESMs (iESMs). Other significant progress has been
made in developing and applying lifecycle analy-

sis (LCA) and full-cost accounting for ecosystem
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—
Energy Sustainability

5.1. Further develop the science of coupling energy,
water, and land use across different spatial and
temporal scales to understand environmental
impacts and changing climate and to better
predict net biogeochemical fluxes.

5.2. Use observational, experimental, and model-
based approaches to explore the sustainability
of alternative energy systems, incorporating
stability and resilience analysis, uncertainty,
transition paths from current infrastructures, and

the use of appropriate common metrics.

5.3. Understand how variability and change in natural
systems affect energy system structure and
function and determine how best to build this

knowledge into models.

5.4. Create new data streams and more effectively
use existing observations to ensure the avail-
ability of scale-appropriate data, particularly
related to high-resolution land use, landscape
infrastructure, demographic change, and energy-

land-water research.

—

services for bioenergy technologies, especially in
the biogeochemistry and water arenas. Progress has
been slower, however, for incorporating biodiversity
responses and social and policy elements into sus-
tainability research (see also Chapter 3 on Earth and
Environmental Systems Sciences, p. 21).

Notably, a concerted push has been made toward
more integration of TAMs with ecosystem models,

Summary of Grand Challenges and Action Items

Energy production and use are inherently connected to land, air, and water resources. Comprehensively
understanding these interactions is therefore important for guiding current and future energy production that
will optimize energy availability and environmental quality. In recent years, research on bioenergy conversion
and associated environmental considerations has progressed substantially, accompanied by an increased
understanding of energy-food-environment tradeoffs and improved characterization of spatial and temporal
variabilities of targeted ecosystems. Other significant advances include further development of integrated
assessment models, climate models, integrated Earth system models, and the coupling of these models where
appropriate to fully address sustainability science questions. Moving forward, four grand challenges will take
this research into the next decade and help resolve important questions. These challenges are outlined here and
then described in more detail in the Grand Challenge Research Recommendations section, p. 61.

Associated with these grand challenges are two
action items (see Discussion of Action Items section,
p. 67, for more details) that represent recommended
first steps toward addressing the challenges:

Establish a strategically distributed network of
energy sustainability testbeds for addressing
crucial research questions associated with specific
energy strategies and air-water-land feedbacks

at multiple scales. The combined testbeds will
address several grand challenges while leading to
a predictive understanding of couplings between
energy systems and natural systems.

Create an energy sustainability modeling

and synthesis center for multidisciplinary
teams to address key energy-water-land
research challenges. The center will organize
multidisciplinary teams to understand impacts
(e.g., energy-water-land influences on energy
infrastructure), sustainability working groups to
resolve short-term research questions, and also
facilitate and house integrated data products at
resolutions needed for sustainability analyses.

_

especially through the energy-land-water nexus,
where tight linkages can constrain energy efforts.
This integration has led to better representation

of climate change impacts within IAMs and has
highlighted the value of portfolio approaches that
effectively link IAMs, ecosystem models, and LCAs.
Such linkages likely are to be crucially important
for evaluating the complex multiscale effects of
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potential geoengineering solutions for climate
change mitigation such as biomass carbon capture
and storage.

Though progress since the 2010 Grand Challenges
report has been steady and, in places, noteworthy,
many challenges remain. Researchers have gleaned
an initial understanding of how to produce enough
energy to support people at a higher standard of
living, but continuing breakthroughs will be needed
to better understand and improve the sustainability
of different energy-land-water configurations. Ful-
filling these challenges will be essential to achieving
BERAC's vision for energy sustainability. Four grand
challenges central to achieving this vision are out-
lined (see Energy Sustainability Summary of Grand
Challenges and Action Items, p. 60) and discussed
further in the following sections.

Grand Challenge Research
Recommendations

Grand Challenge 5.1

Further develop the science of coupling energy,
water, and land use across different spatial and
temporal scales to understand environmental
impacts and changing climate and to better predict
net biogeochemical fluxes.

The past and projected future responses of natural
and human systems in three key sectors—energy,
water, and land—to economic development and
changing weather patterns are being studied in
more depth than was possible with the data and sci-
entific understanding that existed in 2010, but sig-
nificant challenges remain. These challenges involve
developing a better understanding of critical rela-
tionships and data requirements within these key
sectors, including a better understanding of import-
ant phenomena and drivers at nanometer to global
scales. Not all nanoscale processes will be import-
ant at higher levels of aggregation for all purposes,
but some research is necessary to understand where
processes at one scale will have important effects
on processes and outcomes at higher aggregation

levels. Even as progress is being made in these areas
for individual sectors and regions, important inter-
actions and feedbacks among these three sectors
and with the Earth system are recognized increas-
ingly as areas experiencing the worst impacts from
energy, water, and land development now and likely
into the future.

The impacts of changes in climate such as higher
temperatures and varying precipitation patterns,

as well as those in human systems such as water
infrastructure and markets, will have important and
interacting consequences for energy, water, and
land use systems and markets. Better understanding
of these energy-water-land feedbacks and interac-
tions is crucial to assess their integrated impacts on
people, infrastructure, and natural systems and to
explore tradeoffs among alternative mitigation and
adaptation strategies at appropriate spatial and tem-
poral scales.

After farming, electric power generation is the
largest user of water. In addition to requiring water
for hydropower electricity generation and cooling,
thermoelectric plants release heated water into the
environment. As in-stream temperatures rise with
climate change, the release of heated water can

be problematic for aquatic ecologies, as individ-
ual power plants can have a significant impact on
local in-stream temperatures. In addition, higher
temperatures reduce the efficiency of thermoelec-
tric power generation by increasing turbine outlet
temperatures. The nation’s largest consumptive use
of water is irrigated agriculture, but the essential
delivery of this water to crops depends on electric-
ity, thereby providing another set of links in the
energy-water-land chain. In addition, some electric
utilities have been turning to biomass co-firing as a
near-term option for generating cleaner power. The
transportation sector also has increased its demand
for biofuels based on bioenergy crops, placing fur-
ther demands on water systems and land. There are
many other dimensions to the energy-water-land
nexus, but these particular components are tightly
interconnected and likely to be especially vulnerable
to changing climate, while also offering significant
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opportunities for adaptation. Since the nature of
these interactions varies greatly by location, infra-
structure, and biophysical constraints, gridded
modeling of these nexus components is potentially
quite valuable.

Weather variability and climate change are critical
drivers of future developments in the energy-water-
land system. These impacts need to be studied with
future precipitation and temperature projections

at the appropriate geographical scale to capture
relevant physical linkages, especially for extreme
events, which likely will put pressure on existing
infrastructure. The link between precipitation and
the hydrological system is obvious, but evolving rela-
tionships among water use for urban development,
power generation, cooling, and agriculture are more
complex, particularly when considering the interac-
tions among runoff, reservoir storage, groundwater
accumulation and depletion, and in-stream flows.
Electricity production is very sensitive to extreme
heat, which boosts the demand for air conditioning.
Unfortunately, such demand surges also are likely
to be closely related to surges in irrigation demand.
Recent statistical studies have found that tempera-
ture extremes are crucial predictors of yields for
corn, soybeans, cotton, rice, and wheat; high tem-
peratures increase the plant’s water demand and, at
the same time, diminish water availability through
evapotranspiration. A fine-grid analysis is necessary
to detect these thresholds insofar as a partial or tem-
poral averaging can make detecting them impossible.

Finally, this discussion demonstrates that energy,
land, and water models are highly interdependent,
with the inputs to each often being some of the
outputs from others. Furthermore, these models are
linked through both physical relationships and eco-
nomic market relationships, the latter through trade
and transfer agreements.

Energy-land-water research is well-aligned with BER
objectives for improvements in three important
areas: (1) model representation of energy system
transition impacts on society and changes in other
sectors, as well as impacts of the whole Earth sys-
tem on energy system transitions; (2) the research

community’s ability to include interactions and feed-
backs among the energy, water, and land systems and
feedbacks in these assessments through integrated
impact analyses or IAMs; and (3) the ability of
ESMs or IAM:s to project the feedbacks from sector
changes to the whole Earth system and then back on
the energy system (see also Chapter 3 on Earth and
Environmental Systems Sciences, p. 21).

Grand Challenge 5.2

Use observational, experimental, and model-based
approaches to explore the sustainability of alter-
native energy systems, incorporating stability and
resilience analysis, uncertainty, transition paths
from current infrastructures, and the use of appro-
priate common metrics.

The multiscale, interconnected, and nonlinear nature
of energy, water, and land systems, coupled with
their vulnerability to multiple stressors, represents

a significant challenge for examining the risks and
tradeofts among alternative energy strategies. Tran-
sitioning to a future energy grid that is in perpetual,
sustainable balance with the natural system’s evo-
lution demands several new advances. Identifying
pathways to energy system resiliency requires new
experimental and observational approaches specifi-
cally designed to quantify key interactions influenc-
ing coupled energy-natural system behavior. Also
required is a new generation of computationally
efficient, data-modeling-analysis frameworks that
can support scenario analytics, uncertainty quantifi-
cations, and well-defined metrics to evaluate a range
of outcomes. Development of these new approaches
will benefit from integration of a range of developing
technologies, including exascale computing, deep-
data analytics, networked drones, and in situ micro-
bial sensing.

An important challenge for Earth system modeling

is to understand the ecological, biological, and car-
bon cycle interactions and feedbacks in the climate
system to identify potential tipping points and miti-
gation strategies. Energy systems—whether thermo-
electrically, hydrologically, wind, solar, or biologically
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based—provide acute points of interaction that may
magnify or attenuate key interactions and feedbacks
that affect land use and vegetation dynamics. A
follow-on modeling challenge is to stress-test ESMs
with energy-related drivers, fully exploring potentials
for particular energy systems to enhance rather than
diminish the services integral to ecosystem and land-
scape functioning at different scales.

The new approaches will vary greatly depending

on the energy strategy’s particular type and scale,

as well as assumptions about stressors that prohibit
energy sustainability (see Fig. 5.1, p. 58). For exam-
ple, enabling a sustainable billion-ton bioenergy
feedstock supply requires the production of “more
with less,” or increasing the quality and volume of
crop yields on marginal lands challenged by poor
soil health, water availability, and nutrient supply. At
the scale of individual plants, robust approaches are
urgently needed to measure and mechanistically pre-
dict plant growth, form, function, and interactions
with the surrounding biotic and abiotic environ-
ment. New soil and plant sensors and proxies could
be developed to identify (1) key controls on toler-
ance to environmental stresses such as drought, heat,
and low soil fertility; (2) how plant resources are
partitioned to diverse processes and organs, includ-
ing respiration, roots, and aboveground biomass;

(3) how root and root-microbe processes control the
acquisition of water and nutrients; and (4) how the
plant microbiome, including rhizosphere communi-
ties, mycorrhizal symbioses, and endophytes, con-
tributes to plant performance. Such quantification
could, for example, lead to new insights about plant
enzymatic activities under water stress or the soil
microbial community’s ability to access atmospheric
nitrogen and soil phosphorous, elements which are
abundant but not necessarily bioavailable and could,
in turn, contribute to bioenergy sustainability.

At the basin scale, hydropower, power plant cool-
ing, and agriculture rely on watersheds to sustain-
ably deliver water and nutrients downgradient.
Watersheds experience a range of stressors having
unknown ramifications on energy systems. Exam-
ples of stressors include floods, droughts, fires,

early snowmelt, beetle infestation, and land use
change. Developing a predictive understanding

of watershed behavior and response to increas-
ingly frequent stressors is challenging mainly

for three reasons. First, there is a wide range of
hydrological-biogeochemical interactions in a water-
shed that occur among plants, microorganisms,
organic matter, minerals, dissolved constituents, and
migrating fluids that influence water, nutrient, car-
bon, and other key elemental cycles. These interac-
tions often vary significantly, both laterally across a
watershed and vertically between its many compart-
ments (e.g., bedrock, groundwater, capillary fringe,
vadose zone, soils, land surface, and vegetation).

Second, accurately predicting the cumulative water-
shed response to a perturbation is particularly chal-
lenging because such a prediction must consider
the spatial variability of nonlinear responses and
their aggregation. Traditional watershed analysis
approaches have been developed based on rela-
tively simple watersheds, often with an assumption
that historical hydrological trends (e.g., precipita-
tion) are representative of future trends. Recent
studies highlight the need for innovative research
paradigms that analyze and predict complex and
dynamic watershed behavior under future condi-
tions, their impact on energy systems, and other
societal benefits. New paradigms will require new
networked sensing systems that can jointly (i.e., in
many cases, remotely and autonomously) monitor
above- and belowground responses to perturbations
across scales. Also needed for this challenge are
physics-based, scale-aware surface-subsurface water-
shed models that can accurately predict aggregated
hydrological and biogeochemical watershed exports
under a range of stressors, as needed, to assess the
sustainability of downgradient hydropower and
agricultural systems.

Third, the equally complex and understudied
domain at the energy-land-water nexus is the
energy-intensive urban landscape. BER research
historically has focused on the carbon, water,
and energy cycles of natural ecosystems and how
these processes influence the climate system.
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More recently, BER has started to explore water
and water-energy systems, but few efforts are
focused on quantifying intensively coupled
natural-human-energy system interactions, such
as those occurring within urban and urbanizing
systems. Urban areas, which often rely on a mix-
ture of energy strategies, consume a dispropor-
tionately larger percentage of the planet’s energy
and freshwater, representing over 70% of fossil
fuel carbon dioxide (CO,) emissions, which is
nearly triple the net carbon uptake from terres-
trial or oceanic carbon sinks (Churkina 2016).
Yet, lacking are (1) the fundamental knowledge
of hydrological-biogeochemical interactions that
occur in urban landscapes and, therefore, (2) suf-
ficient understanding of the drivers, controls, and
feedbacks between human and Earth systems to
inform the design of more sustainable energy out-
comes. Bringing BER resources to bear on these
questions will enable forecasting and mitigation
against unsustainable outcomes.

Examining the tradeoffs associated with various
energy strategies or their mixes—in the context of
land-water systems, responding to a range of stress-
ors, and with consideration of the metrics discussed
previously—will require new cyberinfrastructure
and software tools. These tools must be able to per-
form scenario analytics and quantify uncertainty
while handling diverse models and data associated
with a range of strategies, observational datasets,
and dynamic models. Scale-adaptive simulation
capabilities, which use adaptive mesh refinement
methods to “telescope” into subsystems that require
finer resolution or different physics, may provide

a flexible approach. Both scale-adaptive as well as
reduced-order models are expected to be critical for
scenario exploration and decision analysis, uncer-
tainty quantification, and visualization of outcomes
and tradeoffs (see also Chapter 6 on Data Analytics
and Computing, p. 71).

BER is uniquely positioned for assessing, under-
standing, and predicting interactions among a range
of energy and natural system processes needed to
underpin sustainable bioenergy, wind, hydropower,

solar, thermoelectric, and other strategies. First are
BER's existing programs and investments to under-
stand subsurface microbes, plant, and plant-microbe
interactions. Key to rapid advances are in situ
sensing, high-throughput genome analyses, and
next-generation visualization technologies (see

also Chapter 2 on Biological Systems Science, p. 3).
Second are long-standing programs in hydrology
and biogeochemistry that have rapidly advanced the
understanding of watershed processes across a vari-
ety of scales and Earth system compartments, from
the subsurface to the troposphere. This expertise
could be extended to include interactions between
natural and human-dominated landscapes (see also
Chapter 3 on Earth and Environmental Systems
Sciences, p. 21). Third is BER’s extensive data and
simulation capacity that enables effective integration
of diverse and multiscale processes into watershed,
regional, and global contexts.

Grand Challenge 5.3

Understand how variability and change in natural
systems affect energy system structure and func-
tion and determine how best to build this knowl-
edge into models.

Numerous studies have looked at ways in which
different energy systems and technologies ulti-
mately affect the physical environment through their
implications for GHG emissions. Considerably less
literature is available on the real and potential vulner-
abilities of energy systems to change and variability
in physical systems, even though concrete demon-
strations are beginning to show that these influences
are real and, in some cases, substantial. Important to
pursue and include in models as critical feedbacks
are both empirical assessments of current risk and
modeling studies to investigate the potential for
future risks to energy systems and infrastructure.

The rationale for incorporating the effects of phys-
ical system change and variability on energy sys-
tem structure and function in the BER portfolio

is straightforward. The effects of these first two
vulnerabilities on the delivery of energy services
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are a function of many factors, among them the
development and implementation of both current
and new technologies. However, when either indi-
vidual weather events or long-term systemic change
in the physical climate system have the potential to
interrupt the delivery of energy systems, they reveal
anew set of feedbacks that operate from the atmo-
sphere to the built environment, influencing the
relationships among land, water, and energy systems.

The most obvious examples for understanding how
physical systems influence energy system structure
and function are from the repercussions of storm
events on energy infrastructure. Well known, for
example, is that Hurricane Katrina disrupted the
supply of natural gas coming into the port of New
Orleans for several months because of the storm’s
impact on shallow-water oil and gas rigs in the Gulf
of Mexico. Not only the storm’s intensity, but also
the locations of the rigs themselves, established the
vulnerability of that energy system component to
major events such as hurricanes. Similar phenom-
ena resulted from Superstorm Sandy’s impacts on
electricity generation and transmission in the New
Jersey and New York area. In this case, however, the
actual distribution of sensitive infrastructure had
scarcely changed since being established roughly a
century ago, demonstrating that the spatial distribu-
tion of critical infrastructure can “lock in” climate
vulnerabilities for a very long time. This effect, not
previously sufficiently well understood, has import-
ant implications for societal resilience, demonstrat-
ing that rebuilding systems with their same degree
of vulnerability would not be wise.

More recent examples center around longer-lasting
events, especially heat waves and drought that
affect the availability of water for cooling thermo-
electric and nuclear power plants. The severity of
this effect during recent heat wave and drought
events in Texas and the southeastern United
States required power plants to be derated (i.e.,
their available power generation capacity was
decreased), affecting their ability to provide
regional electricity. A third type of vulnerability
is implicit in the short-term response of energy

demand to climate and weather events. A germane
example is the well-known response of electricity
demand to periods of high temperature and heat
waves. A fourth type of vulnerability to physical
systems can develop over a longer-term period, as
energy technologies themselves begin to change.
In particular, if bioenergy crops penetrate regional
energy markets to a great extent, with or without
carbon sequestration, their supply of material
obviously is dependent on climate conditions and
water availability that are favorable to the plants
themselves. Thus, longerterm patterns of variability
and change in the physical climate system, similar
to those already observed for natural systems and
phenological change, become important consid-
erations in any assessment of future energy infra-
structure and its projected functioning.

Current energy models or IAMs that seek to under-
stand how energy systems change over time do not
fully represent energy system feedbacks with the
physical climate system. Thus, these models do not
represent the potential for either short-term, event-
driven effects of the physical climate system on
energy or the longer-term effect of systemic changes
and variability on energy infrastructure siting and
performance. Because the sensitivities are known

to exist, however, they must be understood much
better from a quantitative perspective to be incorpo-
rated into models.

Relevance for BER of this limited feedback in mod-
els is twofold. First, from a climate impact perspec-
tive, these effects are poorly understood in terms
of their frequency and intensity. Efforts like DOE’s
E3SM development should be able to represent
the distribution of climate-related weather events
in such a way that they can contribute to a growing
body of impact studies that go beyond ecosystems
and water resources. Second, from a more compre-
hensive Earth system perspective, these effects are
all examples of feedbacks from the climate system
to systems with a human dimension, and thus they
have direct consequences for the evolution of those
human systems over time, as well as implications for
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how these systems might be designed to minimize
their vulnerability.

Grand Challenge 5.4

Create new data streams and more effectively
use existing observations to ensure the avail-
ability of scale-appropriate data, particularly
related to high-resolution land use, landscape
infrastructure, demographic change, and
energy-land-water research.

The integration of land use information into ESMs
has yielded new insights about contemporary and
future changes in the terrestrial carbon budget, for-
est dynamics, and crop productivity by more realis-
tically constraining model inputs and responses. Key
datasets used to develop land use models include
time series of cropland area and yield, pasture area,
and rates of wood harvesting. Future projections
often rely on historical relationships between these
variables and regionally aggregated estimates of
population, economic wealth, and energy policy. To
facilitate the development of next-generation land
use models, a new suite of high-resolution datasets
describing human and energy systems is a priority.
Investment in this area has the potential to be trans-
formative, enabling new insight about the drivers
and responses of the global Earth system to chang-
ing patterns of energy and land use.

At least five different data classes are needed to cre-
ate more mechanistic models and to stimulate the
development of new conceptual approaches in the
field of energy sustainability. These classes include
human demography, land use intensification, trans-
portation, economic wealth, and energy systems.
For each data class, efforts are under way to develop
regional- and global-scale products. However, many
of the datasets have limited or no time series infor-
mation, which is crucial for understanding how
human systems (and their impacts) are evolving
through time. Nor has there been coordination to
create a suite of products that are internally con-
sistent across different modeling domains. The

Mauna Loa atmospheric CO, time series is perhaps
the archetypal example of the critical importance
of long-term Earth system monitoring. For other
Earth system variables, the National Aeronautics
and Space Administration (NASA) and other space
agencies have recognized the importance of sus-
tained funding for developing Earth system data
records that span different satellite instruments and
measurement techniques. Similarly, within BER,
long-term funding for the AmeriFlux Network of
sites measuring ecosystem CO,, water, and energy
fluxes has enabled the scientific community to
understand how terrestrial ecosystems are respond-
ing to short-term and secular changes in atmo-
spheric composition and climate, with the value

of these time series increasing exponentially with
their longevity (see also Chapter 7 on User Facilities
and Research Infrastructure, p. 85). In contrast, for
human and energy systems, there is less recogni-
tion of the importance of long-term data records;

as a consequence, data paucity has created a critical
bottleneck limiting the growth of the energy sustain-
ability field as a whole.

For human demography, extremely high spatial
resolution population information is available from
LandScan, which BER already supports. LandScan
provides state-of-the-art contemporary global pop-
ulation estimates that are valuable for many applica-
tions. However, to connect population to observed
changes in land cover, hydrology, and environmental
processes such as wildfire dynamics, quantitative
time series of changing human populations are
needed that possess an internally consistent meth-
odology and for which quantitative uncertainties are
available. This type of data is essential for time series
analysis and trend detection. More broadly, ancillary
data on age structure, wealth (i.e., gross domestic
product), and housing density would considerably
amplify the value of these data for determining
impacts, using the Kaya identity or other conceptual
approaches for expressing total CO, emissions levels.

Indicators of land use extensification (i.e., clear-
ing new land for human use) may be more easily
estimated from remote-sensing observations than
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indicators of intensification (i.e., higher yields on the
same area of land). As a result, arguably some of the
greatest achievements in the understanding of land
cover and land use change over the last 2 decades
have come from the use of high-resolution satellite
imagery to quantify patterns of forest cover change,
deforestation, and cropland use. However, land use
intensification can have equally important impacts
on global biogeochemical cycles and disturbance
dynamics, and this information is essential for
improving many aspects of ESMs. For example, all
the prognostic fire models participating in the Fire
Model Intercomparison Project (FireMIP) under-
estimate the declining incidence of fire in grasslands
and savannas worldwide over the past 2 decades. A
likely contributing factor is that none of the models
simulate the density of cattle or other livestock on the
landscape. In many areas, cattle density has increased
severalfold, reducing fuel amount and continuity that,
in turn, limit fire size. Livestock also have profound
impacts on the global methane cycle, making these
data essential for accurately simulating atmospheric
concentrations of this important GHG. Apart from
livestock density, other closely related indicators of
land use intensification include fertilizer use and
water transfers for irrigation. Reliable estimates of
nitrogen fertilizer use and irrigation water with-
drawals do not even exist for the midwestern United
States, yet both are crucial drivers of GHG fluxes,
hydrologic flows, and primary productivity in agricul-
tural landscapes, with concomitant effects on energy,
water, and carbon interactions.

Transportation databases lack sufficiently resolved
time series information for both surface and air
travel. Particularly needed are spatially explicit infor-
mation on road density and the number of cars and
trucks for at least the past few decades. For air travel,
information about passenger transfers among cities,
possibly at a monthly resolution, is critically needed.
Such data are important not only for energy use and
emissions, but they also can inform models for the
spread of invasive species and disease.

Likewise, there are crucial needs for better
resolved economic and energy system databases.

High-resolution data products extending from at
least 1990 forward are needed to sufficiently under-
pin energy sustainability modeling efforts.

Discussion of Action Items

Achieving BERAC’s 20-year energy sustainability
vision requires advances and integration of many
components. Two key components, described in
this section, include (1) establishing energy sus-
tainability testbeds for addressing crucial research
questions at multiple scales and (2) creating an
energy sustainability modeling and synthesis
center for multidisciplinary teams to address key
energy-water-land research challenges.

Establish a Network of Energy
Sustainability Testbeds

BERAC recommends developing a Network of
Energy Sustainability Testbeds (NEST) at stra-
tegically distributed study sites. A world-unique
NEST would comprise a suite of testbeds spanning
a range of scales, where each scale is relevant for a
particular energy strategy and associated air-water-
land forcing or vulnerability. Each testbed in this
network would be used to address a specific suite of
questions and challenges appropriate for that strat-
egy, but synthesis across the testbeds could offer an
unprecedented opportunity to advance fundamen-
tal knowledge and tools needed to develop a range
of resilient and interconnected energy strategies
(see Fig. 5.2. Proposed Network of Energy Sustain-
ability Testbeds, p. 68).

Several characteristics will be important for the
success of NEST. Envisioned is a network of about
five energy sustainability testbeds, which together
would be funded at a level similar to that of a DOE
Energy Innovation Hub. The choice of testbed
locations should be carefully considered and meet
several criteria:

« Distributed testbeds must cover a range of
scales matched to the footprint associated with
interactions between energy strategies and
associated natural system processes. Example
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Fig. 5.2. Proposed Network of Energy Sustainability Testbeds. These testbeds comprise a suite of strategically distributed
study sites chosen to span a range of scales, each relevant to a particular energy strategy and associated air-water-land forc-
ing. Each testbed will be used for experiments, observations, and modeling to address a unique set of questions; synthesis
across the testbeds will offer an unprecedented opportunity for advancing the fundamental knowledge and tools needed
to develop a range of resilient and interconnected energy strategies. [Bottom left image: Soil aggregate illustration to right
of black arrow modified from Jastrow, J. D., and R. M. Miller. 1998."Soil Aggregate Stabilization and Carbon Sequestration:
Feedbacks Through Organomineral Associations.” In Soil Processes and the Carbon Cycle. 207-23. Eds. Lal, R., et al. CRC Press
LLC, Boca Raton, Florida. Farm field courtesy U.S. Department of Energy’s Great Lakes Bioenergy Research Center. Urban
landscape courtesy iStockphoto. California map on left courtesy California Energy Commission. California map on right
courtesy California Department of Water Resources. U.S. national power grid map courtesy Federal Emergency Manage-
ment Agency]
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scales that could be considered include a farm,
metropolitan area, river basin, coastal system,
multistate region, or even a continent.

«  Each testbed should address several of the
grand challenges in energy sustainability,
leading to a predictive understanding of
couplings between energy systems and natural
systems (i.e,, land, air, and water) relevant
to the particular testbed. As illustrated in
Fig. 5.2, p. 68, the data, models, energy mix,
and variabilities, as well as energy-water-
land vulnerabilities, approaches, and science
questions, will vary with scale and testbed.

«  Network testbeds should be chosen to
optimize opportunities for advancing the
understanding of how energy-air-water-land
systems couple across scales and strategies
and how they respond to different stressors.
If carefully chosen, synthesis of knowledge,
models, and data across the network will offer
significant, sum-is-greater-than-the-parts
advances toward BERAC’s 20-year vision.

«  Community acceptance of key testbed
characteristics will be a critical component of
success. Envisioned are community workshops
that involve scientists as well as stakeholders
to further refine the network construct and
identify priority criteria.

Synthesis across the testbeds will offer an unprece-
dented opportunity to advance fundamental knowl-
edge needed for developing resilient energy strategies.

Create an Energy Sustainability
Modeling and Synthesis Center

A Center for Energy Sustainability Modeling and
Synthesis (CESMS) would provide a physical loca-
tion for teams to tackle complex interdisciplinary
problems related to energy sustainability challenges
and house a location for the assembly of key data-
bases that would be available both to teams and the
larger scientific energy sustainability community.

Energy sustainability research, appropriately inte-
grated, is highly interdisciplinary. Addressing any
one of its challenges requires the pursuit of mul-
tiple lines of inquiry. Doing this efficiently (i.e.,
taking advantage of potential synergies and better
ensuring integration) will require interdisciplinary
teams working in concert to target a specific chal-
lenge. Envisioned are two types of teams working
at two different temporal scales, funded under the
CESMS umbrella:

« Energy Sustainability Process Teams. Multi-
disciplinary teams working across institutional
boundaries on long-term problems could be
a powerful means to quickly advance energy
sustainability science. For example, the forma-
tion of a team to understand the impacts of
changing climate extremes on energy-water-
land interactions and subsequently on the U.S.
energy infrastructure might draw on a mix of
national laboratory and university scientists,
together with industry stakeholders. The team
would design observations and experiments,
assemble data products, and create the mix
of models required to provide an important
predictive capacity. The complexity of the
problems tackled would require multiyear
commitments by all parties.

« Ad Hoc Energy Sustainability Working
Groups. These teams would work on problems
of more limited scope that could, with CESMS
support, be reasonably expected to resolve a
problem over the course of a year or less via
multiple working group meetings. Ad hoc
proposals would be solicited from multidis-
ciplinary groups that would gather at CESMS
several times to discuss and work on problems
best addressed in a center setting with its cyber-
infrastructure and logistical support. Working
groups also might be assigned a center-based
postdoctoral scientist to facilitate access to
databases and other resources to best synthesize
existing data and models related to a particular
energy sustainability question.
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CESMS also will provide a home for assembling
integrated data products at appropriate resolutions
for energy-land-water resources as elaborated on

in the previous discussion on energy sustainability
testbeds. Primarily, this includes long-term data

for key human and energy system variables not
now available in assembled form from any source.
BERAC proposes an early workshop to identify
community priorities, followed by a funding model
[e.g., perhaps similar to NASA’s Making Earth
Science Data Records for Use in Research Environ-
ments (MEaSUREs) Program], which provides the

necessary data continuity in an internally consistent
way over a period of at least several decades. One
path might be to fund one proposal in each of the
five variable classes identified previously: human
demography, land use intensification, transporta-
tion, economic wealth and trade, and energy use.

Overall, CESMS would provide a means for con-
necting scientists with data in a physical environ-
ment designed to facilitate the multidisciplinary
approaches crucial for addressing key energy sus-
tainability questions, thereby advancing energy sus-
tainability science quickly and efficiently.
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Grand Challenges in Data
Analytics and Computing

Overarching Grand Challenge and 20-Year Vision

Develop the approaches and computational capabilities to collect, store, and analyze large-scale

data across temporal and spatial scales.

Ensuring that Multiscale Scientific
Data Support Scientific Rigor,
from Collection to Analysis

esearch efforts in data analytics and com-
Rputing continue to focus on processing ever

larger amounts of data in a more timely
manner. Additional efforts aim to combine and ana-
lyze complex data at different spatial and temporal
scales to increase understanding and predictability
of natural systems across scales. In further develop-
ing these capabilities, several objectives are crucial:

«  Ensure that scientific data, at whatever scale, are
readily accessible to researchers and the research
community; well documented and maintained,
with identifiable provenance; discoverable; and
referenceable in a rapidly evolving commercial
technology environment and in the presence of
new data collection technologies.

«  Ensure that software system design and
engineering for data analysis and modeling are
focused not only on scalability for today and
tomorrow, but also are readily adaptable to
emerging computer architectures.

« Develop a cross-disciplinary framework,
including the underpinning mathematical,
statistical, and computational tools, to facilitate

model integration across multiple scales with
requisite scientific rigor.

Build capacity to include “human-in-the-loop”
in computational analyses of multimodal
streaming data, which will require a continual
process of incorporating new ways to combine,
visualize, and adjust real-time data streams, along
with mechanisms for enabling experimental
parameters to be changed on the fly.

In its 2010 Grand Challenges report (BERAC
2010), the Biological and Environmental Research
Advisory Committee (BERAC) identified handling
and interpreting the explosion of scientific data

as a primary challenge. Not surprisingly, six of the
seven 2010 recommendations in the chapter, Grand
Challenges in Computing for Biological and Envi-
ronmental Research, were focused on data-related
issues, from promoting more standardization in
data capture and analysis methods to developing
new computing paradigms to harness extreme-scale
parallelism <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>