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Based at Princeton University, the Carbon
Mitigation Initiative (CMI) is an independent
academic research program sponsored
by BP and administered by the Princeton
Environmental Institute (PEI). Established
in 2000, CMI is Princeton’s largest and most
long-term industry-university relationship.
Its mission is to lead the way to a compelling
and sustainable solution to the carbon and
climate change problem.
CMI currently includes 16 lead faculty
investigators and over 50 research staff
and students. The program brings together
scientists, engineers, and policy experts to
investigate the dual challenge of supplying
the energy that the world needs without
emitting greenhouse gases that change
the climate. Since its inception, CMI has
been committed to the dissemination of its
research findings so they may benefit the
larger scientific community, government,
industry, and the general public.
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New Initiatives
One of the unique characteristics of CMI is that it continually readjusts its
programming based upon new scientific discoveries, technological advances,
and changing political landscapes. Over the past few years, CMI commenced
several new initiatives, the most recent of which are the Net-Zero America
project, the Soil Carbon project, and the Methane project.

Net-Zero America

Realizing net-zero emissions of greenhouse gases in the United
States requires serious efforts based on realistic, real-world
assessments. The Net-Zero America project aims to provide
policy makers with the necessary analyses to pursue net-zero
goals including estimates of plant and infrastructure buildouts along with an assessment of impacts on industries,
communities, existing infrastructure and the natural
environment.

Soil Carbon

To understand the complicated role stored carbon plays in
global climate, a team of CMI researchers is investigating the
role clay minerals play in storing carbon and how this carbon
might be released. The team is also researching how moisture
affects organic carbon decomposition, soil-carbon residence
time, and carbon capture by rock weathering. Understanding
these processes is a key component to the implementation of
emissions cuts required by the Paris Climate accords.

Methane

Methane (CH4) is the second most important anthropogenic
climate forcer after carbon dioxide. Determining the
importance and mechanisms of different methane sources and
sinks across temporal and spatial scales remains a
fundamental challenge for the scientific community. A team of
CMI researchers is undertaking three complementary research
projects to address critical unknowns in methane cycling.
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Ongoing Research Focus
•

how global warming and anthropogenic activities are impacting
the concentration of oxygen in the world’s oceans;

•

how climate and volcanic eruptions are changing cyclone activity;

•

understanding carbon storage in terrestrial vegetation under
climate change;

•

how agricultural irrigation and tropical forests influence
worldwide climate change;

•

measuring anthropogenic methane emissions associated with the
oil and gas industry; and

•

optimizing clay-based sustainable cements in order to reduce
carbon emissions.
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Annual Meeting

The 18th CMI Annual Meeting marked yet another milestone as
it celebrated its third renewal. Commencing in 2000 with a
10-year contract, the program has since undergone three
five-year renewals with BP (2010-15, 2015-20, and the latest in
2020-25).
In announcing this renewal, Princeton University’s
president Christopher L. Eisgruber stated that Princeton has
long been a place of innovation—a place where world-class
researchers come together to tackle scholarly and practical
problems in inventive ways. “CMI has steadily shaped the
national dialogue on climate science and carbon mitigation,”
he said. Joining in the announcement, BP’s group head of
technology David Eyton exclaimed this is the third time he has
had the pleasure of announcing an extension of CMI.
The 2019 annual meeting was held April 16-17 in the Friend
Center Convocation Room on the Princeton campus.

Princeton University President
Christopher L. Eisgruber (right)
and David Eyton, group head
of technology at BP, shook
hands during the Carbon
Mitigation Initiative renewal
announcement. The program
is extended for an additional 5
years, through 2025. (Photo by
Sameer A. Kahn/Fotobuddy)

Eyton and Eisgruber also thanked CMI’s co-directors Stephen
Pacala and Robert Socolow for their outstanding leadership of
the program over the past 19 years.
Pacala, the Frederick D. Petrie Professor in Ecology and
Evolutionary Biology, will continue as director, while Socolow,
professor emeritus of mechanical and aerospace engineering,
announced his decision to resign as co-director. He will
continue as a senior advisor to the program.
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Above
Robert Socolow, professor
emeritus of mechanical and
aerospace engineering and
CMI co-director, was honored
at the CMI Annual Meeting,
which followed a well-attended
day-long symposium, “Destiny
Studies for a Small Planet,”
which he organized. (Photo by
Sameer A. Kahn/Fotobuddy)

Socolow was honored at the CMI Annual Meeting which
followed a well-attended day-long symposium, “Destiny
Studies for a Small Planet,” which he organized.
Also celebrated at the Annual Meeting was Gardiner Hill, who
has been BP’s relationship manager for CMI since the
program’s inception. Hill, recently promoted by BP to vice
president of carbon management, passed the baton to Liz
Rogers, vice president of environmental technology, now the
designated relationship manager.

(Left to right) Liz Rogers, BP
vice president of environmental
technology and new BP Princeton
relationship manager; Robert
Socolow, professor emeritus
of mechanical and aerospace
engineering and outgoing CMI
co-director; David Eyton, BP group
head of technology; Christopher L.
Eisgruber, President of Princeton
University; Gardiner Hill, BP vice
president of carbon solutions and
outgoing BP Princeton relationship
manager; Cindy Yeilding, senior
vice president of BP America and
Princeton’s executive sponsor; and
Stephen Pacala, the Frederick D.
Petrie Professor in Ecology and
Evolutionary Biology who will
continue as director of CMI. (Photo
by Sameer A. Kahn/Fotobuddy)
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Participants and attendees included Princeton faculty and
researchers, postdoctoral fellows and graduate students, and
colleagues from BP, the Geophysical Fluid Dynamics
Laboratory, 10 national and international universities, several
environmental non-profit organizations and policy thinktanks.
During a reception, Hill presented two CMI Best Paper Awards.
This award is presented to a CMI-affiliated postdoctoral
research associate or associate research scholar for his or her
contributions to an important CMI paper published within the
past two years.
Kieran Bhatia, a former Princeton postdoctoral research fellow,
received the award for his paper “Projected response of tropical
cyclone intensity and intensification in a global climate model,”
published in The Journal of Climate. Bhatia is now the climate
science program lead at BP.

BP vice president of carbon
management Gardiner Hill
(right) presented one of
two 2019 CMI Best Paper
Awards to former Princeton
Postdoctoral research fellow
Kieran Bhatia (center). Bhatia’s
former advisor Gabriel Vecchi,
professor of geosciences,
joined in the presentation.
(Photo by Sameer A. Kahn/
Fotobuddy)
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Brandon Reichl, now a postdoctoral research associate at
Princeton, received the award for his paper “A simplified
energetics based planetary boundary layer (ePBL) approach for
ocean climate simulations,” published in Ocean Modelling.

A second 2019 CMI Best Paper
Award was presented by Hill to
Princeton postdoctoral research
associate Brandon Reichl (center).
Reichl’s former advisor, Elena
Shevliakova, a physical scientist
and senior climate modeler, also
participated in the presentation.
(Photo by Sameer A. Kahn/
Fotobuddy)

2019 CMI Annual Meeting group photo. (Photo by Sameer A. Kahn/Fotobuddy)
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Collaborations

CMI continued active engagement with three outstanding
research programs BP has long supported: the Center for the
Environment at Harvard University; the Center for
International Environment and Resource Policy at Tufts
University; and the Thermal Engineering Department and the
Tsinghua-BP Clean Energy Research and Educational Center at
Tsinghua University.
In addition, the National Academies of Sciences, Engineering,
and Medicine appointed Pacala as chair of a new Committee
on Accelerating Decarbonization in the United States:
Technology, Policy, and Societal Dimensions. The Committee
will examine the status of technologies, policies, and societal
factors needed for decarbonization and recommend research
and policy needs, focused on the near and midterm (5-20
years). Jesse Jenkins and Kelly Gallagher, co-director of the
Center for International Environment and Resource Policy at
Tufts University, are among those appointed as committee
members. Jenkins, assistant professor in the Department of
Mechanical and Aerospace Engineering and the Andlinger
Center for Energy and the Environment, is a new addition to
both Princeton and CMI. Jenkins is a macro-scale systems
engineer focusing on the rapidly evolving electricity sector.

Jesse Jenkins, new CMI PI

Honors

9

In 2019, numerous honors and prizes were awarded to CMI
scholars including: the Weldon Memorial Prize from Oxford to
Stephen Pacala; the 2020 John Dalton Medal from the
European Geosciences Union to Amilcare Porporato; a 2019
Sloan Research Fellowship to Laure Resplandy; a 2019 National
Academy of Inventors Fellow to Howard Stone; the 2019
Gustavo Colonetti Medal to Claire White; and a Simons
Foundation Early Career Fellowship to Xinning Zhang.
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New Additions to
CMI Leadership

A newly created CMI executive committee composed of CMI
faculty will serve as advisors to Pacala. In addition to Pacala,
the committee includes Jonathan Levine, professor of ecology
and evolutionary biology, who recently joined Princeton and
CMI, and Amilcare Porporato, the Thomas J. Wu ’94 Professor
of Civil and Environmental Engineering and PEI.

(LEFT) Jonathan Levine,
new CMI PI and member of the
new CMI Leadership Team
(RIGHT) Amilcare Porporato,
member of the new CMI
Leadership Team

Also in this report, each of the PIs or teams of PIs selected one
research highlight from 2019 to feature and provided context
for the work. For each highlight, a short summary is provided
referred to as “At a Glance.” These highlights are supplemented
by a complete list of this year’s publications beginning on page
54.
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Research – At a Glance
The Net-Zero America Project:
Finding Pathways to a Carbon-Neutral Future
PRINCIPAL INVESTIGATORS: ERIC LARSON, CHRIS GREIG, AND JESSE JENKINS

Realizing net-zero emissions of greenhouse gases in the United States requires planning based on realistic,
real-world assessments. The Net-Zero America Project aims to provide policy makers with analyses to support
such planning. These analyses include estimates of key infrastructure build-outs across the country and
potential impacts on industries, communities, existing infrastructure and the natural environment.

Net-Zero America Project and Modeling of
the Global Carbon Cycle and Terrestrial Biosphere
PRINCIPAL INVESTIGATOR: STEPHEN PACALA

Pacala organized and initiated a new effort entitled the Net-Zero America Project (NZAP) described in the
previous highlight. The project aims to provide policy makers with the necessary analyses to determine a
pathway to net-zero greenhouse emissions in the United States. The outcomes of the work are already
informing a new National Academies of Science, Engineering and Medicine Committee to which Pacala was
appointed chair. The Pacala laboratory also continued its past efforts to improve modeling of the global carbon
cycle and terrestrial biosphere.

Understanding the Soil Carbon Sink
PRINCIPAL INVESTIGATORS: IAN BOURG, AMILCARE PORPORATO, HOWARD STONE, AND XINNING ZHANG

To understand the complicated role stored carbon plays in global climate, Princeton researchers are
investigating three important areas. The first two research highlights focus on the role clay minerals play in
storing carbon, and how this carbon might be released as a result of, respectively, microorganisms and the
dynamic interplay of water molecules. The third highlight looks at how moisture affects organic carbon
decomposition in two key areas, iron-redox cycling and carbon sequestration by rock weathering. These
highlights are important because there is more carbon locked up in soils than there is in the atmosphere.
Understanding the processes by which soils store – and other factors might release – this carbon is crucial to
any implementation of emissions cuts as required by the Paris Climate Accords.
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The CMI Methane Project: Understanding the Biogeochemical
Controls, Sources, and Sinks of Methane Using Experimental
and Modeling Approaches
PRINCIPAL INVESTIGATORS: XINNING ZHANG (GEO), ELENA SHEVLIAKOVA (GFDL), AND VAISHALI NAIK (GFDL)

Methane (CH4) is the second most important anthropogenic climate forcer after carbon dioxide. Determining
the importance and mechanisms of different methane sources and sinks across temporal and spatial scales
remains a fundamental challenge for the scientific community. Three complementary CMI projects address
critical unknowns in methane cycling. The first shows how microbial dynamics associated with changes in
wetland oxygen content can stimulate wetland CH4 emissions (Highlight 1). This has important implications
for ongoing efforts to use wetlands for carbon mitigation as climate change alters hydrology in wetland rich
regions. The second highlight uses a NOAA-GFDL state-of-the-art model of methane cycling on land for use in
Earth System Models to predict the activity of key microbial groups involved in carbon decomposition and
methane emission (Highlight 2). Finally, CMI research with the GFDL chemistry climate model links recent
atmospheric methane trends to increasing methane emissions, possibly from energy, agriculture, and waste
sectors, and changes in the methane hydroxyl radical sink (Highlight 3).

Climate Change and Oxygen in the Ocean
PRINCIPAL INVESTIGATOR: LAURE RESPLANDY

A serious threat from global warming and anthropogenic activities is the loss of oxygen in the world’s oceans
(Levin 2018). The Resplandy group leverages cutting edge high-resolution ocean and Earth System Models to
constrain future ocean de-oxygenation and anticipate the occurrence of “dead zones” threatening coastal
ecosystems and populations in the Indian Ocean.

Cyclone Intensity and Climate Change
PRINCIPAL INVESTIGATOR: GABRIEL VECCHI

The intensity of tropical cyclones is expected to increase as a consequence of global climate change. Over the
past year, the Vecchi group has investigated how climate is impacting one of the main hazards of cyclones –
increased rainfall. The Vecchi group suggests that increases in atmospheric moisture and storm intensity
combine to enhance the response of cyclone rainfall to warming. They are also investigating how volcanoes,
specifically through sulfate injection into the stratosphere, impact cyclone activity and regional rainfall.
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Transient Carbon Storage in Terrestrial
Vegetation under Climate Change
PRINCIPAL INVESTIGATOR: JONATHAN LEVINE

Terrestrial vegetation, such as trees and shrubs, absorbs atmospheric CO2, which is a boon in the global battle
against climate change. But how well vegetation will continue to do so in the future remains uncertain.
Modeling results show that time lags between tree growth responses to a changing atmosphere, and a
subsequent increase in mortality of the larger trees, can generate short-term carbon gain but long-term carbon
loss, a worst-case scenario for containing future warming.

The Effects of Agricultural Irrigation and
Tropical Forests on Global Climate Change
PRINCIPAL INVESTIGATOR: ELENA SHEVLIAKOVA

Elena Shevliakova, NOAA/Geophysical Fluid Dynamics Laboratory (GFDL) scientist and Pacala Lab
collaborator, is overseeing two novel climate-related studies. The first is aimed at understanding how remote
irrigation practices, some as far east as Eurasia, influence precipitation patterns in Africa’s Sahel, the transition
zone between the northern Sahara Desert and the southern savanna. The second explores the role of tropical
forests in the global carbon cycle and worldwide climate change and how to improve representations of these
forests in climate models and project their fate. Both studies promise to enhance our understanding of how
anthropogenic and natural processes relate to global climate change.

Measurements of Anthropogenic Methane (CH4) Emissions
associated with the Oil and Gas Industry
PRINCIPAL INVESTIGATOR: MICHAEL CELIA

Methane (CH4) is a significant greenhouse gas. After carbon dioxide, it is the second most important
anthropogenic greenhouse gas affecting Earth’s climate. Researchers report widespread underestimation of
methane leakage from both abandoned wells and ongoing oil and gas operations.
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Addressing the CO2 Emissions from Industry:
Nano-Engineering Novel Sustainable Cements and
the Fundamentals of Silicates Dissolution
PRINCIPAL INVESTIGATOR: CLAIRE WHITE

Industrial carbon dioxide (CO2) emissions are difficult to reduce. They require the development of innovative
technologies based on fundamental science and engineering. The Sustainable Cements Group is researching
ways of reducing emissions attributed to the cement industry, a project that is supported by CMI funding.
Researchers are focusing their efforts on the optimization of clay-based sustainable cements and the discovery
of the fundamental steps involved in weathering of silicate-rich minerals and related materials. Recent
progress includes the successful synthesis and characterization of nano-zeolites and assessment of their
performance in sustainable cements. Researchers are also using synchrotron X-ray reflectometry and smallangle X-ray scattering to probe the permeability and transport of ions through nanometer-thin silica-rich
surface layers. These layers are thought to control dissolution of silicate-rich minerals under certain
conditions.

Carbon Mitigation Initiative

Nineteenth Year Report 2019

14

The Net-Zero America Project:
Finding Pathways to a Carbon-Neutral Future
PRINCIPAL INVESTIGATORS: ERIC LARSON, CHRIS GREIG, AND JESSE JENKINS

At a Glance

Realizing net-zero emissions of greenhouse gases in the United
States requires planning based on realistic, real-world
assessments. The Net-Zero America Project aims to provide
policy makers with analyses to support such planning. These
analyses include estimates of key infrastructure build-outs
across the country and potential impacts on industries,
communities, existing infrastructure and the natural
environment.

Research Highlight

A growing number of US politicians and interest groups have
pronounced targets of net-zero emissions (NZE) by 2050 (or
sooner). This project will quantify execution challenges and
potential impacts over time for NZE technology pathways for
the US economy.
To date, researchers have used a suite of energy-system models
to define alternative NZE pathways for US energy and
industrial systems at a coarse (14-region) geospatial resolution.
The modeling considers carbon dioxide (CO2) emissions from
energy and industrial systems, as well as non-CO2 emissions
and the role that carbon absorption by soils and trees (the
“land sink”) might play over time. The balance in 2050 between
remaining non-CO2 emissions and the land sink determines
the allowable emissions from energy and industrial systems:
net negative 0.17 Gt/y of CO2 emissions.
The starting point for identifying each NZE pathway is the US
Department of Energy’s Annual Energy Outlook Reference Case
projections. That document projects energy-service demands
throughout the economy up to 2050. These include passenger
vehicle road-miles and air-miles traveled, residential and
commercial floor area provided with heating, cooling and
lighting, outputs of industries, and others. Industrial energy
service demands were adjusted to minimize “offshoring” of
emissions beyond today’s level.
The researchers rely on a linear-programming optimization
model that incorporates projected energy service demands
together with exogenously-specified market penetration rates

15
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of energy end-use technologies. The model chooses the mix of
primary energy sources and conversion technologies that meet
the service demands and achieve NZE by 2050. It makes
supply-side choices that minimize the net present value of
total energy supply system capital and operating costs from
2020 to 2050. It assumes perfect 30-year foresight, seamless
integration of electricity, buildings, industry and
transportation sectors, and economically rational decisionmaking across society.
The researchers model a Reference (“business-as-usual”)
pathway based on the technologies and energy-supply mixes
envisioned in the Annual Energy Outlook Reference Case. NZE
pathways are underpinned by adoption of high-efficiency
end-use energy systems, differing extents of end-use
electrification, and a variety of technologies for decarbonizing
both electricity and fuels.
Figure 1.1 shows modeled CO2 emissions trajectories and
associated fossil fuels used in the Reference and four NZE
pathways. Biomass use in each of these NZE pathways grows to
13 Exajoules (13 x 1018 Joules) in 2050, the estimated biomass
that could be supplied without new lands being dedicated to
energy production. (Sensitivity studies are examining higher
biomass pathways.) The NZE pathway names reflect key
exogenous assumptions and constraints. In the E+ and Epathways, end-use electrification in transportation and
buildings is high and less-high, respectively. In the REpathway, the rate of growth in wind and solar electricity is
constrained, while in the RE+ pathway, 100% of primary
energy supply is from renewable sources by 2050.

Figure 1.1.
CO2 emissions for
the US energy and
industrial system in
different pathways.
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Coal use all but disappears by 2030 in all NZE cases. Oil use
falls 75%, 65%, and 50% relative to the Reference case in E+, E+
RE-, and E- cases. Natural gas use also declines significantly
by 2050 in all cases except E+ RE-, for which the growth in
renewable energy is exogenously constrained. Storage of
carbon in products such as plastics sequesters 0.4 Gt CO2/year
in 2050 in all scenarios, and geologic sequestration of CO2 is
significant (0.9 to 1.7 Gt per year in 2050). The exception is E+
RE+, for which carbon sequestration is exogenously disallowed.
When the rate of end-use electrification is constrained (E-), an
additional 0.4 Gt per year of CO2 must be sequestered by 2050
than with high electrification (E+). This is to offset additional
fossil fuel use outside the electricity sector in E-. CO2 storage
requirements are still larger when solar and wind expansion is
constrained (E+ RE-).
E+ RE+ disallows fossil fuels, CO2 sequestration, and nuclear
power by 2050. As a result, dramatically more electricity
generation is required by 2050 from wind and solar PV (Figure
1.2). Interestingly, electricity generation in 2050 is higher in
E- than in E+, despite end-use electrification being higher in
the latter. This is due to the need for electrically-derived fuels
in E- to supplement the supply of net zero-carbon fuels made
from biomass or fossil fuels.

Figure 1.2.
Annual electricity
generation for the
U.S., 2020 – 2050, in
the Reference and
NZE pathways. Total
installed generating
capacity in 2050 in
these cases (left to
right) are 1600, 3800,
3200, 2400, and 6300
GW, respectively. For
comparison, total
installed generating
capacity in the U.S.
today is about 1100
GW.
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The largest portion of increased electricity generation in every
pathway comes from wind and solar resources. In E+ RE+,
wind and solar account for essentially all generation in 2050.
The lowest solar and wind fraction (45%) is in E+ RE-, where
the annual growth of wind and solar are constrained to
historical record rates. Nuclear and natural gas plants with CO2
capture and storage supply most of the remaining electricity
demand in that case. The annual capacity growth rates for
solar and wind that must be sustained over multiple decades
in all cases except E+ RE- exceed the historical maximum
build rates recorded for any nation in a single year (Figure 1.3).
In the case of E+ RE-, the required annual build of both nuclear
and natural gas with CO2 capture and storage by the 2030s and
2040s is without historical precedent (Figure 1.4).

Figure 1.3.
Average annual capacity
additions of wind
and solar generators in
NZE pathways.

Despite the large contributions from wind and solar to
electricity generation, curtailments are minimized in all cases
(Figure 1.2). This is achieved by coupling wind and solar
generation with large loads that operate flexibly. These loads
include electric industrial boilers installed redundantly with
fuel-fired boilers and electrolyzers producing hydrogen from
water. In some cases, considerable amounts of hydrogen are
used directly for fuel and as an intermediate energy carrier
combined with captured CO2 to make hydrocarbon fuels.
Direct capture of CO2 from air is another large flexible user of
electricity in some cases.
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Figure 1.4.
Average annual capacity
additions of thermal
generators in NZE pathways.

Broader implications of NZE scenarios include significant
shifts in demand-side investment choices and use patterns;
widespread industrial transformation; streamlining of public
and private-sector investment decision-making processes to
drive the capital-intensive transition; high costs to
decarbonize remaining liquid and gaseous fuel use; major
reform of markets to de-risk and incentivize certain
investments; rapid expansion of new industrial capacity and
supply chains; significant disruption to incumbent sectors and
shifts in employment needs; increased impacts on surface and
sub-surface natural environments; and heightened sensitivity
by decision makers to impacts of the transition so as to help
assure broad social license and community acceptance of
changes.
Ongoing work includes downscaling the aggregate regionalscale NZE pathways to state or sub-state spatial scales. The
goal is to quantify the on-the-ground magnitude, cost, spatial
distribution, and pace of key required plant and infrastructure
investments and activities at local levels from 2020 to 2050.
Analysis of NZE pathways at this scale is a critical contribution
to the research literature and will provide more actionable
guidance for policy makers and stakeholders across the US.

19
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Net-Zero America Project and Modeling of the
Global Carbon Cycle and Terrestrial Biosphere
PRINCIPAL INVESTIGATOR: STEPHEN PACALA

At a Glance

Stephen Pacala organized and initiated a new effort entitled
the Net-Zero America Project (NZAP) described in the previous
highlight. The project aims to provide policy makers with the
necessary analyses to determine a pathway to net-zero
greenhouse emissions in the United States. The outcomes of
the work are already informing a new National Academies of
Science, Engineering and Medicine Committee to which
Pacala was appointed chair. The Pacala laboratory also
continued its past efforts to improve modeling of the global
carbon cycle and terrestrial biosphere.

Research Highlight

During the past year, Pacala recruited Eric Larson, Chris Greig
and Jesse Jenkins as the project’s PIs, and met periodically
with the team throughout the year to review progress and help
steer strategy. NZAP is reviewed in full elsewhere (see pages
15-19) in this report. When the first phase is finished later this
year, NZAP will focus on a host of real-world questions about
any transition to net-zero. How much will each alternative
cost? What infrastructure must be constructed and on what
schedule? How many miles of pipe and electrical transmission
lines? How much steel and aluminum? How many gas plants
with carbon capture and sequestration (CCS), nuclear plants,
wind turbines and commercial solar projects? How many
residential heat pumps and electric car recharging stations?
How much newly planted forest? How many people must be
trained and hired? How many jobs would be created and lost?
What regulatory burdens and other barriers must be overcome?
Pacala was selected as Chair of a complementary effort by the
National Academies of Science, Engineering and Medicine,
which began in March, 2020. Unlike NZAP, which explicitly
steers clear of both normative statements and policy analysis,
this effort focuses on policy and societal impacts as well as on
the techno-economic dimensions. The Academies’ effort has
already benefited from the techno-economic assessments
developed by NZAP. These allow it to concentrate efforts on
policy and societal impacts, which will be pivotal in any policy
debate.
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NZAP has also uncovered a critical need for open-access
software tools to help governments and companies plan and
understand the transition to net zero. CMI will devote
substantial effort over the next five years to produce new
software tools.
Pacala’s laboratory also continued its past efforts to advance
modeling of the global carbon cycle and terrestrial biosphere.
The goal of this work is to improve climate predictions and to
reduce uncertainty about the emissions cuts needed to stay
beneath a temperature target. Both will reduce uncertainty
and improve understanding of environmental impacts of
natural carbon solutions.
In addition, Pacala’s group and GFDL researchers published a
new and improved land component of the GFDL Earth System
Model, which has now participated in the model-comparison
for the next IPCC report (CMIP6). They also published two
papers on improvements that make the model much better at
representing tropical rain forests (led by CMI postdoctoral
fellow Isabel Martinez Cano). Pacala’s group also continued
work on worrisome data indicating that vines may be taking
over tropical rainforest worldwide, which would have a serious
impact on atmospheric CO2 (led by CMI postdoctoral fellow
Marco Visser). They demonstrated a progressive shift to
vine-dominated forest in Panama and are still working on a
global assessment using remote sensing.
Finally, as the land components of Earth System Models have
gained realism, they have started to predict one of the most
obvious features of the biosphere – the coexistence of many
plant species in the same location – despite not being explicitly
designed to do so. This development is analogous to the
spontaneous emergence of the ENSO (El Niño and La Niña) or
hurricanes in ocean-atmosphere models, once the grid
resolution became sufficiently small. It offers the intriguing
possibility of attacking the climate and biodiversity problems
with a single integrated modeling tool. Pacala and CMI
postdoctoral fellow Matteo Detto are following this line of
investigation by studying the coexistence phenomenon
mathematically.

21
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Figure 2.1.
A new model for the land surface, including
land use and the terrestrial carbon cycle, was
implemented in GFDL’s Earth System Models
this year. CMI has been investing in this effort
consistently for over a decade. The new LM4
model makes predictions across a range of
scales. Panels on the right compare global
patterns of ecosystem carbon uptake (Gross
Primary Production [GPP] in upper right) and
carbon storage (lower right). Panels on the left
show population-level phenomena: predicted
vs. actual tree size distributions (upper left) and
competitively dominant plant types (lower left).

Carbon Mitigation Initiative

Nineteenth Year Report 2019

22

Understanding the Soil Carbon Sink
PRINCIPAL INVESTIGATORS: IAN BOURG, AMILCARE PORPORATO, HOWARD STONE, AND XINNING ZHANG

At a Glance

To understand the complicated role stored carbon plays in
global climate, Princeton researchers are investigating three
important areas. The first two research highlights focus on the
role clay minerals play in storing carbon, and how this carbon
might be released as a result of, respectively, microorganisms
and the dynamic interplay of water molecules. The third
highlight looks at how moisture affects organic carbon
decomposition in two key areas, iron-redox cycling and carbon
sequestration by rock weathering. These highlights are
important because there is more carbon locked up in soils than
there is in the atmosphere. Understanding the processes by
which soils store – and other factors might release – this
carbon is crucial to any implementation of emissions cuts as
required by the Paris Climate Accords.

In the soils lab, left to right, Howard Stone, Judy Yang and Ian Bourg studying 4D images that
reveal mechanisms of clay-carbon protection and release. (Photo courtesy of Howard Stone)
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Research Highlight 1

Clay minerals have long been assumed to protect organic
matter from decomposition. They do this by absorbing and
retaining organic matter in soil despite accelerated rates of
decomposition caused by global warming. However, field
measurements show that after small molecular-size
biodegradable sugars (e.g., root exudates) were input into soil,
the amount of soil carbon decreased significantly in a short
period of time (such as days). This suggests that clayassociated carbon may be released, which would accelerate
climate change.
Scientists need a more detailed understanding of the carbon
sorption and release processes to accurately predict global
climate, and potentially suggest carbon mitigation strategies.
Such an understanding, however, is hindered by lack of
technology to measure the carbon distribution inside clay
aggregates in real time. Such real time measurement is critical
because the organic matter sorption and release can occur in
only a matter of days.

Figure 3.1.
This figure shows how
“large”-size organic matter
is irreversibly sorbed to
clay aggregates (the solid
gray-to-black curve).

The researchers used laponite, a synthetic and transparent
smectite clay made from natural minerals, to provide the first
4-D observation (three spatial dimensions plus time) of the
organic matter sorption-release processes inside transparent
clay micro-aggregates. The results show that, unlike “small”
molecular-size sugars, which can be adsorbed to and desorbed
from clay reversibly, “large” molecular-size organic matter is
irreversibly sorbed to clay. It is physically separated from
bacteria, which cannot penetrate the nano-size pores of clay
micro-aggregates.
Figure 3.1 below shows how “large”-size organic matter is
irreversibly sorbed to clay aggregates (the solid gray-to-black
curve). The curve represents the amount of “large”-size
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organic matter in clay, and the adjacent images “a-e” are the
confocal microscopy snapshots of the micro-aggregates at
different times. The fluorescent organic matter is green, and
the silver color indicates the outer surface of the clay
aggregate. The dashed gray-to-black curve shows the reversible
sorption of a “small” molecular-size sugar (glucose) for
comparison.
The researchers visualized the sorption and release of carbon
from clay micro-aggregates in the presence of bacteria and
extracellular enzymes. They observed that enzymes can
penetrate aggregates and break down the irreversibly sorbed
organic matter into smaller sizes. The organic matter is then
released, becoming available to bacteria outside the aggregate.
The integrated conceptual model shown in Figure 3.2
summarizes this process. The results explain the intensified
release of mineral-protected carbon observed in the field.
Results further suggest that bacteria and extracellular
enzymes play important roles in soil carbon dynamics, yet
they have not been fully represented in current global soil
carbon predictive models. Based on the results of this study
(Yang et al. 2020), the authors suggest an improved global soil
carbon predictive model.

Figure 3.2.
An integrated
conceptual model
for interactions
between clay,
carbon, microbes,
and exoenzymes
is proposed. Note:
drawing not to scale.
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Research Highlight 2

The researchers used supercomputers provided by the US
Department of Energy to carry out the first large-scale
atomistic simulation of a hydrated clay aggregate (Underwood
and Bourg, 2020). The purpose was to gain insight into the
environment that exists within clay aggregates. The
researchers generated an aqueous suspension of 30 clay
nanoparticles with dimensions and crystal structures similar
to the clay used in the previous Research Highlight. The
modeled systems were then slowly hydrated during a 150 ns
simulation, at a computational cost of several million hours of
CPU time (Figure 3.3). Simulation results (including first-of-akind predictions of total suction as a function of porosity)
showed that hydrated clay aggregates equilibrated with pure
water should spontaneously phase-separate into dense
nanoporous regions (where organic molecules may become
physically “protected”) and microporous regions (where water
can flow and soil bacteria can live). Simulation results further
showed that water molecules and adsorbed ions remain
remarkably mobile even in dense clay aggregates if the system
remains water-saturated. But their mobility decreases rapidly
once drying begins as air bubbles invade the medium. This
process is similar to the impact of drying on bacterial
metabolism.

Figure 3.3.
Molecular dynamics
simulation snapshots
during the progressive
dehydration of a 25 x
25 x 40 nm clay-water
systems containing
30 smectite
nanoparticles. Yellow,
red, light blue, and
pink spheres show
clay Si, O, Al, and
Mg atoms; dark
blue spheres show
exchangeable Na ions;
water molecules are
not shown.
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Research Highlight 3

Hydrologic variability modulates the interactions between
organic matter, clay and rock minerals. As a result, actual
carbon fluxes and residence time differ from those observed in
controlled simulations and laboratory experiments. To bridge
this gap, researchers developed a dynamical system to analyze
the coupling between iron and carbon dynamics in the soil
root zone as driven by soil moisture. Emphasis was placed on
the interaction of soil organic matter, the Fe-reducing
population, the iron Fe2+-Fe 3+ cycling, and the soil moisture
level, which controls the redox rates (Figure 3.4). Similar to
what has been observed in a tropical forest, the results suggest
that soil moisture and litterfall rates are the primary drivers of
iron fluctuations at daily-to-seasonal temporal scales. This
contributes to improved quantification of the role of the soil
iron cycle in the decomposition of the organic matter.

Figure 3.4.
Schematic of iron-redox
cycling in soils and its
effect on organic carbon
decomposition.
After Calabrese et al.
(submitted, 2019).

The research led to the discovery of an optimum regime for
regenerating Fe3+ electron acceptors for iron reduction in
upland soils (Calabrese et al. 2019). In the predominantly oxic,
upland soils, periods of high wetness trigger anaerobic
processes such as iron (Fe) reduction within the soil microsites.
This has implications for organic matter decomposition, the
fate of pollutants, and nutrient cycling. In fluctuating O2
conditions, Fe reduction is maintained by the re-oxidation of
ferrous iron, which renews the electron acceptor, Fe 3+, for
microbial Fe reduction. When optimal conditions are not
replicated, the duration of the oxic or the anoxic phase limits
the regeneration of Fe 3+ or its reduction rate, respectively. The
average duration of the oxic and anoxic intervals is linked to
the frequency and mean depth of precipitation events that
drive the dynamics of soil moisture. This is illustrated in
Figure 3.5, where a tropical (Luquillo CZO) and a subtropical
(Calhoun CZO) forest are compared. The tropical site
maintains a high potential for iron reduction throughout the
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year, due to quick and frequent transitions between oxic and
anoxic conditions. By contrast, seasonality strongly affects the
subtropical site, which limits iron reduction to winter and
early-spring months with higher precipitation and lower
evaporative demand.

Figure 3.5.
Soil moisture (a)
duration of anoxic
conditions (b) iron
reduction phase
(c) Reduced iron
concentration. After
Calabrese et al. (d)
Temporal evolution of
Fe2+ over the course
of a year (the inset
show details of the
iron-redox cycles in
March) (submitted,
2019).

Chemical weathering occurs when minerals dissolve during
contact between meteoric water and the continental crust.
Hydrologic controls on this process are responsible for the
production and percolation of carbonates that are sequestered
in oceans. It is important for scientists to understand how
environmental conditions, such as climate and geology, affect
chemical weathering rates for the long-term stability of such
crucial areas as the Critical Zone. Understanding chemical
weathering is also crucial to estimate the effectiveness of the
so-called enhanced mineralization techniques proposed in
geoengineering for carbon mitigation (e.g., Hartmann et al.,
2013). The researchers applied the Pi-theorem of dimensional
analysis to available datasets to show that a strong relation
between chemical depletion, precipitation and potential
evapotranspiration underlines the primary role of wetness on
chemical weathering of parent materials (Figure 3.6). They
estimated the spatial distribution of chemical depletion
fraction and found that, globally, soils are 50% chemically
depleted, 60% of the land is in kinetic-limited conditions,
while only 10% is supply-limited. The remaining 30% of the
land is in a transitional regime and susceptible to changes in
wetness.
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Figure 3.6.
Global data of normalized
weathering rates as a
function of Dryness
Index, DI (potential
evapotranspiration rate
divided by mean rainfall
rate). Calabrese and
Porporato (in preparation).
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The CMI Methane Project: Understanding the Biogeochemical
Controls, Sources, and Sinks of Methane Using Experimental
and Modeling Approaches
PRINCIPAL INVESTIGATORS: XINNING ZHANG (GEO), ELENA SHEVLIAKOVA (GFDL), AND VAISHALI NAIK (GFDL)

At a Glance

Methane (CH4) is the second most important anthropogenic
climate forcer after carbon dioxide. Determining the
importance and mechanisms of different methane sources and
sinks across temporal and spatial scales remains a
fundamental challenge for the scientific community. Three
complementary CMI projects address critical unknowns in
methane cycling. The first shows how microbial dynamics
associated with changes in wetland oxygen content can
stimulate wetland CH4 emissions (Highlight 1). This has
important implications for ongoing efforts to use wetlands for
carbon mitigation as climate change alters hydrology in
wetland rich regions. The second highlight uses a NOAA-GFDL
state-of-the-art model of methane cycling on land for use in
Earth System Models to predict the activity of key microbial
groups involved in carbon decomposition and methane
emission (Highlight 2). Finally, CMI research with the GFDL
chemistry climate model links recent atmospheric methane
trends to increasing methane emissions, possibly from energy,
agriculture, and waste sectors, and changes in the methane
hydroxyl radical sink (Highlight 3).

Research Highlight 1

Atmospheric CH4 has risen to levels roughly 150% above
preindustrial concentrations due to human activities. These
levels continue to rise despite a short period of stabilization
between 1999 and 2006. The CMI Wetland Project uses
measurements to identify the biological and chemical
mechanisms that promote methane emission from wetlands.
Wetlands are dominant but highly variable sources of methane
that are predicted to play a critical role in carbon-climate
feedbacks. Methane emission in these areas is shaped by a
complex and poorly understood interplay of microbial,
hydrological, and plant-associated processes which vary in
time and space. The set of conditions promoting the greatest
methane emission from wetlands remains unknown.
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CMI Researchers have investigated the microbial and chemical
pathways that regulate methane emissions from acidic
wetlands, important carbon reservoirs at high latitudes. By
analyzing peat microbiomes during a transition from oxygen
rich to poor conditions, they have shown that oxygenation
stimulates the growth of key aerobic microorganisms with the
capability of liberating carbon from recalcitrant polyphenolic
compounds. This leads to a more active methanogenic,
microbial food web under subsequent oxygen-poor conditions
(Wilmoth et al., in review; Figure 4.1A). This microbially
mediated degradation of recalcitrant carbon in wetland peat
helps to explain how pulses of oxygen driven by changes in
hydrology can unlock a biogeochemical “latch” on
downstream carbon flow that ultimately makes wetlands more
methanogenic (Figure 4.1B). Ongoing collaborations with the
Bourg, Stone, and Porporato groups expand this work by
addressing how oxygen variability affects methane emission
from diverse wetland types (e.g., temperate, tropical wetland
soils). These collaborations focus on how the presence of
different mineral and carbon forms can promote or attenuate
microbial methane production.

A
Figure 4.1A-B.
Oxic-anoxic transitions
trigger microbial
degradation of complex
carbon toward methane
formation. (A) Metagenome
relative contribution
of genes involved in
degradation of complex
organic carbon. Error bars
at day 232 are standard
errors (n = 2). (B) Schematic
of microbially mediated
pathways leading to
increased methane
emissions following
oxygenation of peat.
Wilmoth et al., (in review).
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Disentangling the link between global warming, hydrologic
variability, and soil methane emissions hinges on a deeper
understanding of how shifting oxygen levels in wetlands affect
microbial degradation of complex organic carbon. Importantly,
aromatic polyphenolic compounds that are typically viewed as
relatively stable forms of organic carbon in soil are vulnerable
to degradation and conversion to methane following
oscillating aerobic/anaerobic conditions brought about by
climate change. Through ongoing work and CMI modeling
collaborations (Calabrese et al., in review), the results suggest
that minimizing wetland water table variability in acidic
wetlands and maintaining critical inundation levels are key
factors in developing effective mitigation strategies to limit
wetland methane emissions.

Research Highlight 2

This project has two aims: (1) to implement and evaluate the
capability to simulate CH4 and CO2 emissions from different
wetland ecosystems in the terrestrial component of the GFDL
Earth System Model (ESM); and (2) to explore how uncertainty
in climate, plant, and microbial characteristics affect
uncertainty in methane and carbon dioxide emissions from
global wetlands in past and future climates.
The latest GFDL land model, LM4, includes a dynamic
representation of vegetation (Weng et al, 2015). LM4 represents
interactions between microbes and soil organic matter in a
new vertically resolved soil biogeochemistry model CORPSE
(Sulman et al., 2014) that captures the effect of land-use
on vegetation and soil. Advanced hydrological features
of LM4 include frozen soil dynamics, continuous vertical
representation of soil water including water table depth,
horizontal transport of runoff via rivers to the oceans, and a
lake model (Milly et al, 2013). Soil moisture plays an important
role in soil carbon storage and methane production. Consistent
with Project 1 findings, its impact on methane emissions is
highly nonlinear due to complex interactions between levels of
anoxia, microbes, and carbon in soils and wetlands.
The researchers developed a new land component with
an explicit treatment of the four microbial groups for use
with GFDL ESMs, which simulate anaerobic decomposition
and methane production (Figure 4.2). They integrated new
methane consumption and production components, along
with gas diffusion (e.g., O2, CH4 and CO2), through vertical
soil layers within the GFDL vertically-resolved soil hydrology
model. New numerical approaches enable computation of
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changes in soil moisture, ice and gas concentrations under a
wide range of environmental conditions. The researchers are
now evaluating the coupled soil carbon-water-methane model
on data from individual observational sites and in global
stand-alone land simulations.

Figure 4.2.
Structure of the new
methane production
and consumption
component of the
GFDL land model.
DOC stands for
dissolved organic
carbon.

A full-featured, vertically-resolved hydrological and
biogeochemical soil model, which accounts for microbial
dynamics, is critical to resolve temporal and spatial variability
of methane sources and sinks and to make projections about
future greenhouse gas under changing climate and land use.
Interactive land–atmosphere methane fluxes will enable
evaluation of new biogeochemical feedbacks between changes
in wetlands and permafrost on climate, which have yet to be
included in Earth system projections.

Research Highlight 3

33

This project addresses the key question – what are the
drivers of atmospheric methane trends and variability at the
decadal to centennial time scales? An imbalance in methane
sources and sinks leads to changes in atmospheric methane
levels. Observations reveal complex temporal variations in
atmospheric methane growth over the past three decades,
which have challenged attempts to attribute these variations
to specific methane sources or sinks (Nisbet et al., 2019). The
GFDL atmospheric chemistry group has applied a processbased global chemistry-climate model (GFDL-AM4.1) that
simulates changes in methane sources as well as the primary
methane sink in a unified framework. The goal is to explore
how individual sources and sinks affect the observed trends
and variability in methane from 1980 to 2017.
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CMI research with GFDL-AM4.1 model shows that the methane
stabilization during the period between 1999 and 2006
was mainly due to increasing methane emissions balanced
by increasing methane OH sink. In the period following
2006, increasing emissions outweighed any changes in sink,
resulting in the renewed growth of methane as shown in
Figure 4.3A (He et al., 2020). Ongoing work applying observed
methane isotopic (i.e., δ13CH4) constraints, together with model
simulations, suggests energy, agriculture, and waste sectors
are likely the major contributors to the renewed growth in
methane after 2006 as shown in Figure 4.3B (He et al., in
preparation). A reanalysis of atmospheric data has prompted
ongoing work on model simulations. This work suggests nonnegligible impacts on OH levels due to different meteorological
forcing would introduce uncertainty in estimating methane
budget (He et al., in preparation).

Figure 4.3.
(A) Atmospheric
methane trends
driven by an
imbalance in global
methane budget.
The methane
budget estimates
for four decades are
presented in bar
charts (plotted on the
left y axis). Sources
are positive and
sinks are negative.
The black dots
represent observed
global monthly mean
atmospheric CH4
dry-air mole fractions
and the solid black
line represents the
simulated global
monthly means
(plotted on the right
y axis). (B) Renewed
growth in methane
after 2006 is mainly
driven by tracers
from energy (ENE),
agriculture (AGR),
and waste sectors
(WST). The y-axis
shows estimated
linear trend
(ppb yr-1) in methane
source tagged tracers
based on the sector
optimization using
observed δ 13CH4
constraints.
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A quantitative understanding of how individual sources
and sinks drive methane variability is a crucial precursor to
designing effective strategies to mitigate near-term climate
warming. Accurate bottom-up estimates of methane emissions
are needed to improve quantitative analyses of the global
methane budget and prediction of atmospheric methane.
The most important sources of uncertainty in emissions
are wetlands and freshwater systems (Saunois et al., 2019).
Future work involving the coupling of improved terrestrial
wetland emissions model (Project 2 with input from Project
1) with GFDL’s Earth System Model (ESM4) will advance
the characterization of the drivers of atmospheric methane
variability.
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Climate Change and Oxygen in the Ocean
PRINCIPAL INVESTIGATOR: LAURE RESPLANDY

At a Glance

A serious threat from global warming and anthropogenic
activities is the loss of oxygen in the world’s oceans (Levin
2018). The Resplandy group leverages cutting edge highresolution ocean and Earth System Models to constrain future
ocean de-oxygenation and anticipate the occurrence of “dead
zones” threatening coastal ecosystems and populations in the
Indian Ocean.

Research Highlight

Warming makes oxygen (O2) less soluble and limits its
exchanges with the atmosphere. A major concern is that this
loss of O2 will expand tropical oxygen minimum zones (OMZ).
These are areas where O2 levels are already very low and
unsuitable for most organisms. The expansion of tropical
OMZs threatens the survival of marine organisms that rely on
dissolved oxygen for respiration (Diaz and Rosenberg 2008). It
also affects the biogeochemical cycling of carbon and nitrogen,
potentially amplifying global warming.
Earth-system models (ESM) currently project dramatically
different changes in OMZ volume (ranging from −2% to +16% by
2100) (Bopp et al. 2017). In fact, ESMs agree on many aspects
that control future OMZs such as the reduced oxygen solubility
tied to surface warming and reduced oxygen supply.
Uncertainties, however, arise from the differences in the
magnitude and timing of these changes (Resplandy 2018).
Using a high-resolution ocean (10 km) ESM developed at
NOAA-GFDL, the Resplandy group showed that OMZs in ESMs
are too sensitive to ocean circulation changes. This
compromises the ability to predict the evolution of OMZs and
explains the disparate trends in their future projections
(Busecke et al. 2019).
The tropical Indian Ocean is at greater risk of de-oxygenation
in the near future. The OMZ in this basin extends over 1000 m
in the water column and covers the coastal waters of countries
accounting for more than one-quarter of the world’s
population (India, Pakistan, Bangladesh, etc.). Anthropogenic
eutrophication, a process that further consumes oxygen,
exacerbates the effect of global warming in coastal areas.
Eutrophication refers to excessive nutrient enrichment due to
waste waters, fertilizers, urbanization, and other factors. In
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the Indian Ocean, reports of coastal hypoxia events (near-zero
O2), or “dead zones,” related to anthropogenic eutrophication
have increased exponentially in the past 20 years. Riverine
nutrient loadings are also projected to increase due to
population growth (Sinha et al. 2017).

Figure 5.1.
Model simulation
of the strong spatial
heterogeneities
in oxygen
concentrations
at 60-m depth in
the Indian Ocean.
Dark blue indicates
lower oxygen
concentrations.

Uncertainties in the processes controlling oxygen in the
Indian Ocean limit the ability to predict coastal dead zones
and their impacts on ecosystems and populations. A major
limitation so far was to quantify both natural and
anthropogenic processes that incorporate a wide range of
spatio-temporal scales. This includes local processes, such as
the fine-scale heterogeneities induced by ocean dynamics
(Figure 5.1), and global scale processes, such as rainfall
changes associated with global warming. The Resplandy group
has designed an ocean ecosystem model, run on Princeton’s
TIGER research computing cluster, that includes the processes
needed to constrain the occurrence of dead zones that were not
accounted for in previous studies. This research is examining
two key questions: Which natural factors lead to or predispose
the coastal Indian Ocean for low oxygen levels? How are these
low oxygen levels exacerbated by human activity and lead to
coastal dead zones?
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Cyclone Intensity and Climate Change
PRINCIPAL INVESTIGATOR: GABRIEL VECCHI

At a Glance

Research Highlight

The intensity of tropical cyclones is expected to increase as a
consequence of global climate change. Over the past year, the
Vecchi group has investigated how climate is impacting one of
the main hazards of cyclones – increased rainfall. The Vecchi
group suggests that increases in atmospheric moisture and
storm intensity combine to enhance the response of cyclone
rainfall to warming. They are also investigating how volcanoes,
specifically through sulfate injection into the stratosphere,
impact cyclone activity and regional rainfall.

Tropical cyclone rainfall is projected by high-resolution
models to increase over the 21st century at a rate outpacing the
thermodynamic expectation of 7.5% per degree C warming (the
“Clausius-Clapeyron Scaling”). This increase beyond
thermodynamic expectation is due to a projected increase in
tropical cyclone wind intensity (Liu et al. 2019). Indeed, once
one accounts for the increasing proportion of intense tropical
cyclones projected for the future, the tropical cyclone rainfall
increases at the thermodynamically-predicted rate of 7.5% per
degree C of warming. A detailed analysis of climate change for
a landfalling hurricane (Liu et al. 2020) found the response of
tropical cyclone and extratropical cyclone rainfall to warming
was different in character, with the extratropical phase of a
storm moistening more broadly (Figure 6.1). Ng and Vecchi
(2020, in press) argue that rapid intensification (RI), the
phenomenon whereby a cyclone intensifies over a short period
of time, is reliant upon large-scale environmental conditions,
such as atmospheric warming. This observation will serve as a
basis for projecting RI probability from a large suite of climate
models.
Volcanic forcing impacts global-scale tropical cyclones and
hydroclimate variations (Yang et al. 2019; Jacobson et al. 2020,
submitted). These impacts, however, depend fundamentally
on the hemisphere in which the volcanic plume is most
pronounced. Pinatubo (1991), the most intense volcanic
eruption in the 20th century with a stratospheric plume
symmetric about the equator, produced relatively modest
impacts on cyclones and rainfall. By comparison, the weaker,
but asymmetric, eruptions of Santa María (1902) and Agung
(1963) shifted rainfall and tropical cyclone activity away from
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Figure 6.1.
Projected climate
changes over the
present century would
have dramatically
increased the rainfall
from Hurricane
Irene (2011). Left:
Rainfall simulated
for Hurricane Irene
(2011), which led to
devastating rainfed flooding of
the Northeastern
United States
after it underwent
“extratropical
transition.” Right:
simulated rainfall
from Hurricane Irene
under 21st century
projected oceanic and
atmospheric warming
–increasing rainfall
across Eastern United
States. From Liu et al.
(2020).
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since most volcanoes appear to have primarily asymmetric
forcing.
Jacobson, T., W. Yang, L. Horowitz and G.A. Vecchi, 2020.
Impact of inter-hemispherically asymmetric volcanic aerosol
forcing on Sahelian rainfall. Clim. Dyn. (submitted).
Liu, M., G.A. Vecchi, J. Smith and T. Knutson, 2019. Storm
intensification and increased water vapor explain the superClausius-Clapeyron increase of tropical cyclone rainfall under
global warming. Npj Climate and Atmospheric Science.
doi:10.1038/s41612-019-0095-3.
Liu, M., L. Yang, J.A. Smith and G.A. Vecchi, 2020. Projected
change of extreme rainfall of landfalling tropical cyclones
undergoing extratropical transition: Hurricane Irene (2011).
Earth’s Future, doi:10.1029/2019EF001360.
Ng, C.H.J., and G.A. Vecchi, 2020. Large-scale environmental
controls on the seasonal statistics of rapidly intensifying
North Atlantic tropical cyclones. Clim. Dyn. (in press).
Yang, W., G.A. Vecchi, S. Fueglistaler, L.W. Horowitz, D.J. Luet,
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Transient Carbon Storage in Terrestrial
Vegetation under Climate Change
PRINCIPAL INVESTIGATOR: JONATHAN LEVINE

At a Glance

Terrestrial vegetation, such as trees and shrubs, absorbs
atmospheric CO2, which is a boon in the global battle against
climate change. But how well vegetation will continue to do so
in the future remains uncertain. Modeling results show that
time lags between tree growth responses to a changing
atmosphere, and a subsequent increase in mortality of the
larger trees, can generate short-term carbon gain but long-term
carbon loss, a worst-case scenario for containing future
warming.

Research Highlight

Terrestrial biomes store about one third of the carbon dioxide
(CO2) currently emitted by anthropogenic activity, keeping it
out of the atmosphere where it warms the planet. Therefore,
understanding the fate of carbon stored in terrestrial
vegetation is central to forecasting and managing global
climate change. However, whether terrestrial vegetation can
continue to absorb atmospheric CO2 at current rates is
unknown. This is because scientists do not yet fully
understand how forest biomass will respond to the
lengthening of the growing season resulting from a warmer
climate. Nor do they understand how biomass will respond to
CO2 fertilization, which is the increased rate of photosynthesis
in plants that results from increased levels of CO2 in the
atmosphere.
In extreme scenarios for the next century, terrestrial
vegetation may shift from becoming a sink – a natural
reservoir that captures and stores carbon – to a source of
atmospheric CO2, amplifying warming. Whether this shift
occurs is dependent on how environmental change that
stimulates growth at the individual tree level scales to biomass
production at the level of the forest stand.
The Levine group is building models of tree demography and
competitive interactions to investigate this question. These
models permit a more mechanistic understanding of key
processes that generate carbon storage in terrestrial vegetation.
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Figure 7.1.
Trajectory of carbon
storage in a forest
stand (right panel),
assuming increasing
growth of canopy
trees under climate
change (left panel),
along with lower
survival of larger trees
(indicated by the red
arrows).

The researchers found that time lags inherent in the
population dynamics of forest trees can cause transient carbon
storage. This means that stand biomass initially increases in
response to growth stimulating environmental change but
ultimately reverses course, releasing the stored carbon (red
line in the Figure 7.1). The mechanism involves canopy trees
getting larger in response to CO2 fertilization or warming. This
leads to an initial rise of stand level carbon storage. However,
under the assumption that larger trees suffer greater mortality,
this initial gain in carbon storage at the stand level ultimately
reverses as the forest thins, causing long-term carbon loss.
Predicting the trajectories of forest carbon storage is
dependent on a better understanding of the size dependence of
tree mortality—data that are difficult to obtain because of the
known longevity of forest trees. This research is currently
extending these single species results to more diverse forests
where competitive interactions, in addition to changes in
growth and mortality, drive trajectories of forest carbon
storage.
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The Effects of Agricultural Irrigation and
Tropical Forests on Global Climate Change
PRINCIPAL INVESTIGATOR: ELENA SHEVLIAKOVA

At a Glance

Elena Shevliakova, NOAA/Geophysical Fluid Dynamics
Laboratory (GFDL) scientist and Pacala Lab collaborator, is
overseeing two novel climate-related studies. The first is aimed
at understanding how remote irrigation practices, some as far
east as Eurasia, influence precipitation patterns in Africa’s
Sahel, the transition zone between the northern Sahara Desert
and the southern savanna. The second explores the role of
tropical forests in the global carbon cycle and worldwide
climate change and how to improve representations of these
forests in climate models and project their fate. Both studies
promise to enhance our understanding of how anthropogenic
and natural processes relate to global climate change.

LM3PPA-TV development and testing were guided by extensive analyses of global databases and of more than 30 years
of continued study and monitoring at Barro Colorado Island (BCI), Panama. (Photo courtesy of Elena Shevliakova)
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Research Highlight

Researchers have long recognized that agricultural irrigation
has a significant influence on local climate. It is a worldwide
human activity that affects climate by altering regional water
and energy exchange between land and atmosphere. However,
the response of local climate to remote agricultural irrigation
(e.g., many 100 kms away) remains little understood, despite
these responses being hypothesized using climate models.
Researchers are still trying to understand the physical
mechanisms and robustness of response underlying this
process.
Postdoctoral fellow Yujin Zeng, in collaboration with Chris
Milly (United States Geological Survey), Sergey Malyshev and
Elena Shevliakova (both CMI collaborators), is studying how
remote irrigation in other parts of the world is leading to
enhancement of Africa’s Sahel precipitation. Zeng used
historical numerical experiments with the GFDL Earth System
model ESM2Mb to show that between 1901 and 2015
precipitation in the Sahel was likely enhanced as a result of
global irrigation during the West African monsoon season. His
analysis shows that irrigation increases the Moist Static Energy
(MSE) over irrigated area, and the increased MSE in central
Asia, the Middle East, southeastern Europe, India and
Pakistan is exported by prevailing winds to the Sahel region.
The energy reaching the Sahel affects the local convective
precipitation. In turn, more convective clouds form over the
Sahel, reducing the downward shortwave radiation, which
cools the surface. The resultant cooling induces a cyclonic
wind anomaly that strengthens the West African monsoon
circulation. This pulls Atlantic moisture further east into the
eastern Sahel and induces more precipitation and cooling. This
study suggests that irrigation in Eurasia could be an important
factor helping to explain the recent precipitation trends
observed in the Sahel and less drying than suggested by
previous climate models without irrigation.
Tropical forests are key determinants in the functioning of the
Earth system, but they remain a major source of uncertainty in
carbon cycle models and in climate change projections. The
increasing pressure from global change demands that
scientists improve the representation of tropical forest in Earth
System Models (ESMs). Research associate Isabel Martinez
Cano, in collaboration with Elena Shevliakova, Sergey
Malyshev, and the Steve Pacala lab, is leading development of
the novel vegetation dynamics and carbon cycling models for
tropical ecosystems.
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Martinez Cano led development of a dynamic vegetation
model (LM3PPA-TV) that represents tropical vegetation,
including the characteristics of shade-tolerant tropical tree
species (Figure 10.1). The development and parameterization of
LM3PPA-TV incorporated extensive empirical datasets on
tropical tree traits and long-term field censuses available at
Barro Colorado Island (BCI). The model implements a new
growth allocation scheme based on realistic assumptions
about tree size scaling. It also incorporates hydraulic
constraints on biomass accumulation and features a new
compartment for tree branches and branch fall dynamics.
Simulations at multiple tropical sites captured considerable
variation in biomass and size structure across the tropical
forest biome, including observed responses to precipitation
and temperature. Model experiments suggested a major role of
water limitation in controlling the geographical variation of
forest biomass and structure.

Figure 10.1.
Land tile covered by
vegetation in LM3PPATV. The model structures
vegetation in canopy layers
that receive different
amounts of light. Within
each layer, individuals that
are identical in functional
type and similar in size are
grouped into cohorts.

The continued pressure on tropical forests from global change
demands models which are able to simulate alternative
successional pathways and its pace to recovery. LM3PPA-TV
provides a benchmark to continue improving the
representation of tropical forests dynamics and their carbon
storage potential in ESMs.
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Measurements of Anthropogenic Methane (CH4)
Emissions associated with the Oil and Gas Industry
PRINCIPAL INVESTIGATOR: MICHAEL CELIA

At a Glance

Methane (CH4) is a significant greenhouse gas. After carbon
dioxide, it is the second most important anthropogenic
greenhouse gas affecting Earth’s climate. Researchers report
widespread underestimation of methane leakage from both
abandoned wells and ongoing oil and gas operations.

Research Highlight

In 2014, Mary Kang, a Ph.D. student in the Celia research
group, led first-of-its-kind fieldwork to measure rates of
methane leakage from old abandoned wells (Kang et al., 2014).
These measurements were made in Pennsylvania, the location
of the nation’s first commercial oil well. The data indicated
that leakage from old wells contributed between five and eight
percent of the total estimated anthropogenic methane
emissions for the state. This source of anthropogenic methane
was not previously recognized, and therefore not included in
any emissions inventories at the time. These and similar
follow-up measurements prompted the US Environmental
Protection Agency (EPA) to include leakage from abandoned
wells in their current greenhouse gas emissions inventory (US
EPA, 2018).
Kang and her colleagues followed this work by identifying well
characteristics that are responsible for high leakage rates in
the ~15% of the wells considered “high emitters” (Kang et al.
2016). They also performed an economic and policy analysis
aimed at evaluating strategies to mitigate leaking abandoned
wells (Kang et al. 2019). More recently, post-doctoral fellow
Stuart Riddick conducted fieldwork to measure leakage rates
from a wide range of wells, both abandoned and operating, in
West Virginia (Riddick et al. 2019a) (Figure 8.1). He also
estimated leakage rates from several offshore platforms in the
North Sea (Riddick et al., 2019b).
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Figure 8.1.
Boxplots of collated
emission data from Plugged,
unplugged, and active
conventional wells in West
Virginia. From Riddick et al.
(2019a).

The West Virginia measurements involved 112 plugged and
abandoned wells, 147 unplugged and abandoned wells, and 79
operating conventional wells. The research team estimated
emission factors of 0.1 g CH4 h-1 and 3.2 g CH4 h-1 for the plugged
and unplugged abandoned wells, respectively, while the
methane emission factor for active conventional wells was
estimated to be 138 g CH4 h-1. There was no discernable
correlation with well age or well operator. For context, the
measured leakage rates for plugged and unplugged wells in
Pennsylvania, as reported by Kang et al (2014), were 0.045 g
CH4 h-1 (in non-coal areas; coal areas require venting and leak
at 43 g CH4 h-1) and 22 g CH4 h-1, respectively. Leakage from
active conventional wells in West Virginia gives an emission
factor 7.5 times larger than the emission factor used by the
EPA. This suggests much more leakage from active wells than
is assumed in EPA calculations, at least in West Virginia. No
measurements were made on unconventional wells (shale wells
with hydraulic fracturing) in this study.
Riddick et al.’s (2019) emission measurements on North Sea oil
and gas platforms indicate values substantially higher than
estimates from the UK National Atmospheric Emission
Inventory (NAEI) (Figure 8.2). Using the inversion of a
Gaussian plume model, the researchers discovered a median
emission rate of 6.8 g CH4 s-1, with a range of 2.9 to 22.3 g CH4 s-1
for eight different platforms. When matched to production
records, these values imply individual platform loses between
0.04% and 1.4% of gas produced with a median loss of 0.23%
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Figure 8.2.
Minute-averaged CH4
enhancements made upwind
and downwind of production
platform. From Riddick et al.
(2019b).

(and mean of 0.19%). NAEI estimates for the platforms under
consideration would be 0.13% of gas production, most of which
is attributed to gas flaring and offshore hydrocarbon loading,
neither of which was taking place at the time of the Riddick et
al.’s measurements. Both upwind and downwind atmospheric
methane concentrations were measured.
Overall, these studies indicate widespread underestimation of
methane leakage rates associated with oil and gas operations.
Ongoing work includes the evaluation of low-cost methane
sensors. These sensors could allow for more ubiquitous
monitoring in both time and space and provide opportunities
for continuous real-time reporting of leakage events. Other
work includes taking additional measurements in
Pennsylvania to study time variability of leakage rates from
abandoned wells. These measurements can provide guidance
about monitoring and measurement protocols for proper
leakage estimation.
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Addressing the CO2 Emissions from Industry:
Nano-Engineering Novel Sustainable Cements and
the Fundamentals of Silicates Dissolution
PRINCIPAL INVESTIGATOR: CLAIRE WHITE

At a Glance

Industrial carbon dioxide (CO2) emissions are difficult to
reduce. They require the development of innovative
technologies based on fundamental science and engineering.
The Sustainable Cements Group is researching ways of
reducing emissions attributed to the cement industry, a project
that is supported by CMI funding. Researchers are focusing
their efforts on the optimization of clay-based sustainable
cements and the discovery of the fundamental steps involved
in weathering of silicate-rich minerals and related materials.
Recent progress includes the successful synthesis and
characterization of nano-zeolites and assessment of their
performance in sustainable cements. Researchers are also
using synchrotron X-ray reflectometry and small-angle X-ray
scattering to probe the permeability and transport of ions
through nanometer-thin silica-rich surface layers. These layers
are thought to control dissolution of silicate-rich minerals
under certain conditions.

Research Highlight

Electricity generation and usage, and transportation are often
discussed as the key sectors responsible for anthropogenic CO2
emissions. However, the industrial sector (cement, steel and
plastics) also contributes to global CO2 emissions. In 2017, this
sector accounted for 19% of the world’s anthropogenic CO2
emissions (International Energy Agency), with most of these
emissions attributed to cement production (8%) and iron and
steel production (7%). Chemical reactions occurring in cement
kilns during the process of (Portland) cement production,
specifically the decomposition of limestone (CaCO3) into lime
(CaO) and CO2, are responsible for CO2 emissions. Emissions
also result from the burning of fuels to reach the temperature
necessary for formation of cement “clinker” phases (~1450 °C).
Researchers are pursuing ways to reduce CO2 emissions
associated with the cement industry, some of which are more
conservative than others in terms of emission reductions.
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The goal is to produce concrete for construction projects that is
net neutral (or negative) in terms of CO2 emissions. The
Sustainable Cements Group is undertaking research focused
on creating more “disruptive” (non-Portland cement) concrete
solutions. These have the potential of significantly reducing
emissions (by up to 80-90%) when compared with concrete
that requires Portland cement. These alternatives can play an
important role in lowering the cement industry’s emissions
when combined with the more conservative approaches. Large
construction projects, such as high-rise buildings and longspanning bridges, will continue to use Portland cement-based
concrete. However, there are many situations where concrete is
used in low- or non-structural settings, such as sewers,
sidewalks, roads, residential buildings and retaining walls. It is
these applications where new and innovative alternative
concretes can have a significant and lasting impact in reducing
the CO2 emissions associated with the Portland cement
industry.
The Sustainable Cements Group has been working on the
development of clay-based alkali-activated cements. This
research aims to lower the alkalinity (i.e., pH) required to make
a durable and long-lasting product. The vast availability of
kaolin-based clays around the world make this technology a
viable approach to producing low-CO2 alternative concrete.
Thermally treated kaolin clay (also known as metakaolin)
forms a mechanically-hard cement-like substance when mixed
with alkaline activators such as sodium silicates. The high
alkalinity (pH 13-14+) required to obtain alkali-activated
metakaolin cements, however, makes this technology
prohibitive from on-the-job safety and a CO2 emissions
perspective because it only allows for 55% reduction in CO2.
Current research performed by Christine Pu (graduate student)
and White (PI) could potentially lead to a product that has a
CO2 savings of at least 70%, while also cutting the alkalinity in
half. The result is a material that is much more practical to
work with from a safety viewpoint. To do this, the researchers
are creating and testing nano-zeolites as seeding agents (for
use at < 1 wt. % in the cement). The molecular structure of the
nano-zeolites is similar to the disordered gel that forms in the
alkali-activated metakaolin pastes.
The researchers hypothesize that by using the nanoparticles,
the rate of formation of the paste can be accelerated, offsetting
the deceleration caused by lowering the alkalinity. The
accelerating effect of nanoparticles has been observed in
hydration of Portland cement, where nano-calcium-silicate-
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hydrate (a nano-form of the gel that gives Portland cement
concrete strength, trademarked as X-Seed by BASF) is seen to
shorten the set time (time from mixing to forming a hard
material) and improve early strength gains. Preliminary
findings show successful synthesis of a range of nano-zeolites
(and other nano-systems) (Figure 9.1a), proving that these
nanoparticles can be easily and readily synthesized. Analysis
of the impact of these nanoparticles on the formation of
alkali-activated metakaolin has yet to show positive results
(i.e., acceleration of reaction). A variety of tests are scheduled
to discover why nano-zeolites are, at present, inert, and how
the alkali-activated metakaolin system can be re-engineered
to exploit the positive effects of nanoparticle seeding.
Complementary to Pu and White’s research, Bastian Wild
(postdoc), White (PI) and Ian Bourg (co-PI) are investigating
the fundamental chemical/physical mechanisms controlling
dissolution of silicate-rich materials in aqueous environments.
The dissolution behavior of these materials is integral to a
range of natural and industrial processes, including the ability
for soils to sequester CO2, the formation of concrete, and the
long-term durability of nuclear waste glasses. Yet fundamental
mechanisms controlling the dissolution behavior are still little
understood and being avidly debated by the scientific
community. Wild, a postdoc fellow in the Andlinger Center for
Energy and the Environment and supported in part with CMI
funding, has shown that the formation of amorphous silicarich surface layers (ASSLs) on the silicate materials
subsequently control dissolution processes under acidic and
neutral pH conditions.
Ongoing research is focused on uncovering the permeability
properties (i.e., pore structure) of ASSLs and associated
transport properties of ions (Figure 9.1c). The aim is to link
these microscopic details to macroscopic behavior of silicates
in the natural environment and built industry.
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Figure 9.1.
(a) X-ray diffraction
patterns of nanozeolites and
nano-nepheline
showing that they
are predominately
nanocrystalline.
(b) (L-to-R) Dr. Kai
Gong, Dr. Bastien
Wild, and Christine
Pu at the NSLSII synchrotron,
Brookhaven
National Laboratory,
performing in
situ reflectometry
and small-angle
X-ray scattering
measurements of
the amorphous
silica-rich surface
layers that form
during dissolution
of labradorite and
glass (October 2019).
(c) Complementary
vertical scanning
interferometry data,
that, when combined
with reflectometry
data, provides the
dissolution rate of the
material in question
(International
Standard Glass is the
material tested here).
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