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Introduction

Pepper plants were grown in this greenhouse at the Museo Nacional de Ciencias 
Naturales (CSIC) in Madrid to investigate how their belowground behavior 
differed when planted alone or alongside a neighbor. (Photo by Ciro Cabal, 
Princeton University Department of Ecology and Evolutionary Biology)
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Since its inception in 2000, CMI has advanced understanding of 
climate and energy science, technology, and policy. Actively led by 13 
principal faculty, the program currently engages an additional 40 
research staff and students. These scientists, engineers and policy 
experts are committed to the dissemination of their joint and 
individual research findings so they may benefit the larger scientific 
community, government, and the general public.

The purpose of this report is to provide a summary of CMI’s 2020 key 
activities and research initiatives. This section includes a brief 
overview of CMI’s programming and collaborations, Annual Meeting 
highlights, and announcements about awards and changes in 
leadership. 

The rest of the report is comprised of a series of 11 research 
highlights. Every CMI Principal Investigator (PI) or team of PIs 
selected one research highlight from 2020 to feature and provided 
context for the work. For each highlight, a short summary is 
provided, which is referred to as “At a Glance.” These highlights are 
followed by a complete list of this year’s publications.

1 The Princeton Environmental Institute was renamed the High Meadows 
Environmental Institute by Princeton University in October 2020.

The Carbon Mitigation Initiative (CMI) 
is an independent academic research 
program housed within the High Meadows 
Environmental Institute at Princeton 
University.1  Sponsored by bp, 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 problem.
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Current Programing Throughout 2020, despite the Coronavirus pandemic, CMI 
researchers remained fully active and  engaged. Several CMI 
scientists played critical roles in the CMI-led Princeton 
University study, “Net-Zero America: Potential Pathways, 
Infrastructure and Impacts.” Published in December 2020, the 
report provides a detailed blueprint for achieving a carbon-
neutral economy in the United States by 2050. The study was 
extensively referenced by the recent National Academies of 
Sciences, Engineering and Medicine’s report “Accelerating 
Decarbonization of the U.S. Energy System.” It has resulted in 
the creation of an interactive website designed to help policy 
makers and other stakeholders extract specific information 
most useful to their particular contexts and priorities. This 
effort has been a focus of CMI for nearly two years and is an 
ongoing project.

During the year, another team of CMI investigators launched a 
new initiative to help determine how land-based climate 
solutions can be deployed globally to maximize carbon storage 
on land, while at the same time maintain global biodiversity 
and food security. While previous research efforts have 
tabulated the global potential of individual land-based climate 
solutions, no study has co-optimized the planning of multiple 
land-based climate solutions, biodiversity, and food. 
Ultimately, the team aims to develop an online tool for 
informing policy similar to the Net-Zero America Project’s 
website. This would allow policy makers and NGO’s to assess 
various scenarios of land-based climate solution planning 
within their region of influence.

The CMI-led Princeton 
University study, “Net-Zero 
America: Potential Pathways, 
Infrastructure and Impacts,” 
resulted in the creation 
of an interactive website. 
(netzeroamerica.princeton.edu)
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In addition, CMI is always keeping an eye out for new and 
emerging issues. CMI members are engaging in important 
work to better understand the climate problem and to find 
solutions. A few of these other research initiatives are listed 
below and described in greater detail in the highlights 
featured in this report.

• Understanding the biogeochemical controls, sources, 
and sinks of methane using experimental and modeling 
approaches

• The role of soils in the future of atmospheric hydrogen
• Pipeline infrastructure development for large-scale 

CCUS in the United States
• Understanding and optimizing fluid-silicate interfacial 

properties in low carbon emission technologies
• Mineral-organic interactions in soils and sediments
• Drought tolerant agriculture for semi-arid ecosystems
• Global climate changes and their hurricane impacts 
• Coastal dead zones in the northern Indian Ocean

Annual Meeting The Coronavirus pandemic has changed many things around 
the world, including how the CMI community gathered to hold 
its 19th Annual Meeting in April 2020.

The customary in-person meeting scheduled for April 22-23 in 
London was nearly upended in early February as concerns 
grew about the potential spread of the virus worldwide. 
Fortunately, the organizers were able to transition the meeting 
to a virtual platform, shortening the two days to accommodate 
the time change between Princeton and London.

Liz Rogers, then bp’s vice president of environmental 
technology and bp’s relationship manager for CMI, and Cindy 
Yeilding, then bp America’s senior vice president and bp’s 
executive sponsor for Princeton University, opened the 
meeting by highlighting the significance of the day, April 22, 
as Earth Day. Earth Day is an annual event celebrated around 
the world to demonstrate support for environmental protection 
and the focus in 2020 was climate change.

Remarking on Earth Day’s relevance to the current ambitions 
of both CMI and bp, Rogers said, “It is relevant to CMI’s 
mission to lead the way to a compelling and sustainable 
solution to the carbon and climate change problem and 
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relevant to bp for our recent announcement to be a net-zero 
carbon emissions company in absolute reductions by 2050 or 
sooner.”

Yeilding noted the synergistic 20 year-long relationship 
between Princeton and bp. “It’s a relationship based on shared 
challenges, trust, and respect built over 20 years of industry 
and academic perspectives on the challenges informing CMI 
as they conduct their independent research,” she said. “CMI 
continually approaches the climate challenges with fresh-eyes 
and always brings us back to the science.”

In an introductory overview of CMI, Stephen Pacala, the 
Frederick D. Petrie Professor in Ecology and Evolutionary 
Biology and the director of CMI stated, “The relationship 
between CMI and bp began at a time when John Browne, then 
the CEO of bp, sensed that the world might begin to take the 
climate change problem seriously and he wanted a relationship 
with a research center that would keep their eyes over the 
horizon to try to anticipate what was coming and what we all 
might do about it. This we have done now for about 20 years 
and it remains our joint objective.”

The major areas of research discussed during the annual 
meeting included terrestrial ecosystems and natural climate 
solutions, the methane cycle, and possible pathways for the 
United States to realize net-zero emissions of greenhouse gases 
by 2050.

In addition, Pacala announced the recipients of two awards 
named in honor of Robert H. Socolow, emeritus professor of 
mechanical and aeronautical engineering at Princeton and 
CMI co-director from 2000 – 2019.

CMI’s 19th Annual Meeting 
was held virtually April 22-23, 
2020. Liz Rogers (middle), 
then bp’s Vice President 
Environmental Technology 
and bp’s relationship manager 
for CMI, and Cindy Yeilding 
(right), then bp America’s 
Senior Vice President and bp’s 
executive sponsor for Princeton 
University, and Stephen 
Pacala (left), the Frederick D. 
Petrie Professor in Ecology 
and Evolutionary Biology and 
the director of CMI, provided 
introductory remarks.
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Former postdoctoral research fellow, Jane Baldwin, received 
The Robert H. Socolow Best Paper Award for Postdoctoral 
Fellows for her paper, “Temporally Compound Heat Wave 
Events and Global Warming: An Emerging Hazard,” published 
in Earth’s Future by the American Geophysical Union in 2019. 
Baldwin is now a postdoctoral fellow at Columbia University. 

Since 2010, the CMI Best Paper Award for Postdoctoral Fellows 
has been presented annually to one or two CMI affiliated 
postdoctoral research associate(s) or research scholar(s) 
selected for his or her contribution to an important CMI paper. 
In late 2019, CMI created a similar award for doctoral students 
to award a CMI affiliated doctoral student selected for his or 
her contributions to an important CMI paper.

Samantha Hartzell, a former graduate student in civil and 
environmental engineering, is the first recipient of The Robert 
H. Socolow Best Paper Award for Doctoral Students for her 
paper, “Unified representation of the C3, C4, and CAM 
photosynthetic pathways with the Photo3 model,” published in 
Ecological Modelling in 2018. Hartzell is an assistant professor 
in civil and environmental engineering at Portland State 
University.

Jane Baldwin, a former 
postdoctoral fellow at 
Princeton University, received 
The Robert H. Socolow Best 
Paper Award for Postdoctoral 
Fellows.
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 This year’s virtual Annual Meeting brought together over 100 
participants. This included Princeton faculty and researchers, 
postdoctoral fellows and graduate students, many colleagues 
from bp, the Geophysical Fluid Dynamics Laboratory, eight 
other national and international universities, and members of 
environmental nonprofit organizations and think tanks.

Collaborations In addition to the external collaborations undertaken through 
the Princeton-led Net-Zero America Project and the National 
Academies of Sciences, Engineering and Medicine Committee 
on Accelerating Decarbonization of the U.S. Energy System, 
CMI continued its engagement with three excellent 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.

Honors In 2020, the following honors were awarded to CMI scholars 
including: the Robert MacArthur Award from the Ecological 
Society of America to Jonathan Levine; The 2020 Weldon 
Memorial Prize, Oxford University to Stephen Pacala; the 2020 
John Dalton Medal from the European Geosciences Union to 
Amilcare Porporato; and Jonathan Levine and Gabriel Vecchi 
were listed by the Clairvate Web of Science as “Highly Cited 
Researchers” in recognition for ranking among 1% of 
researchers for most cited documents in geosciences and the 
environment over 2008-2018.

Samantha Hartzell, a former 
graduate student in civil and 
environmental engineering, 
received the Robert H. Socolow 
Best Paper Award for Doctoral 
Students. Hartzell is the first 
recipient of this new award.
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(left) Cindy Yeilding, then Senior 
Vice President, bp America and 
CMI’s executive sponsor
(right) Liz Rogers, then Vice 
President Environmental 
Technology, bp, and CMI’s 
relationship manager.

Changes in 
Leadership

At the end of 2020, Cindy Yeilding, then Senior Vice President, 
bp America and CMI’s executive sponsor and Liz Rogers, then 
Vice President Environmental Technology, bp, and CMI’s 
Relationship Manager, relinquished their CMI roles as they 
retired from bp. Yeilding served in her respective role for four 
years and Liz for two. The CMI community will miss working 
with them both and wish them every success in their future 
endeavors.

The new bp CMI Executive Sponsor is Kelly Goddard, Vice 
President Carbon Ambition. We are already enjoying working 
with her and her new team.

Kelly Goddard, Vice President 
Carbon Ambition, bp, and CMI’s 
new executive sponsor.
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Research – At a Glance 

Accelerating decarbonization and biological carbon storage
PRINCIPAL INVESTIGATOR: STEPHEN PACALA

Stephen Pacala is responsible for founding the Princeton Net-Zero America Project. This project seeks to 
develop technological pathways to decarbonize the U.S. economy by mid-century. Pacala also chaired a 
National Academies of Sciences, Engineering and Medicine committee to develop a policy manual for the U.S. 
to transition to net-zero emissions of all greenhouse gases by 2050. In addition, the Pacala group created a 
model that provides a valuable tool to predict root proliferation in global earth-system models, which is critical 
to predicting ecosystem carbon storage. 
 
 

Net-Zero America
PRINCIPAL INVESTIGATORS: ERIC LARSON, CHRIS GREIG, AND JESSE JENKINS

A growing number of companies and governments worldwide, including the United States, are pledging to 
reach net-zero greenhouse gas emissions by 2050, but there is a dearth of understanding of how to execute on 
these ambitions. The Net-Zero America study provides unprecedented sectoral, spatial, and temporal detail in 
describing five diverse net-zero pathways for the United States. The analysis quantifies challenges and 
opportunities at state and sub-state levels, including those relating to land use, employment, air pollution-
related health, capital mobilization, incumbent fossil fuel businesses and new clean-energy industries. The 
unique granularity of the analysis is drawing significant media interest and informing federal and state policy 
makers, private industry, non-governmental organizations, and future research initiatives around the world. 
 
 

Biodiversity impacts of land-based climate solutions
PRINCIPAL INVESTIGATOR: JONATHAN LEVINE

As society invests in land-based climate solutions, understanding the impacts of these actions on biodiversity 
becomes ever more critical. Research in the Levine group is using meta-analytical approaches to quantify these 
impacts, helping ensure that the portfolio of land-based climate mitigation is implemented in a way that 
maximizes biodiversity. 
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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, ELENA SHEVLIAKOVA, AND VAISHALI NAIK

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 uses laboratory experiments to show how microbial dynamics 
control wetland CH4 emissions and how methane stable isotopes can be used to identify a novel biological 
methane source (Highlight 1a, 1b). 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). 
 
 

The key role of soils in the future of atmospheric hydrogen
PRINCIPAL INVESTIGATORS: MATTEO BERTAGNI, FABIEN PAULOT, AND AMILCARE PORPORATO

Hydrogen (H2) is gaining international attention as an energy carrier with a low carbon footprint. But a more 
H2-centered economy may also increase the amount of H2 in the atmosphere, causing indirect global warming 
effects (e.g., increasing methane lifetime). To sharpen future H2 projections, Porporato’s group is addressing 
the large uncertainties related to the H2 soil uptake by bacteria, which is currently estimated to be responsible 
for nearly 80% of the atmospheric H2 consumption.  
 
 

Pipeline infrastructure development for large-scale CCUS in the 
United States
PRINCIPAL INVESTIGATORS: MICHAEL CELIA AND YIHENG TAO

Princeton researchers are exploring the ways retiring coal-fired power plants can be replaced by Allam-cycle 
natural gas power plants with CCUS (carbon capture, utilization and storage). With reasonable levels of 
government support, the researchers suggest that the resultant carbon dioxide (CO2) captured during the Allam 
cycle can be transported via pipelines to major saline aquifers and EOR (Enhanced Oil Recovery) hubs. 
Developing a viable pipeline infrastructure system will go a long way in creating a productive and efficient 
CCUS industry in the United States, which will ultimately help reduce CO2 emissions from fossil fuel 
combustion. 
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Toward understanding and optimizing fluid-silicate interfacial 
properties in low carbon emission technologies 
PRINCIPAL INVESTIGATOR: CLAIRE E. WHITE

Research conducted by the Sustainable Cements Group promises to advance an understanding of silicate 
dissolution, a key process involved in several mitigation strategies aimed at reducing industrial CO2 emissions. 
Postdoc Bastien Wild, part of the White group, is working to understand how silicates (SiO2-rich solids) dissolve. 
In particular, he is focused on unravelling the properties of fluid-silicate interfaces across length scales and 
linking these properties to macroscopic dissolution behavior (i.e., how the solids decompose in aqueous 
environments). An important, but counterintuitive, finding is that silica-rich layers containing nanosized 
pores are seen to form at mineral surfaces when exposed to acidic conditions. This implies that the dissolution 
rate of the silicate mineral should be much reduced due to the presence of these layers. Yet, unexpectedly high 
dissolution rates are observed for these systems. 
 
 

Resolving the physics of soil carbon storage
PRINCIPAL INVESTIGATOR: IAN BOURG

The Bourg group is working to resolve the fundamental mechanisms of soil carbon storage. This research uses 
a combination of atomistic-level simulations and laboratory and field experiments to gain insight into two 
natural carbon sinks: the stabilization of soil organic carbon by clay minerals and the sequestration of soil 
inorganic carbon by mineral weathering. The results will enable more accurate Earth System Model 
predictions of soil organic and inorganic carbon dynamics and provide practical strategies for enhancing the 
soil carbon sink. 
 
 

Drought tolerant agriculture for semi-arid ecosystems
PRINCIPAL INVESTIGATORS: AMILCARE PORPORATO AND SAMANTHA HARTZELL

CMI researchers are developing models which allow them to better assess the potential role of drought-tolerant 
agriculture for carbon sequestration and food production in semiarid ecosystems. This research investigates 
Crassulacean acid metabolism (CAM) photosynthesis, a water-conserving pathway used by many epiphytes 
and dryland plants. By using models that couple plant hydraulics and carbon fluxes to the soil and atmosphere, 
the researchers are able to assess the viability of productivity, water use, and natural climate solutions for 
dryland ecosystems around the globe. 
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Global climate changes and their hurricane impacts
PRINCIPAL INVESTIGATOR: GABRIEL VECCHI

One of the consequences of global climate change is a predicted increase in the intensity of tropical cyclone 
(TC) activity and other climate impacts. Key to predicting the severity and duration of such impacts for future 
decades is understanding the dynamics of these phenomena over the past few centuries. To this end, the 
Vecchi group is using climate and atmospheric model studies, along with analyses of the observed record, to 
investigate the nature of these climate impacts. The group is especially interested in understanding how TCs 
develop, how they might be predicted, and the role global climate change plays in their generation and severity.  
 
 

Coastal dead zones in the northern Indian Ocean
PRINCIPAL INVESTIGATORS: LAURE RESPLANDY, JENNA PEARSON, AND MATHIEU POUPON

Global warming and anthropogenic activities are contributing to a loss of oxygen in the world’s oceans (Bopp et 
al., 2017), creating what are called “coastal dead zones.” These are areas of extremely low oxygen that threaten 
coastal ecosystems and populations. The Resplandy Group is evaluating the risk and studying the physical 
processes responsible for these dead zones in the tropical Indian Ocean – a particularly densely populated 
area.  
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Accelerating decarbonization and biological carbon 
storage
PRINCIPAL INVESTIGATOR: STEPHEN PACALA

At a Glance Stephen Pacala is responsible for founding the Princeton 
Net-Zero America Project. This project seeks to develop 
technological pathways to decarbonize the U.S. economy by 
mid-century. Pacala also chaired a National Academies of 
Sciences, Engineering and Medicine committee to develop a 
policy manual for the U.S. to transition to net-zero emissions of 
all greenhouse gases by 2050. In addition, the Pacala group 
created a model that provides a valuable tool to predict root 
proliferation in global earth-system models, which is critical to 
predicting ecosystem carbon storage. 
 
 

Research Highlight CMI Principal Investigator Stephen Pacala helped steer the 
Net-Zero America Project in the first few months of 2020. He 
focused on land-based mitigation measures aimed at curbing 
greenhouse gas emissions (see page 16). This research outlines 
five distinct technological pathways for the United States to 
decarbonize its entire economy. The research is the first to 
quantify and map, with this degree of specificity, the 
infrastructure that needs to be built and the investment 
required to run the country without emitting more greenhouse 
gases into the atmosphere than are removed from it each year. 
It is also the first to pinpoint how jobs and health will be 
affected in each state at a highly granular level, sometimes 
down to the county.

The Net-Zero America 
Project seeks to develop 
technological pathways 
to decarbonize the U.S. 
economy by mid-century.
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In a separate effort, Pacala was appointed chair of a National 
Academies of Sciences, Engineering and Medicine committee 
to produce a policy manual for the U.S. to transition to net-zero 
emissions of all greenhouse gases by mid-century. The 
Committee was directed to review everything written about 
the transition, and to obtain testimony about work in progress. 
The report is entitled “Accelerating Decarbonization in the 
United States: Technology, Policy and Societal Dimensions.” 
It provides both a portfolio of recommended policies for 
technical aspects of the transition, and the policies needed to 
ensure that the transition is fair and just. The team took the 
words “fair and just” to mean that the net-zero energy system 
should eliminate the historical environmental injustices built 
into the current energy system. This includes efforts to 
alleviate the adverse impacts of fossil fuels falling 
disproportionately on low income and historically 
marginalized Americans, and to attempt to mitigate or prevent 
the impacts of fossil-associated job losses for workers and their 
communities.

CMI director, Stephen 
Pacala, chaired a National 
Academies of Sciences, 
Engineering and Medicine 
committee to develop a 
policy manual for the U.S. 
to transition to net-zero 
emissions of all greenhouse 
gases by 2050.

Carbon Mitigation Initiative      Twentieth Year Report  2020 14



It is very important to understand that the CMI did not fund 
Pacala’s involvement in the Academies’ effort. Pacala withdrew 
from active research with the Net-Zero America Project, after 
having been appointed Chair of the Academies’ effort, in order 
to keep a completely open mind. At the same time, the work on 
the Academies’ report, which was released February 2, 2021, 
convinced Pacala that the human dimensions of the net-zero 
problem will likely prove even more important than technical 
or cost hurdles. Reactions from lawmakers since the release of 
the Academies’ report confirm this conclusion and have 
shaped Pacala’s resolve to pursue the determinants of public 
acceptance in future CMI work. As one example, where fossil 
jobs are relatively abundant, renewables jobs will not 
compensate for future fossil job losses. However, net-zero 
industrial jobs could. For instance, it might be possible to 
build a national CO2 pipelines network by starting with net-
zero industrial hubs in regions of high fossil employment. This 
would connect industry to sequestration sites and create an 
employment boom before the job losses occur. The Net-Zero 
America team is currently analyzing such a system. 

Among other CMI research pursued by the Pacala team over 
the past year was an effort led by Pacala graduate student, Ciro 
Cabal. The team’s findings, published December 2020 in 
Science, shed light on the underground life of plants, 
particularly on improving an understanding of how plant roots 
store carbon. To investigate, the researchers grew pepper 
plants alone and with neighbors, and stained the roots of 
neighboring plants (by injection) to distinguish which roots 
belonged to which plant. They found that the energy a plant 
devotes to its roots depends on proximity to other plants: when 
close together, plants heavily invest in their root systems to 
compete for finite underground resources; if far apart, they 
invest less. As about a third of the world’s vegetation biomass 
(and therefore carbon) is below ground, this model provides a 
valuable tool to predict root proliferation in global earth-
system models.

The Pacala team published 
findings in Science shedding 
light on the underground 
life of plants, particularly 
improving an understanding 
of how plant roots store 
carbon. (Photo by Ciro 
Cabal, Princeton University 
Department of Ecology and 
Evolutionary Biology)
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Net-Zero America
PRINCIPAL INVESTIGATORS: ERIC LARSON, CHRIS GREIG, AND JESSE JENKINS 
 
 

At a Glance A growing number of companies and governments worldwide, 
including the United States, are pledging to reach net-zero 
greenhouse gas emissions by 2050, but there is a dearth of 
understanding of how to execute on these ambitions. The 
Net-Zero America study provides unprecedented sectoral, 
spatial, and temporal detail in describing five diverse net-zero 
pathways for the United States. The analysis quantifies 
challenges and opportunities at state and sub-state levels, 
including those relating to land use, employment, air 
pollution-related health, capital mobilization, incumbent 
fossil fuel businesses, and new clean-energy industries. The 
unique granularity of the analysis is drawing significant media 
interest and informing federal and state policy makers, private 
industry, non-governmental organizations, and future 
research initiatives around the world. 
 
 

Research Highlight The research team put together five diverse cost-minimized 
pathways to reach net-zero by 2050. These are described below. 
A key high-level finding is that cost of energy services is not 
the major challenge to reaching net-zero emissions economy 
wide: across all pathways total annualized energy system cost 
as a percentage of gross domestic product (GDP) ranged from 
4.2% to 5.8%. U.S. energy spending has ranged between 5% and 
7% of GDP during the past 20 years, except during times of 
financial crisis or oil price shocks, when energy spending was 
as high as 10% to 14% of GDP. More significant hurdles than 
cost to achieving net-zero by 2050 are execution challenges. 
These vary across the modelled pathways, but often involve 
historically unprecedented rates of plant and infrastructure 
deployment and mobilization of related capital investment 
and labor, as described below.

The five modeled pathways all rest on a common set of six 
decarbonization pillars: (1) End-use energy efficiency and 
electrification; (2) Clean electricity; (3) Clean fuels, especially 
bioenergy and hydrogen; (4) Capture, utilization, and storage 
of CO2; (5) Reduced emissions of non-CO2 greenhouse gases; 
and (6) Enhanced land carbon sinks. The five pathways explore 
execution challenges and impacts relating to the first four of 
these pillars. The same exogenous assumptions regarding 
contributions to emissions reductions from pillars 5 and 6 were 
used across all five pathways.
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Two of the pathways (E+ and E-) highlight the impact of the 
rate of electrifying vehicles and building space heat. 
Electrification is very rapid in E+ and less-rapid, but still 
ambitious, in E-.  For example, new vehicles in 2050 with 
electric drivetrains represent 100% of sales in E+ and 88% in E-. 
The slower electrification rate for E- leaves more petroleum 
and natural gas in the primary energy mix in 2050 than for E+, 
necessitating more CO2 capture and storage in E- (Figure 1.1). 

Two other pathways (E+ RE- and E+ RE+) adopt rapid 
electrification on the demand side and explore the impact of 
different levels of renewable solar and wind electricity on the 
supply side. In E+ RE-, the annual expansion of solar and wind 
generating capacity is limited to what has been achieved 
historically in the U.S. (about 35 GW/y combined). The E+ RE+ 
pathway removes this constraint and requires 100% of primary 
energy to be renewable by 2050 and prohibits underground 
storage of CO2. The constraint on solar and wind capacity in E+ 
RE- leads to nearly a tripling by 2050 in the amount of nuclear 
power capacity relative to today. This is the largest use of 
natural gas power generation with CO2 capture and storage 
across the five pathways, and the highest amount of geologic 
CO2 storage (Figure 1.1). In E+ RE+, solar and wind deployment 
grows very substantially, providing over 98% of all electricity 
by 2050. Moreover, total electricity demand in 2050 grows to 4 
times today’s level. In other pathways, electricity demand 
grows by “only” a factor of 2 to 2.5. The demand growth is 
especially high in E+ RE+ primarily because electricity is used 
to make hydrogen, which is used with captured CO2 to 
synthesize liquid hydrocarbon fuels for use in difficult to 
electrify applications (such as aviation).

Figure 1.1.
Modeled U.S. primary energy 
use in 2020 and in 2050 for 
one reference and five 
net-zero pathways.
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The fifth pathway (E- B+), adopting the less-rapid demand-side 
electrification rate, explores the impact of relaxing the 
constraint placed on bioenergy in the other four pathways. In 
the latter, the potential biomass available for energy was 
restricted to biomass that could be provided without any 
change in land use for energy. Notably, since about 40% of 
corn produced in the U.S. today is converted to ethanol fuel, 
the constrained bioenergy supply does allow up to 40% of 
today’s corn-growing land to continue to be used for energy 
production, for example, by converting it to perennial energy 
grasses as ethanol use is phased out. In the E- B+ scenario, the 
full biomass supply projected in the U.S. Department of 
Energy’s “Billion Ton Study,” including some conversion of 
food-agriculture lands to energy crops, was made available to 
the modeled energy system. By 2050, all five pathways use 
essentially all biomass available for energy, with E- B+ using 
nearly twice as much as the other four pathways (Figure 1.1). 
Moreover, most of the biomass is converted to hydrogen with 
the byproduct CO2 captured and stored. This mode of biomass 
use provides a fuel (hydrogen) with net negative emissions, 
thus enabling some continued emissions from difficult or 
very-costly-to-reduce sources.  

Figure 1.2 illustrates some of the high spatial resolution 
mapping completed in the work for the E+ pathway. The left 
panel shows 220 GW of combined utility-scale solar and wind 
farms in 2020 growing to 730 GW in 2030 and reaching 3 TW in 
2050. High-voltage transmission capacity grows 60% by 2030 
and triples by 2050 relative to today. The right panel shows the 
build-out by 2030 of an interstate CO2 transportation network 
needed to connect the CO2 capture plants that are rapidly 
deployed in the 2030s and 2040s to geologic storage reserves. 
By 2050, over 1000 capture plants are feeding CO2 into the 
pipeline network. The majority of capture occurs at biomass 
conversion facilities in the Midwest. About ¾ of the stored CO2 
goes to geologic formations in the Gulf Coast region.

The researchers carried out high-resolution analysis across a 
variety of other features of the net-zero pathways. This 
included the large increase in capital that must be mobilized 
for the energy-supply system, the significant growth in 
aggregate energy-related employment, air-pollution related 
health impacts, and phasing down of fossil fuel industries and 
associated infrastructure. The granular analysis quantifies 
execution challenges and opportunities across multiple 
dimensions of the net-zero pathways. Figure 1.3 translates 
aggregate national level quantitative findings for nine 
dimensions of the energy system in 2050 into an ordinal 
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ranking of the pathways. This is intended to help visualize the 
trade-offs with both execution challenges (left panel) and 
impacts (right panel) suggested by the modeling. For example, 
the right panel shows that the RE+ pathway would see the 
greatest extent of land use impact (for solar and wind projects) 
and the most extensive additions of high voltage transmission 
lines. But the RE+ pathway also would provide the highest 
level of health benefits and entail the largest increase in 
energy-related jobs. In contrast, the RE- pathway involves the 
least land use change and added high voltage transmission 
while still providing health benefits and costing somewhat less 
than RE+. However, RE- requires a massive build out of nuclear 
power, the largest amount of CO2 storage, and adds the least 
number of energy-related jobs.

Figure 1.2.
High-resolution maps 
developed for the E+ net-
zero pathway.  Left panel: 
solar and wind generating 
capacity and associated 
transmission.  Right panel: 
CO2 capture, transport and 
storage network.
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The Net-Zero America study does not offer specific policy 
recommendations. Rather, the research is intended to help 
inform policy and private-sector decision makers in pursuit of 
a net-zero emissions economy by 2050. 

Future work includes: further deep dives into some of the 
questions about feasibility that emerge from these findings; 
evaluating proposed decarbonization policies and scoring 
them against the transition pathways in the study; helping 
launch similarly granular net-zero studies by colleagues in 
other countries; and building open-access modeling tools that 
facilitate the type of high-resolution modeling demonstrated 
in the Net-Zero America study.

Figure 1.3.
Ordinal ranking of aggregate 
national-level execution 
challenges (left) and impacts 
(right), based on quantitative 
metrics derived from 
modeling of the five net-zero 
pathways.
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Biodiversity impacts of land-based climate solutions
PRINCIPAL INVESTIGATOR: JONATHAN LEVINE 
 
 

At a Glance As society invests in land-based climate solutions, 
understanding the impacts of these actions on biodiversity 
becomes ever more critical. Research in the Levine group is 
using meta-analytical approaches to quantify these impacts, 
helping ensure that the portfolio of land-based climate 
mitigation is implemented in a way that maximizes 
biodiversity.

Research Highlight Land-based climate solutions are actions aimed at increasing 
carbon storage or reducing greenhouse gas emissions through 
harnessing the natural processes occurring in vegetation and 
soils. They range from reforestation to bioenergy with carbon 
capture and storage, and are essential to meeting the net zero 
targets in the Paris Agreement. Yet the effects of these 
solutions on local biodiversity are poorly understood. 
Quantifying these impacts is essential to deploying and 
managing a portfolio of land-based climate solutions that 
maximizes biodiversity, or at the very least minimizes harm. 

A reforestation project near Illingen, Germany (Photo by Simon Mannweiler / Wikimedia 
Commons / CC BY-SA 4.0)
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To investigate the impacts of various land-based climate 
solutions, the Levine group is conducting a meta-analysis of 
the literature quantifying the local biodiversity changes 
associated with afforestation, reforestation, forest stand 
management for carbon storage, bioenergy cropping for carbon 
capture, and agricultural soil carbon enrichment. For each of 
these land-based climate mitigation actions, the meta-analysis 
synthesizes the results of studies that have quantitatively 
compared species diversity in locations with a given land-
based climate solution relative to how that land would 
otherwise be used.  

Initial analyses of the resulting database, whose size lies in the 
upper 95th percentile of ecological meta-analyses, shows that 
when averaging across all land-based climate solutions, such 
intervention does not systematically increase or decrease 
biodiversity. Instead, preliminary results show that the type of 
land-based carbon solution moderates the strength and 
direction of biodiversity change. At the harmful end, 
afforestation reduces species richness (relative to those areas 
without afforestation) by about by about a quarter to a fifth, as 
does the replacement of food crops with bioenergy crops. By 
contrast, forest stand management for carbon and agricultural 
soil carbon enrichment lead to a roughly 10% increase in 
species richness relative to unmanaged forest and 
conventional agriculture, respectively. Importantly, across 
studies within each land-based solution, the biodiversity effect 
ranged from net loss to net gain, highlighting the potentially 
modulating effects of where and how these land-based climate 
solutions are implemented. Quantifying these effects is the 
next step of the meta-analysis. Overall, the project aims to 
identify actionable practices for managing carbon while 
minimizing harmful effects on biodiversity, information 
critical for the optimal management of land for nature 
conservation, food, and carbon storage.
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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, ELENA SHEVLIAKOVA, AND VAISHALI NAIK 
 
 

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 uses laboratory experiments to 
show how microbial dynamics control wetland CH4 emissions 
and how methane stable isotopes can be used to identify a 
novel biological methane source (Highlight 1a, 1b). The second 
highlight uses a National Oceanic and Atmospheric 
Administration-Geophysical Fluid Dynamics Laboratory 
(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 1a 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 
and 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 that vary in time 
and space. The factors responsible for the greatest methane 
emission from wetlands remain unknown.

Carbon Mitigation Initiative      Twentieth Year Report  202023 Carbon Mitigation Initiative      Twentieth Year Report  202023



CMI Researchers are investigating 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 compounds that are more 
difficult to degrade by biology. This leads to a more active 
methane-producing (methanogenic), microbial food web under 
subsequent oxygen-poor conditions (Wilmoth et al., in review). 
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 microbial “latch” on 
downstream carbon flow that ultimately makes wetlands more 
methanogenic (Figure 2.1, Reji et al., in prep).

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 peat 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 press), 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 

Figure 2.1.
Transient oxygen 
exposure triggers a shift 
in microbial community 
succession during microbial 
degradation of complex 
aromatic peat carbon 
that promotes methane 
formation. (Reji et al., in 
preparation).
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wetland methane emissions.

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). CMI collaborations (Yang et 
al., 2020) also address how the presence of different mineral 
and carbon forms can promote or attenuate microbial methane 
production.

Figure 2.2.
Nitrogenase-derived 
methane has a unique 
isotopic composition. The 
stable isotopic composition 
of methane produced by 
nitrogenase (yellow) can 
be distinguished from 
other natural methane 
sources due to its more 
depleted hydrogen isotopic 
composition. Individual 
data points from this study 
are shown as diamonds (n 
= 31). The observed ranges 
for fermentative (green), 
hydrogenotrophic (blue), 
and geological (red) methane 
sources are also shown. 
(From Luxem et al., 2020).

The 2018 discovery of carbon dioxide reduction into methane 
by nitrogenases, enzymes responsible for natural nitrogen 
input into ecosystems, revealed a second biological 
mechanism for methane production on Earth. However, the 
importance of this pathway for methane production in the 
environment remains unknown because scientists lack 
information on how to distinguish nitrogenase-associated 
methane from other sources. Inspired by ongoing research in 
the group on the stable isotope signatures of nitrogenase 
enzymes (Zhang et al., 2014) and the application of stable 
isotopes of methane to constrain methane budgets, the 
researchers hypothesized that nitrogenase-derived methane 
could feature a carbon or hydrogen stable isotope composition 
distinctive from methane generated by other processes. Using 
pure culture systems, the researchers demonstrate that 
hydrogen stable isotopic composition distinguishes methane 
produced by nitrogenase from other sources (Figure 2.2, 
Luxem et al., 2020). With this new fingerprint, it will be 
possible to improve our understanding of different methane 
sources and their interactions with nitrogen cycling in nature. 

Research Highlight 1b
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To assess how field and laboratory data scale up to affect 
regional and global CH4 trends, the researchers (1) implement 
and evaluate the capability of the terrestrial component of the 
GFDL Earth System Model (ESM) to simulate CH4 and CO2 
emissions from different wetland ecosystems; and (2) explore 
how uncertainty in climate, plant, 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 findings outlined under Highlight 1, the impact of soil 
moisture 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 model component with 
an explicit treatment of the four microbial groups for use with 
GFDL ESMs, which simulate anaerobic decomposition and 
methane production (Figure 2.3). 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 
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.

Research Highlight 2

Figure 2.3.
Structure of the new 
methane production and 
consumption component of 
the GFDL land model. DOC, 
dissolved organic carbon.
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With the support of CMI, the researchers are developing 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 make projections about 
future greenhouse gas under changing climate and land use. 
Interactive land–atmosphere methane fluxes will enable 
evaluation of biogeochemical feedbacks between changes in 
wetlands and permafrost on climate, which have yet to be 
included in Earth system projections.

An imbalance in methane sources and sinks leads to changes 
in atmospheric methane levels. Observations reveal complex 
temporal variation in atmospheric methane growth over the 
past three decades. These have challenged the often 
controversial attempt to attribute these variations to specific 
methane sources or sinks (Nisbet et al., 2019). The GFDL 
atmospheric chemistry group has applied a process-based 
global chemistry-climate model (GFDL-AM4.1) that simulates 
changes in methane sources as well as the primary methane 
sink in a unified framework to determine the drivers of 
atmospheric methane trends and variability at the decadal to 
centennial time scales. The primary goal is to explore how 
individual sources and sinks affect the observed trends and 
variability in methane from 1980 to 2017.

CMI research with the GFDL-AM4.1 model shows that the 
methane stabilization observed between 1999 and 2006 was 
mainly due to increasing methane emissions balanced by an 
increasing methane OH sink. In the period following 2006, 
increasing emissions outweighed any changes in the sink, 
resulting in the renewed growth of methane (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 2.4 (He et al., in preparation). Furthermore, a reanalysis 
of atmospheric meteorological data has prompted 
investigation of the uncertainties in OH distribution, trends, 
and variability, and the resulting impacts on methane budget 
and lifetime due to differences in meteorology (He et al., in 
preparation).

Research Highlight 3
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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. 
Future work involving the coupling of improved terrestrial 
wetland emissions model (Highlight 2 with input from 
Highlight 1) with GFDL’s Earth System Model (ESM4) will 
advance the characterization of the drivers of atmospheric 
methane variability.

Figure 2.4.
Source Contributions to 
Atmospheric Methane 
from 1983-2017. 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 δ13CH4 
constraints (From He et al, in 
preparation).
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The key role of soils in the future of atmospheric hydrogen
PRINCIPAL INVESTIGATORS: MATTEO BERTAGNI, FABIEN PAULOT, AND AMILCARE PORPORATO 
 
 

At a Glance Hydrogen (H2) is gaining international attention as an energy 
carrier with a low carbon footprint. But a more H2-centered 
economy may also increase the amount of H2 in the 
atmosphere, causing indirect global warming effects (e.g., 
increasing methane lifetime). To sharpen future H2 projections, 
Porporato’s group is addressing the large uncertainties related 
to the H2 soil uptake by bacteria, which is currently estimated 
to be responsible for nearly 80% of the atmospheric H2 
consumption.

Research Highlight Hydrogen may play an important role in the decarbonization 
of energy systems and provide a cost-effective option to 
displace fossil fuels in applications—such as heavy transport—
where emission reductions are difficult. However, the large-
scale use of hydrogen as energy carrier may increase the H2 
atmospheric concentration—currently around 530 ppb 
(Novelli et al., 1999)—and the environmental implications are 
not yet clear. 

Hydrogen is not a greenhouse gas, but it has an indirect global 
warming potential, mainly due to the increased lifetime of 
methane and the cooling of the stratosphere (Paulot et al., 
2021). Model estimates suggest that this global warming 
potential is small compared to that of fossil fuels. Nonetheless, 
there is still large uncertainty in the estimates due to the 
poorly constrained main sink of atmospheric hydrogen: the 
soil uptake by bacteria. 

H2 soil uptake by bacteria accounts for nearly 80% of the 
tropospheric removal and is widespread in all ecosystems 
worldwide, including extreme environments (Ji et al., 2017). 
Complex interactions between biotic and abiotic processes 
govern this uptake. In particular, soil moisture plays the main 
role as it affects the rate at which H2 is consumed by bacteria 
(the bacteria metabolism) and the rate at which H2 becomes 
available for bacteria (H2 diffusion through the soil). 

Research (e.g., Smith-Downey 2006) has shown that at very low 
levels of soil moisture, bacterial metabolism is inhibited 
because of water stress.  At high values of soil moisture, the 
soil H2 uptake is limited by the reduced diffusivity of H2

Carbon Mitigation Initiative      Twentieth Year Report  2020 30Carbon Mitigation Initiative      Twentieth Year Report  2020 30



through the moist soil. In between, there is an optimal 
moisture value that maximizes the H2 soil uptake (Figure 3.1a). 
Through a system that encompasses water and hydrogen 
dynamics in soil (Figure 3.1b), Porporato’s group has shown 
that addressing the dry-wet sequences is necessary to correctly 
characterize the H2 soil uptake in semi-arid regions (Bertagni 
et al., submitted). This highlights a challenge for global 
climate models that often rely on time-averaged moisture data. 
Results also show that H2 diffusion through the soil generally 
limits H2 uptake in humid temperate and tropical regions, 
while biotic limitations tend to occur in arid or cold regions 
(Figure 3.2).

Figure 3.1a-b.
(a) Qualitative trend of H2 
soil uptake as a function of 
soil moisture. (b) Schematic 
representation of water 
(light blue) and hydrogen 
(red) dynamics in soil.

Figure 3.2.
Distribution of biotic 
(green) and abiotic (purple) 
limitations to H2 soil uptake. 
Biotic limitations tend to 
occur in arid and hyperarid 
regions (see the World 
Aridity Map in the inset).
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Pipeline infrastructure development for large-scale CCUS 
in the United States
PRINCIPAL INVESTIGATORS: MICHAEL CELIA AND YIHENG TAO 
 
 

At a Glance Princeton researchers are exploring the ways retiring coal-
fired power plants can be replaced by Allam-cycle natural gas 
power plants with CCUS (carbon capture, utilization and 
storage). With reasonable levels of government support, the 
researchers suggest that the resultant carbon dioxide (CO2)
captured during the Allam cycle can be transported via 
pipelines to major saline aquifers and EOR (Enhanced Oil 
Recovery) hubs. Developing a viable pipeline infrastructure 
system will go a long way in creating a productive and efficient 
CCUS industry in the United States, which will ultimately help 
reduce CO2 emissions from fossil fuel combustion.

Research Highlight In 2018, Ph.D. student Ryan Edwards showed that the newly 
revised Section 45Q tax credit for CCUS was sufficient to 
incentivize pipeline construction to deliver CO2 captured from 
ethanol plants in the upper Midwest to the Permian Basin in 
West Texas for Enhanced Oil Recovery (EOR) (Edwards and 
Celia, 2018). Ethanol plants were chosen because they produce 
a pure stream of CO2. This eliminates expensive gas separation 
when capturing CO2. The low cost of carbon capture made the 
overall system economically viable. Because U.S. emissions 
from ethanol are only about 30 million tonnes of CO2 per year 
(Mt CO2/yr), the underlying motivation of that work was to 
initiate pipeline construction necessary for a large-scale CCUS 
industry to develop. However, that work also showed that the 
revised 45Q tax credit was not enough to make capture of the 
much larger sources from traditional power plants 
economically viable.

The researchers are currently exploring which government 
policies would be required to make pipeline construction for 
the power sector economically viable. They are studying a 
specific proposed system where retiring coal-fired power 
plants in the United States are replaced by Allam-cycle natural 
gas plants, with the new plants built at the same locations and 
having the same power output. The researchers focus on the 
Ohio Valley and lower Mississippi Valley, extending westward 
into Texas. In that region, they identify 156 large coal-fired 
power generators collectively generating 100 GW of power.
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They propose a main trunk line that will deliver captured CO2 
from the proposed Allam-cycle power plants to the Illinois 
Basin for saline storage, to the Gulf Coast for either saline 
storage or EOR, and to West Texas for EOR. A map with the 
pipeline, storage locations, and power plant locations is shown 
in Figure 4.1.

In the analysis, pipelines are initially oversized to 
accommodate the portion of the 156 power generators with 
later retirement dates. In addition, because the Allam cycle is a 
new technology, the researchers apply a learning curve 
consistent with observed learning in related systems. Finally, 
they measure the cost for Allam-cycle CCUS as the incremental 
cost above the cost for a standard Natural Gas Combined Cycle 
(NGCC) power plant. Details of all calculations and 
assumptions can be found in Tao et al., (to be submitted).

The current 45Q tax credit does not provide sufficient 
economic incentive to allow a pipeline to be built for fossil-fuel 
power plants so additional government policy is required. A 
key result of the current work is that extension of the 45Q tax 
credit from 12 years to 20 years, coupled with an increase of 
about 80% in the amount of the tax credit (from a current 
maximum of 50 USD per tonne CO2 to $90/tCO2) would make 
the entire system economically viable. Under this scenario, all 
participating power plants find CO2 capture to be economically 
advantageous while pipeline operators make a sufficient return 
to finance the construction and operation of the pipeline 

Figure 4.1.
Illustration of the pipeline 
system, including a 
Northern and a Southern 
component. The Northern 
system consists of 
Allam-cycle generators 
in orange and pipeline in 
red. The Southern system 
consists of Allam-cycle 
generators in green and 
pipeline in olive. The 
Northern and Southern 
pipelines overlap from 
Illinois to the Gulf Coast. 
Light blue lines are 
existing CO2 pipelines. Blue 
rectangles indicate suitable 
deep saline aquifers and red 
stars indicate locations for 
CO2-EOR (Szulczewski et al., 
2012; RARI,). Green indicates 
general saline storage 
potential (NETL, 2015).

Carbon Mitigation Initiative      Twentieth Year Report  2020 34



network, with total pipeline construction cost being on the 
order of 10 billion USD.

The resulting network involves about 7,500 miles of pipeline 
and includes 40% of the current coal-fired power in the U.S. 
The proposed network can also connect into other future 
regional infrastructure networks to provide overall nationwide 
carbon management. Other policy options include creation of 
a regional management authority, similar to the Tennessee 
Valley Authority, to distribute costs among the power plants. 
That option reduces the cost penalty for early adopters, who 
experience first-of-a-kind costs while contributing to the 
learning curve, which reduces costs for later Allam cycle 
plants. This option allows for lower costs in the system but 
requires more government oversight. Overall, this analysis 
provides quantitative targets with associated policy options to 
incentivize power-sector CCUS in the United States.  

Edwards, R.W.J., and M.A. Celia, 2018. Infrastructure to enable 
deployment of carbon capture, utilization, and storage in the 
United States. Proc Natl Acad Sci USA 115(38): E8815–E8824. 
(DOI: 10.1073/pnas.1806504115).

Szulczewski, M.L., C.W. MacMinn, H.J. Herzog, and R Juanes, 
2012. Lifetime of carbon capture and storage as a climate-
change mitigation technology. Proc Natl Acad Sci USA 
109(14):5185–5189. (doi: 10.1073/pnas.1115347109).

Reports from Advanced Resources International, Inc. 
NETL Carbon Storage Atlas, Fifth Edition, 2015. (U.S. 
Department of Energy National Energy Technology Laboratory, 
Pittsburgh, PA).
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Strategic CO2 infrastructure development to achieve low-
carbon electric power sector in the Midwestern and South-
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Toward understanding and optimizing fluid-silicate 
interfacial properties in low carbon emission technologies
PRINCIPAL INVESTIGATOR: CLAIRE E. WHITE 
 
 

At a Glance Research conducted by the Sustainable Cements Group 
promises to advance an understanding of silicate dissolution, a 
key process involved in several mitigation strategies aimed at 
reducing industrial CO2 emissions. Postdoc Bastien Wild, part 
of the White group, is working to understand how silicates 
(SiO2-rich solids) dissolve. In particular, he is focused on 
unravelling the properties of fluid-silicate interfaces across 
length scales and linking these properties to macroscopic 
dissolution behavior (i.e., how the solids decompose in 
aqueous environments). An important, but counterintuitive, 
finding is that silica-rich layers containing nanosized pores are 
seen to form at mineral surfaces when exposed to acidic 
conditions. This implies that the dissolution rate of the silicate 
mineral should be much reduced due to the presence of these 
layers. Yet, unexpectedly high dissolution rates are observed 
for these systems.

Research Highlight Scientists are exploring a range of mitigation strategies to 
reduce industrial CO2 emissions. These include the 
development and implementation of “green” cements in the 
construction industry, carbon capture, utilization and storage 
(CCUS), and the design of long-term repositories for safe 
storage of radioactive waste. The dissolution of silicates plays 
an important role in all these specific mitigation strategies, yet 
the fundamental mechanism(s) controlling silicate dissolution 
is still being debated. 

CMI funding is supporting experiments directed at uncovering 
the interfacial textural and transport properties for three 
specific silicate types: alkali-activated slag (AAS) cement, 
feldspar, and international simple glass (ISG). This project 
seeks to understand how the formation of amorphous silica-
rich layers at fluid-solid interfaces, which are seen to exist 
during dissolution of silicate solids under certain conditions, 
affects overall dissolution rates at the macroscopic level 
(Figure 5A-E). Researchers have characterized material 
properties at several length scales. This includes research at 
the micron length scale to assess the microstructure of 
complex materials such as cement or rock.
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Researchers are also investigating sub-micron length scale to 
access quantitative data on the thickness and porosity (void 
space) of these amorphous silica-rich layers.

Researchers used time-resolved measurements of cation 
release into solution to capture the dissolution rates of AAS, 
feldspar and ISG. They showed that the silica-rich layers that 
formed on AAS samples control how easily cations migrate to 
the bulk solution, which in turn affects the measured 
dissolution rate. This is consistent with the distribution of 
elements in the vicinity of the layers, as measured by electron 
microscopy. However, for single crystal samples of labradorite 
(a silicate mineral), the silica-rich layers that were seen to form 
during exposure to acidic conditions did not influence the 
overall dissolution rate. This occurred despite these layers 
containing only very small nanosized pores (as opposed to 
larger pores). These unexpected findings are consistent with 

percolation experiments that revealed high transport 
properties for the corresponding silica-rich layers, even for 
very thick layers (> 10 µm) that were seen to form over several 
months of reaction.

The researchers are currently developing and testing 
hypotheses that explain these novel findings, which differ 
from current state-of-the-art knowledge of the transport 
properties of silica-rich layers. In particular, the researchers 
are exploring the spontaneous generation of dense regions 
within the porous network of the silica-rich layer, and the 

Figure 5A-E.
(A-C) Select interfaces 
studied in this work, as 
indicated by the arrows (the 
blue arrow is on the fluid 
side of the interface). (A) 
Depleted coating formed 
on a sustainable cement 
sample, (B) diffusive 
interface formed by sulfate 
attack of the cement sample, 
and (C) sub-micrometer 
thick amorphous silica-
rich layer formed on a 
labradorite feldspar single 
crystal. Note that the cracks 
present in (B) are due to the 
dehydration of the layer, 
and the change in grayscale 
(composition contrast) is 
due to element depletion 
at the interface. (D) In situ 
X-ray reflectivity analysis of 
labradorite feldspar, where 
oscillations indicate an 
average thickness of 16 nm 
for the amorphous silica-
rich layer. (E) Amorphous 
silica nanopore used in MD 
modeling of amorphous 
silica-rich layer properties.
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convective transport of ions caused by large concentration 
gradients at the interface.

Overall, this work is advancing our knowledge of the chemical 
and physical properties of fluid-solid silicate interfaces that 
are found in negative carbon emission applications involving 
silicate dissolution, (e.g., enhanced weathering), the 
manipulation of construction materials, and safe long-term 
storage of radioactive waste.
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Resolving the physics of soil carbon storage
PRINCIPAL INVESTIGATOR: IAN BOURG 
 
 

At a Glance The Bourg group is working to resolve the fundamental 
mechanisms of soil carbon storage. This research uses a 
combination of atomistic-level simulations and laboratory and 
field experiments to gain insight into two natural carbon sinks: 
the stabilization of soil organic carbon by clay minerals and 
the sequestration of soil inorganic carbon by mineral 
weathering. The results will enable more accurate Earth 
System Model predictions of soil organic and inorganic carbon 
dynamics and provide practical strategies for enhancing the 
soil carbon sink.

Research Highlight Soils have two key impacts on the global carbon cycle. First, 
they store about half of the carbon present near the Earth’s 
surface (the other half being distributed roughly evenly 
between atmosphere, the biosphere, and the surface ocean), 
primarily in the form of organic matter. Second, they mediate 
mineral weathering reactions that control the drawdown of 
atmospheric CO2 on geologic time scales. Both processes have 
strong potential as carbon sinks. They have also been lauded 
as “triple-win” scenarios, whereby shifting the use of 
agricultural soils for carbon sequestration would offer 
increased drought resilience and fertility for food production. 

Quantifying the effects different soil management practices 
have on these sinks remains a stumbling block in 
understanding the use of soils for carbon sequestration. The 
Bourg group’s research integrates findings from molecular- 
and pore-scale computational work with those from laboratory 
and field studies to help efforts aimed at enhancing these soil 
carbon sinks. In 2020, this research was focused on two major 
tasks.

In the first task, the Bourg group is using all-atom molecular 
dynamics (MD) simulations of simple clay-water-organic 
systems to understand the mechanisms by which clay-rich 
soils store organic carbon. These soils are known to have a 
high capacity for accumulating organic carbon, yet the storage 
mechanism remains poorly understood (Kleber et al., 2021). 
Recent simulations carried out on U.S. Department of Energy 
supercomputers (Figure 6.1) demonstrate that anionic organic 
compounds – compounds with negatively charged ions – have
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a significant affinity for clay mineral surfaces. This affinity is 
driven predominantly by hydrophobic (“water repelling”) 
interactions, yet strongly enhanced by calcium ions (Ca2+) that 
act as intermediates between the mineral surface and polar 
organic moieties (Willemsen and Bourg, 2021).

The Bourg group has put forward two concepts that help to 
clarify the issue of how clay minerals store carbon. Firstly, the 
interaction between organic matter and minerals in soils, 
though often represented in soil carbon models as a chemical 
partitioning phenomenon (i.e., binding of organic matter to 
mineral surfaces), may in fact be more akin to a wetting 
phenomenon (i.e., affinity of organic matter for the mineral 
framework due to capillarity). Secondly, the apparent 
protectiveness of fine-grained minerals towards soil carbon, 
though often represented as reflecting a degree of chemical 
protection, may instead reflect the tendency of organic matter 
to mechanically reinforce mineral aggregate structures that 
physically occlude organic matter in pores narrower than soil 
microbes (Kleber et al., 2021; Yang et al., 2021).

In the second task, the Bourg group is working to determine 
the rates of mineral weathering in situ in the complex 
biogeochemical and hydrologic conditions that exist in soils. 
This is a key parameter controlling the extent to which soil 
mineral amendments can be used to sequester atmospheric 
CO2 through enhanced mineral weathering. This task will rely 
on field work carried out at the Watershed Institute, a 
conservation NGO located near Princeton, combined with 

Figure 6.1.
Snapshot of a simulation 
cell containing two Ca-
smectite clay nanoparticles 
(1 nm thick particles with 
0.6 nm thick interlayer 
nanopores) in contact with 
bulk-liquid-like water (0.1 
M CaCl2 solution). Clay 
structural atoms are shown 
as polyhedra; Ca and Cl 
ions are shown as blue and 
green spheres; water O and 
H atoms are shown as purple 
and blue dots; three anionic 
organic molecules with 
surfactant-like properties 
(with a hydrophilic head 
and a hydrophobic tail) are 
shown as red, yellow, cyan, 
and purple spheres.
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detailed mineral characterizations carried out at Princeton 
and at U.S. National Laboratories (Figure 6.2). It will leverage a 
novel capability to determine mineral dissolution rates in soils 
recently developed by the Bourg group (Wild et al., 2019).

Figure 6.2.
Overview of the planned field study on the weathering of 
soil mineral amendments for inorganic carbon capture. 
Probes consisting of mineral samples (polished surfaces 
and powders) in nylon mesh bags will be incubated (i.e., 
buried) in a farmed plot at the Watershed Institute. These 
mineral samples will be retrieved and characterized 
after 8 months of weathering in the field. Results will be 
compared to field-scale measurements realized on the 
same area monitored with lysimeters at the bottom of the 
soil profile and directly at a nearby stream. 

Kleber M., I.C. Bourg, E. Coward, C.  Hansel, S. Myneni, and N. 
Nunan, 2021. Mineral-organic interactions are multifunctional 
and multidimensional. Nature Reviews Earth and 
Environment, accepted.
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layers developed on weathered silicates: A case study based on 
labradorite feldspar. Journal of Physical Chemistry C 123, 
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simulation of the adsorption of per- and polyfluoroalkyl 
substances (PFASs) on smectite clay. Journal of Colloid and 
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Drought tolerant agriculture for semi-arid ecosystems
PRINCIPAL INVESTIGATORS: AMILCARE PORPORATO AND SAMANTHA HARTZELL 
 
 

At a Glance CMI researchers are developing models which allow them to 
better assess the potential role of drought-tolerant agriculture 
for carbon sequestration and food production in semiarid 
ecosystems. This research investigates Crassulacean acid 
metabolism (CAM) photosynthesis, a water-conserving 
pathway used by many epiphytes and dryland plants. By using 
models that couple plant hydraulics and carbon fluxes to the 
soil and atmosphere, the researchers are able to assess the 
viability of productivity, water use, and natural climate 
solutions for dryland ecosystems around the globe.

Research Highlight The three different photosynthetic pathways —C3, C4, and 
CAM —can be likened to gasoline, turbocharged, and hybrid 
cars. The first pathway is the basic engine and simplest 
evolutionary form of photosynthesis. The second pathway, C4, 
concentrates carbon to enable increased “turbocharged” 
efficiency under high light and temperature conditions: these 
are the super-efficient workhorse crops like corn, sugarcane, 
and sorghum. The CAM pathway is the “hybrid” system, which 
runs on 6-10 times less water by taking advantage of diurnal 
variability of evaporative demand. 

Researchers at CMI have introduced the Photo3 model (Figure 
7.1), which represents all three photosynthetic pathways (C3, 
C4, and CAM) in a consistent, physiologically-based manner 
(Hartzell, Bartlett, and Porporato 2018). The model unites a 
common photosynthetic and hydraulic core with components 
depicting the circadian rhythm of CAM photosynthesis and 
the carbon-concentrating mechanism of C4 photosynthesis. 
This facilitates a better understanding of the tradeoffs between 
the three pathways and implications for climate feedbacks.

Extensions of this work over the last year have enabled the 
researchers to predict biomass productivity and water use 
from basic principles for CAM plants (Hartzell et al., 2020), 
improving on previous models which were not generalizable 
outside of specific geographic regions. This is paving the way 
for predictions and assessment of the suitability of CAM crops 
such as prickly pear (Opuntia ficus-indica) and agave (Agave 
tequilana) for food and biofuel production on a global scale 
(Figure 7.2).
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Using a similar modeling framework combined with a 
probabilistic description of soil moisture, researchers are now 
investigating the potential of various drought-tolerant 
solutions for long-term carbon sequestration in dryland 
agroecosystems. This work predicts that the implementation 
of drought-tolerant agroecosystems may lead to significant 
increases in global natural climate solutions for carbon 
sequestration. It will also provide social and ecological co-
benefits such as decreased erosion, increased soil quality, and 
increased financial stability in the face of a warming and 
drying climate.

Figure 7.1.
The Photo3 model 
represents the fluxes of 
carbon (as arrows) involved 
in basic C3 carbon fixation, 
the C4 "turbocharged" 
carbon concentration 
mechanism, and the CAM 
"hybrid" circadian rhythm. 
Consistent representations 
of the primary carbon 
fluxes (pink), respiration 
(grey), and photosynthetic 
Calvin cycle (yellow) enable 
uniform predictions of 
carbon fixation and water 
use (after Hartzell, Bartlett, 
and Porporato (2018).

Figure 7.2.
Left: Model results 
accurately simulated carbon 
sequestration and water use 
by prickly pear (Opuntia 
ficus-indica), improving 
upon the empirically-based 
environmental productivity 
index (EPI) (after Hartzell et 
al. (2020)).  
Right: Photo of prickly 
pear cacti at the Estação 
Experimental de Arcovderde 
IPA in Permambuco, Brazil 
(Hartzell, 2019).
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Global climate changes and their hurricane impacts
PRINCIPAL INVESTIGATOR: GABRIEL VECCHI 
 
 

At a Glance One of the consequences of global climate change is a 
predicted increase in the intensity of tropical cyclone (TC) 
activity and other climate impacts. Key to predicting the 
severity and duration of such impacts for future decades is 
understanding the dynamics of these phenomena over the past 
few centuries. To this end, the Vecchi group is using climate 
and atmospheric model studies, along with analyses of the 
observed record, to investigate the nature of these climate 
impacts. The Group is especially interested in understanding 
how TCs develop, how they might be predicted, and the role 
global climate change plays in their generation and severity.

Research Highlight An important goal of this research is to better understand the 
extent to which observed multi-decadal to centennial changes 
in TC activity have been driven by large scale factors (such as 
ocean temperature changes, greenhouse gases, volcanic 
eruptions, El Niño) versus random atmospheric fluctuations. 
The researchers are also exploring the extent to which natural 
and human-induced climatic factors (such as volcanic 
eruptions and greenhouse-induced warming) have influenced 
the character and impact of TC activity. Principal results of 
their work include the following three highlights: 

i. Tropical Cyclone-Climate Connection

What controls global TC frequency remains a crucial and 
unanswered question. Using theoretical arguments and a 
hierarchy of climate model simulations (Figure 8.1), the 
researchers developed a framework to understand the global 
response of TC frequency to a broad range of climate drivers 
(Hsieh et al., 2020). This framework starts from the realization 
that TCs form from pre-existing, weaker, wave systems (TC 

“seeds”), the sensitivity of which to climate forcing is the main 
driver of TC frequency change. They developed a theoretically-
motivated scaling for “seed” and TC frequency, which is able to 
explain TC frequency across a range of climates. Future work is 
aimed at better understanding the regional changes in 
hurricane frequency. 
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The researchers are also working to understand the controls on 
“rapid Intensification”, or RI. This refers to tropical cyclones 
whose peak intensities increase by a Saffir-Simpson Category 
in less than 24 hours. These storms are among the most 
difficult to predict on weather timescales and can have 
dramatic societal consequences because their intensity 
changes can leave coastal areas with little warning. The 
researchers have identified, using observations of RI and 
large-scale climate, a strong constraint from large-scale 
environmental conditions on the probability of rapid 
intensification (Ng and Vecchi 2020). This empirical work 
suggests that statistical models could be built that would be 
applicable to projecting RI probability from a large suite of 
climate models. 

The Vecchi group has also explored the impact of 
“extratropical transition” (or ET) on the character of tropical 
cyclone rainfall, and its change from global warming (Liu et al., 
2020; Bieli et al., 2020). The researchers have identified how 
the Pacific jet stream impacts hurricane frequency in the 
Atlantic (Zhang et al., 2020), an insight which might help 

Figure 8.1.
Top Panel: Depiction of the 
hierarchy of high-resolution 
models used to understand 
the hurricane-climate 
connection: realistic global 
simulations (red), ocean 
only worlds with warm 
tropics and cold poles (blue) 
and ocean only worlds 
with uniform temperatures 
(green). Exploring hurricane 
climate connections across 
a suite of configurations 
allows us to identify the 
causal processes [figure by 
Tsung-Lin Hsieh]. Lower 
panels show the ability 
of theoretical scaling 
arguments developed using 
the hierarchical modeling 
approach to predict the 
response of (a) tropical 
cyclone “seeds” and (b) 
tropical cyclone frequency in 
response to forcing changes 
[lower panels from Hsieh et 
al. 2020]. 
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improve more accurate seasonal hurricane predictions. The 
researchers also studied the sensitivity of ocean temperature 
and salinity to tropical cyclones, which was intended to obtain 
a more complete understanding of the coupled ocean-
atmosphere mechanisms controlling TC intensity (Sun et al., 
2021).

ii. Regional Impacts of Climate Forcing

The researchers have explored the impact of volcanic forcing 
on global-scale TC and hydroclimate variations — with a 
particular focus on the similarities and differences between 
forcing from different 20th century volcanos (Jacobson et al., 
2020). Using targeted climate model experiments, they tested 
the hypothesis that the hydroclimate sensitivity to volcanoes 
depends on the hemisphere in which the volcanic plume is 
most pronounced. They noticed different hydroclimate 
responses to Pinatubo (1991), the most intense volcanic 
eruption in the 20th century with a stratospheric plume 
symmetric about the equator; Santa María (1902), whose plume 
had a northern hemisphere maximum; and Agung (1963), 
which had its plume primarily in the southern hemisphere. 
Northern hemisphere volcanoes lead to a drying of semi-arid 
regions in West Africa (“the Sahel”), while southern 
hemisphere volcanoes do the opposite. And even though 
Pinatubo was the strongest volcano in terms of global radiative 
forcing and surface temperature change, both Santa María and 
Agung account for larger regional rainfall differences due to 
displacements of climatological wet/dry regions. 

Volcanoes provide case studies to explore the response of the 
global climate system to radiative forcing and are thought to 
be one of the main drivers of climatic change over the past 
millennium (and on longer timescales). This work provides an 
organizing framework with which to explore the global 
impacts of volcanoes, and indicates that the best-studied 
volcano on record (Pinatubo in 1991, which was very 
symmetric) may be relatively unrepresentative of volcanic 
forcing on climate in general (since most volcanoes appear to 
have primarily asymmetric forcing). The researchers have also 
been exploring the sensitivity of extratropical and subpolar 
lake freeze statistics to climate changes over the 20th century, 
in order to build projections for the 21st century. 
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iii. Understanding Global Surface Warming

Some of the latest generation of climate models have a "climate 
sensitivity" (warming of the surface resulting from a doubling 
of CO2) that substantially exceeds past model estimates. The 
researchers explored the mechanisms behind the large 
inter-model spread of climate sensitivity and used the 
observational record to evaluate whether models with high or 
low climate sensitivity are more plausible (Wang et al. 2021). 
They found that these new models have a climate sensitivity 
that ranges from less than 2°C to almost 6°C. This spread is due 
to differences in the way clouds respond to warming; they all 
show global warming over the historical record that is similar 
to observations. The researchers found, further, that the 
agreement over the historical period in global-mean warming 
is due to the models with high sensitivity of warming to CO2 
also having a very large sensitivity of clouds to aerosol changes, 
which acts to cool the planet over the past century. Thus, 
these high sensitivity models can capture observed globally-
averaged warming only through a strong masking of historical 
CO2 warming by aerosol-induced cooling.

Because the aerosol cooling is concentrated in the northern 
hemisphere, the researchers were able to use the historical 
record of inter-hemispheric warming difference (how the 
northern hemisphere warms relative to the southern 
hemisphere) to distinguish between models with high 
sensitivity to CO2 (and strong historical aerosol response) and 
low sensitivity to CO2 (and weaker historical aerosol response). 
They found that the observed inter-hemispheric temperature 
differences are inconsistent with the high climate sensitivity 
models, but more consistent with the lower sensitivity models. 
That is, the observed pattern of historical warming argues 
against the plausibility of these new, extreme climate-model 
estimates of climate sensitivity.
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Coastal dead zones in the northern Indian Ocean
PRINCIPAL INVESTIGATORS: LAURE RESPLANDY, JENNA PEARSON, AND MATHIEU POUPON 
 
 

At a Glance Global warming and anthropogenic activities are contributing 
to a loss of oxygen in the world’s oceans (Bopp et al., 2017), 
creating what are called “coastal dead zones.” These are areas 
of extremely low oxygen that threaten coastal ecosystems and 
populations. The Resplandy group is evaluating the risk and 
studying the physical processes responsible for these dead 
zones in the tropical Indian Ocean — a particularly densely 
populated area.

Research Highlight The tropical Indian Ocean is one of the few regions on Earth to 
host both natural oxygen minimum zones (OMZs) and human-
induced coastal dead zones, where oxygen concentrations 
reach hypoxic levels (< 63_mol=kg O2). Most organisms cannot 
survive under such low oxygen conditions (Levin et al., 2009), 
and dead zones often result in mass mortality or migration of 
marine life to more oxygenated waters. Reported cases of 
intense coastal dead zones have increased dramatically over 
the last few decades in the Indian Ocean (Breitburg et al., 2018). 
In 2001, a particularly intense event occurred along the 
western coast of India, which nearly collapsed shrimp fisheries 
(Wajih et al., 2009) — a vital component of India’s economy. 
Additionally, expansion of OMZs under climate change can 
bring oxygen-poor waters nearer the surface (Resplandy 2018; 
Busecke et al., 2019). This can alter the exchanges between 
oxygen-starved OMZ waters and coastal shelf waters prone to 
dead zones.

In this project, the Resplandy group quantifies the risk 
associated with seasonal and year-to-year variations in 
physical and biological processes that enhance hypoxic 
conditions, or push regions on the cusp into hypoxia. This is 
paramount to predict and anticipate impacts on 
biogeochemical cycles, the ecosystems these cycles support, 
and the commercial fishing industry that relies on healthy and 
robust populations to sustain local economies. To evaluate the 
risk of hypoxia, the researchers generated an unprecedented 
dataset that combines satellite data, autonomous floats, and 
ship-based oxygen measurements.
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The dataset built by the Resplandy group reveals that the 
entire coastline in the northern Indian Ocean is hypoxic 
during at least one month of the year (Figure 9.1 a). Coastal 
hypoxia, and hence the risk of coastal dead zones, is most 
intense during summer/fall in the Arabian Sea and during 
winter/spring in the Bay of Bengal (Figure 9.1 b). The 
researchers further show that ocean circulation that promotes 
the exchanges between the Indian Ocean OMZs offshore and 
coastal shelf waters regulate oxygen levels. Specifically, 
upwelling brings nutrient rich and oxygen deficient waters 
from the OMZs onto the shelf – promoting hypoxia. The 
signature of upwelling can be identified by negative sea level 
anomalies in satellite images. The researchers find that 
extremely low oxygen levels in coastal waters (blue in Figure 
9.2) occur when there is upwelling of oxygen poor waters from 
the OMZ offshore onto the shelf (dashed contours), 
highlighting the role of these physical exchanges in 
controlling or increasing the risk of coastal dead zones.

This work demonstrates that hypoxia is prevalent in the 
Arabian Sea in summer/fall and in the Bay of Bengal in winter/
spring because of the upwelling of oxygen poor OMZ waters. 
The Resplandy group is currently investigating how modes of 

Figure 9.1a-b.
a) Minimum seasonal oxygen 
concentration at 50-200 m 
depth. 
b) Month from the annual 
cycle corresponding to the 
minimum in a).

Figure 9.2a-b.
Oxygen anomaly (colors) 
and sea level anomaly 
(contours) in a) summer/
fall and b) winter/spring. 
Negative (positive) values 
indicate oxygen levels lower 
(higher) than the annual 
mean. Low oxygen levels 
(negative values in blue) 
occur when offshore waters 
are upwelled onto the coastal 
shelf (upwelling indicated by 
negative sea level anomaly 
in dashed contours). 
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climate variability acting on year-to-year timescales enhance 
or suppress seasonal hypoxia and coastal dead zones in the 
northern Indian Ocean. Observations indicate that during 
some years this variability can offset seasonal upwelling in the 
Arabian Sea during summer/fall, decreasing the risk for coastal 
dead zones. However, during other years upwelling is induced 
year round in the Bay of Bengal and during winter/spring in 
the Arabian Sea, favoring low oxygen conditions and 
increasing the risk of coastal dead zones.
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