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Abstract 

This autoethnographic study investigates the lived experiences of seven senior Earth system 

scientists to explore the human process of learning about the Earth as a whole, life-sustaining 

system, and to learn what it is like for these experts to communicate their knowledge and live 

with that knowledge.  At the core of the thesis, seven scientist-interview chapters offer an 

immersive, introductory curriculum grounded in holistic, personal, experiential material to 

facilitate non-specialists’ qualitative learning about complex Earth system phenomena.  The 

material demonstrates what human Earth learning experiences can look like at a time when Earth 

learning is not generally practiced and not well-charted for non-specialists.  The thesis invites 

citizens, educators, and researchers to engage with the experiential material, and to experiment 

with and develop pathways for a whole-system approach to Earth learning that may enable 

societies to attain lasting alignment of human systems with the life-sustaining Earth system. 

 

Keywords: autoethnography, climate change education, climate literacy, Earth learning, 

Earth system science, environmental education, lived experience, sustainability  
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Dedication 

This exploratory study is dedicated to non-scientists who desire to know the Earth more 

fully and systemically. 
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Introduction 

This thesis research project explores a particular approach to learning1 that I refer to 

simply as Earth learning.  By this I mean the human process of accumulating knowledge of the 

Earth as a whole, interconnected, dynamic system that sustains diverse, complex, and intelligent 

forms of life.  The two words, Earth and learning, encapsulate the nature, scope, and locus of 

this study in ways that alternative labels do not.  That is, the study is systemic and learner-centric 

in nature; its scope is both planetary and human in scale; and its locus continually brings our 

perceptions and thinking back to the level of the Earth system as a whole.  Further, this study 

approaches Earth learning in broad terms that include the communication of knowledge about 

the Earth system and living with that knowledge. 

Activities associated with Earth learning overlap with other types of learning such as 

environmental learning (Rickinson, Lundholm, & Hopwood, 2009, p. 83), climate literacy 

(McNeal, John, & Sullivan, 2014), and biospheric learning (Thomashow, 2002).  However, 

Earth learning can be distinguished from these similar approaches by the locus2 of knowledge 

acquisition at the level of the Earth system3—the highest level at which civilization’s 

sustainability problems are manifest. 

Before I started to use Earth learning as my label of choice, I envisioned this project as a 

way for me to learn about the Earth.  I’m in my fifties and realized I had come this far in life 

without being taught to understand and know the Earth in a holistic and systemic way.  I’ve been 

through the Canadian school system.4  I’m married with two boys and I have a good job in 

government (transportation policy and communications5). Yet despite the hundreds of courses I 

have taken and the varied literacy skills I have acquired and developed—from the Three Rs to 

environmental courses in ecological restoration and planetary boundaries—none have left me 
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with a personal understanding of how the Earth works as a system that sustains an environment 

for life. 

I live in a world loud with calls for action on environmental challenges and yet, there is 

relative silence on calls for regular citizens to learn how the Earth system sustains the biosphere 

that supplies the most basic human necessities.  Of course, there are specialists who understand 

these things, so what’s the need for the rest of us to learn it?  Specialization has proven 

incredibly successful and efficient in countless ways.  But I don’t think it works well as an 

exclusive strategy for societies that want to enjoy an enduring relationship with the Earth.  How 

can the human population sustain a long relationship with the Earth without widespread, general 

knowledge of how it functions and sustains life? 

Other than bits and pieces I have picked up in different places, I have not come across 

any course for regular people for learning about the Earth system in a way that gets us working 

together as agents of sustainability.  Now it’s 2017 and I do not see my sons at middle school and 

university being taught about the Earth as a whole life-sustaining system.  As far as I can tell, 

such a systemic approach to Earth learning is far from standard for people educated in Western, 

industrialized societies like Canada.  Of course, most people have an opportunity to develop 

basic literacy skills in Reading, wRiting, and aRithmetic, plus a variety of higher literacy skills.  

But what about EaRth learning?  What about Fourth R skills for perceiving the Earth as a whole 

and thinking and talking systemically about how it works?  What about developing practices and 

habits for learning and living with the sort of knowledge necessary to indefinitely and 

collaboratively sustain ourselves, our communities and societies, and the planet?  These sorts of 

learning outcomes appear conspicuously absent from the educational landscape.  The courses I 

have encountered and the learning I have experienced have fallen short of what seems needed to 
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long sustain the habitability of the Earth.  So I designed this project to get the education I have 

yet to receive, and I am motivated to share what I learn with others who may be interested. 

I did not come to this study as a physical scientist, biological scientist, seasoned 

researcher, or professional educator.  I’m simply a middle-aged guy who has seen and 

experienced enough of life to recognize that human activities and our learning activities are not 

aligned with the Earth system that sustains our societies.  If alignment is to be achieved at a 

planetary scale—the scale that matters—I am convinced that a vital need exists for people to 

perceive and learn about the Earth in some new and different ways. 

My Learning 

I have long sensed that global environmental problems are growing worse.  But it was not 

until 2007 when my beliefs found a solid foothold.  That is when I realized the planetary 

significance of carbon dioxide (CO2) levels in the atmosphere.  In September that year, I realized 

that atmospheric CO2 readings gave me a holistic, real-time indicator for the direction of human-

caused global warming and the related problem of global climate change.  That December, I 

launched a website that re-posts the latest scientific readings for atmospheric CO2.  This is an 

independent website that I maintain as a personal side project at CO2.Earth.6  Since 2007, I have 

tracked and continue to track CO2 readings from the Mauna Loa Observatory in Hawaii as 

reported by two scientific institutions in the U.S.: the National Oceanic and Atmospheric 

Administration (NOAA) and Scripps Institution of Oceanography.  These are the same CO2 

sources and readings that scientists use to help them understand how the Earth system works.  

Soon after I began re-posting the latest CO2 readings (and CO2 data sets), I developed an ability 

to quantify gaps between the global problem of CO2 rise and humanity’s pledges for climate 

action.  I developed a basic skill for independently using public scientific data to quantify my 

https://www.co2.earth/
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understanding of an important aspect of the Earth system.  That newfound ability grounded my 

understanding and enabled me to keep learning despite the swirl of words that inflates the public 

discourse on climate change. 

I felt compelled to share the CO2 readings that had greatly improved my ability to 

perceive planetary changes.  Over time, it became evident that re-posting globally-significant 

data on a website does not in and of itself spur widespread interest and action.  Plainly, my 

efforts were not achieving the type or scale of effect that I have been hoping for.7  Rather than 

observe changes in the way the world talks and acts in response to global environmental 

problems, I have been witnessing the accelerating rise of planetary CO2 levels. 

This is not a situation that a single person or family or local community can resolve.  The 

global community can do it, but that has not yet happened.  Further, I lacked the training to 

leverage my emerging knowledge to make an effective, constructive contribution.  So in 2012, I 

enrolled in the graduate school program that led to this thesis. 

In early 2013, I was starting to think seriously about the thesis research study I would 

design.  I was aware of how different individuals in different places approach learning with 

differing yet valid learning styles, worldviews, and ways of knowing.  My initial impulse was to 

learn about the Earth by interviewing people who know it deeply.  I tried to envision myself 

conducting interviews with Indigenous elders, spiritual leaders, climate scientists, and 

environmental educators.  Yet my own base of experiences, interests, and knowledge related 

more to the global carbon cycle and climate science, and not as much about worldviews. 

After deciding to interview scientists and landing on important research design elements, 

I read Mitchell Thomashow’s (2002) work that describes and addresses the challenges of 

perceiving and learning about the biosphere.  I also discovered that the design of this project fits 
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a research suggestion of his;8 that is, to conduct “probing, qualitative interviews with ecologists 

and Earth system scientists to ascertain how they learn to think in biospheric terms” (p. 198). 

Interviews 

I decided to interview scientists with expert knowledge of how the Earth works.  From 

October 2014 to January 2015, I interviewed seven seasoned Earth system scientists9 with the 

aim of learning how people with expert knowledge of the Earth perceive and learn about the 

Earth.  Each scientist has his or her particular mix of disciplinary specializations.  Six reside in 

countries other than Canada and most interviews were conducted by webcam. 

Each scientist agreed to participate in a two-hour interview and review a summary I 

would write for publication.  The summaries grew into the interview chapters you will find in 

Part 2 of this thesis.  Those chapters are organized as a kind of organic curriculum that traces the 

Earth learning experiences of the participating scientists—experiences that are shared mostly in 

their voices.  To a small degree, the chapters mix in some of my experiences during the 

interviews as a novice learning from the scientists.  Together, the seven interview chapters offer 

you and other readers a unique trip around the planet—perceiving it from a multitude of vantage 

points.  I invite you to come with me on a bit of a voyage led primarily by seven senior scientists.  

Personally, I found their stories and experiences engaging, easy to relate to, and insightful.  As a 

reader, I hope you are able to experience and benefit from them in a similar way. 

Now, let’s dive in with introductions to the individual scientists who kindly agreed to 

participate and be named in this study.  In the order that the interview chapters appear, I’ll say a 

little about each one and the types of personal and scientific perspectives they will share.  But 

first, I want to express how privileged I feel to have been able to sit with these very experienced, 

intelligent, caring individuals for seven in-depth interviews, and to learn from each one of them 
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about our planet.  I am grateful for their cooperation and openness in allowing parts of their 

professional and personal lives to be shared with others. 

Senior Scientists 

Dr. Richard Feely10 grew up in the United States far from any ocean.  But as a kid, 

Jacques Cousteau shows on television inspired him to pursue a career in oceanography.  In 

graduate school in the 1970s, he encountered theory predicting that human activities would 

drastically change the chemistry of the oceans.  Since that time, he has been cruising the Pacific 

and other oceans measuring and observing great chemical changes and biological impacts as they 

unfold—and helping industry and political leaders understand what can be done to mitigate these 

changes. 

Professor Terry Root is a mathematician and biologist in the United States.  At a young 

age, she connected with the natural world as a birdwatcher and, for a while, tried to keep her 

hobby separate from her pursuit of a career in mathematics.  But math, biology and her 

fascination with birds converged in unexpected ways that enabled her to link large-scale changes 

in the climate system to local responses of plant and animal species that are unfolding on a 

global scale. 

Also in the United States, Professor Ralph Keeling is a geochemist who leveraged his 

interest in advanced physics to invent a device that measures miniscule changes in the oxygen 

content in air.  The unprecedented precision of those measurements gave scientists a way to 

quantify how much CO2 in the atmosphere is absorbed by land sinks and ocean sinks.  His work 

builds on and extends the kinds of observations and discoveries that his father, Dave Keeling, 

had made after he started measuring the concentration of CO2 in air in the late 1950s. 
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Realizing the power of statistics to bring understanding to complex phenomena, Professor 

Francis Zwiers trained as a mathematician and statistician in Canada.  But as soon as he received 

his PhD, he unexpectedly found himself immersed in the world of climate scientists—and 

working to help advance the scientific understanding of climate change detection and attribution, 

climate models, and weather extremes.  Professor Zwiers shares experiences and insights on the 

crucial role of statistical modeling in scientists’ learning about change and variability in the 

complex Earth system. 

Professor Lonnie Thompson was on track to become a coal geologist in the United States 

until a research job in the Polar Regions showed him the value of ancient climate information 

that is archived in the ice.  But it was photos of ice caps on mountains closer to the equator that 

sparked a lifelong and sometimes harrowing pursuit of high-altitude, alpine ice cores within the 

Earth’s tropical zone that had never been drilled—and to bring home as much high-resolution 

information as he could before the ice melted. 

Intent on starting a PhD program in infrared astronomy, a young Andy Watson changed 

course after connecting with a UK scientist who had started to make a name for himself.  Dr. 

James Lovelock inspired Watson to search for answers to his big questions about the place of life 

and humans in the Universe by, figuratively speaking, turning his telescope back toward the 

Earth.  After settling into a career in oceanography, Professor Watson helped show unequivocally 

that iron is an important limiting nutrient for marine life.  And by pursuing research in other 

domains such as astrobiology, he uses scientific knowledge of life’s step-wise development on 

Earth over billions of years as evidence that may help us appreciate the rarity of complex, 

intelligent life on our home planet—and the potential to attain and sustain an exciting, Earth-

system lifestyle for the long term. 
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Professor Elisabeth Holland is a soil scientist and biogeochemist who has worked in the 

United States, Germany, and now Fiji.  Her research has helped quantify links between the 

nitrogen cycle, carbon cycle, and other parts of the Earth system.  Now, much of her work is 

educational in nature: helping people integrate scientific and Indigenous knowledge of climate 

change, building resilience in communities and countries on the front lines of climate change, 

and helping leaders in those places interpret climate science information and use it for 

international climate treaty negotiations. 

Learning Through Experiences 

In the interview chapters, the scientists’ stories and perceptions bring us in close to 

events, situations, and places of personal and professional significance for each of these 

individuals.  In some moments, we are taken back to a scientist’s childhood.  At other times, we 

visit field sites or vessels from which they have observed the Earth in their particular way.  

Sometimes they bring us to their offices and labs, and sometimes they tells us about an 

instrument or colleagues they work with in their research communities.  The stories they share 

incorporate a range of material from new-to-them realizations to discoveries of knowledge that 

no one had known before.  They immerse us in a variety of Earth system phenomena from pole 

to pole, on every continent, and from the bottom of oceans to the tops of mountains.  For me, 

each scientist’s set of stories is fascinating and eye opening.  Together, they shine multiple 

spotlights on the Earth system and, at times, the volume and variety of information has felt a bit 

overwhelming.  Nonetheless, I now carry around an extensive collection of visions of different 

aspects of the Earth, and of different people and devices continually engaged in the observation 

of the Earth and accumulation of records and knowledge. 
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I didn’t undertake this research with the mere intention of sharing exciting stories or 

attaining an enriched personal vision.  I chose to interview senior Earth system scientists because 

they are experts in Earth system research and accomplished practitioners in learning about the 

Earth.  They each have decades of experience in advancing what they and the scientific 

community know, and I believe their knowledge is important and should be more accessible to 

non-scientists.  Further, I am interested in the human dimensions of their learning about the Earth 

system, an aspect of their work that may be more difficult to notice and access. 

Bransford, Brown, and Cocking (2000) point out that “experts have acquired extensive 

knowledge that affects what they notice and how they organize, represent, and interpret 

information in their environment” (p. 31).  I am keen to learn from the scientists’ extensive 

knowledge of the Earth system.  But more than that, I am interested in learning how expert 

scientists learn about the Earth: the approaches, techniques, and habits they exhibit in their 

perceptions, reflections, thinking, envisioning, collaboration, and communications about the 

Earth.  In this thesis, I am attempting to illuminate how they learn about the Earth so non-

specialists may have a living, human example of what Earth learning can look like—a model that 

some people may wish to emulate, practice, and develop for themselves over time. 

Doing that requires suitable, qualitative research practices.  In this study, I access 

scientists’ Earth learning experiences through in-depth interviews that elicit their re-collected 

experiences of learning about the Earth, communicating their knowledge, and living with that 

knowledge.  The basic aim is to facilitate recognition of activities that may be associated with 

learning at the level of the Earth system.  A second aim is to help facilitate Earth learning 

experiences for people who read this thesis.  The third aim is to identify insights of potential 

benefit for non-specialists learning about the Earth. 
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I did not set out to focus on the exterior aspects of scientists’ work or the content of their 

learning (e.g. the physical, objective phenomena they observe and measure, and the results of 

their research).  However, after engaging with experiential material from the interviews, I came 

to believe that exterior aspects of their learning are inseparable from the interior aspects, and vice 

versa.  I will say more about this in each Part of the thesis. 

Thesis Organization 

This thesis is organized to guide the reader through a three-phase learning sequence:  

preparation, immersion, and consolidation. 

Part 1 (Preparation) expands on material in the introduction.  It reviews literature that 

overlaps or connects with Earth learning.  It describes the project design and research steps I 

took.  It shares more details about personal learning experiences that prepared me to conduct in-

depth interviews with world-class experts—material that provides an example of novice learning 

about the Earth over four decades.  Also in Part 1, you will hear briefly from Dr. Joe Melton, an 

Earth system scientist and post-doctoral fellow in Victoria, Canada, who participated in a 

practice interview.  He comments on the experience of going through an in-depth, qualitative 

interview with me. 

Part 2 (Immersion) presents a series of interview chapters  that bring the reader in close to 

the senior scientists’ experiences of learning and communicating about the Earth—and living 

with the knowledge they have gained.  Each interview chapter stitches together short stories and 

personal perspectives into a longer-term, life-situated narrative.  They are written in a way that 

invites the reader to take in a variety of experiences that move across time and spatial scales that 

sometimes change frequently.  Rather than wait until Part 3 to share insights I have gleaned from 

the interviews, I introduce some of them in advance, especially at the start of Part 2 before the 
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interview chapters.  I have taken this approach to guide the reader in what to look for so he or 

she is better prepared to learn more directly from the scientists. 

Part 3 (Consolidation) brings the big pieces together with the two research questions to 

guide the work on this project (see “Research Methodology” in Part 1.2).  In Part 3, I invite you 

to reflect on your experience of learning about Earth learning while reading the interview 

chapters, and I follow up with reflections on my experiences and insights as the researcher. 

Epigraphs and Supplementary Information 

Many parts of the thesis begin with a quote or epigraph that signals the change in 

direction or subject.  To a small extent, I adapted APA style requirements for epigraphs11 to 

combine a simple, visual transition signal with a citation of the source of the quote. 

This project covers terrain that is expansive, new, and very interesting to me.  I have 

encountered so many details that all the potentially useful information cannot be included in the 

main body of the thesis.  Some of it may interest some readers so I have added supplementary 

information as footnotes within the interview chapters.  The footnotes make the information easy 

to access while reading.  Elsewhere in the thesis, and for the same purpose, I use endnotes that 

are generally lengthier than the footnotes. 

Throughout the thesis, particularly in the footnotes and endnotes, I occasionally embed 

hyperlinks (indicated by a black underscore) to facilitate immediate access to information 

external from yet relevant to the thesis.  The URLs themselves may not be visible in the text but 

can be opened directly with a click (or “Ctrl-Click”).  In the “References” section, source URLs 

are visible in the text. 
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1. Preparation 

The Earth is immense, ancient, and dynamic on scales that vastly exceed the familiar, 

everyday perceptions of people.  Indeed, it is challenging to step back and perceive and learn 

about the whole, life-sustaining Earth system.  It is not something we do instinctively and 

without any assistance.  The acquisition of information and skills to gain an attunement and 

proficiency for learning about the Earth takes more than individual initiative and one’s five 

senses.  Learning about the Earth at the level of the Earth system requires intention, guidance 

from others, practice, and reflection.  The scales and techniques may at first be unfamiliar, but I 

believe that people can develop a knack for it.  Non-specialists can learn to do this if they want 

to.  In simple terms, this thesis—particularly the interview chapters—offers access to some 

experts’ thinking, learning, and talking about the Earth system so we may learn something about 

Earth learning.  Part 1 helps prepare us for the experiential material and learning ahead. 

This Part begins with a review of literature on types of learning that overlap with Earth 

learning as well as a discussion of Earth science literature that I reference throughout the thesis 

(particularly in Parts 1.3 and 2).   Next, the methodology section describes the research design 

and procedures.  Then, I share personal experiences from my life that trace my evolving 

perceptions of the Earth from a naïve pre-teen to a fifty-year old graduate student learning to 

think about the Earth system in a more holistic, systemic way. 

1.1. Literature Review 

There has been environmental education as long as human beings have been interacting 
with the world around them. 

—Donella Meadows (1989, p. 5) 
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This study on Earth learning is a wide-ranging exploration of learning experiences where 

the locus of the learning is at the level of the whole Earth system (an integrated system of 

systems) that sustains life.  Despite the wide range of studies and programs for learning about the 

environment, ecosystems, and Earth sciences, I know of few studies that have investigated the 

lived experiences of individuals with extensive experience and capacity for perceiving and 

learning about the Earth system as a holistic, integrated system.  I personally believe that more 

research in this area may offer significant Earth learning insights for the ultimate benefit of non-

specialists.  I would specifically acknowledge that universities offer educational programs that 

train students to become Earth system scientists, and that the broad, domain of scientific Earth 

system knowledge is highly advanced.  Yet the domain of learning about actual human 

experiences and human processes of integrating perceptions and knowledge about the Earth 

system does not appear well-established.  Of the many books I have found with articles, sections, 

or themes related to Earth learning, it is rare to find a work that integrates phenomena at the 

planetary level with the human perception and experiences of learning about those phenomena.  

A notable (but not solitary) exception to an otherwise lacking research agenda,12 I would suggest, 

is Mitchell Thomashow’s (2002, 2010) work on biospheric perception and learning.  This work is 

introduced later in this section. 

Given the exploratory, open-ended nature of my research, I have drawn on literature from 

a variety of disciplines.  They include environmental education and science education, the 

learning sciences, systems thinking, and a number of physical and natural science disciplines that 

fall within the framework of Earth system science.  This literature review section is focused on 

just a portion of the literature that I drew on.  That is, it discusses works on approaches to 

learning that share commonalities with Earth learning, as well as some science and Earth system 
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science literature that helped me, as a non-scientist, get ready to interview senior Earth system 

scientists.  Further, this section points to other literature that is referenced or discussed elsewhere 

in the thesis. 

Education and learning. 

As noted previously, Earth learning is a human activity of accumulating knowledge about 

the Earth as an interconnected, dynamic system that sustains life.  It entails learning at the level 

of the whole Earth system.  It transcends and includes13 learning about the environment, climate 

system, and biosphere. 

With environmental learning14 (Rickinson et al., 2009), the locus of the learning tends to 

be at the places and environments where people have direct experiences, perceptions and 

knowledge.  Commonly, it seems to me, environmental learning occurs without significantly 

increasing a person’s overall perceptual skills to learn about the Earth at a planetary scales and as 

a whole system. 

Teaching for climate literacy15 (McNeal et al., 2014) facilitates learning about climate 

science and the Earth’s climate system.  Programs and teaching resources (CLEAN, 2017) 

facilitate and advance climate literacy by deploying a defined set of climate system principles, 

fundamental concepts, and big ideas (to some extent incorporated into Next Generation Science 

Standards in the US) within an Earth system context.  The development and practice of climate 

literacy skills may be viewed as a substantial subset of Earth system learning skills.  

Nonetheless, literature and resources on climate literacy emphasize a learning environment in 

which expert science educators lead the translation of climate science knowledge for use by 

teachers, students, and individuals.  It emphasizes choices relating to scientific content and 

education whereas this thesis is concerned primarily with the human dimension of learning 
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experiences.  In short, the noted overlaps in subject matter and differences in orientation provide 

a distinction, not an obvious contradiction or incompatibility. 

Despite work that has advanced climate literacy teaching in formal and informal 

educational settings, science educators Berbeco and McCaffrey (2014) report that “climate and 

energy literacy is currently lacking in the United States for both adults and children” (p. 1).  

Further, a national study of teachers in the US suggests that teachers’ insufficient grasp of 

climate science may hinder the effective teaching of climate literacy in the classroom (Plutzer, 

Hannah, et al., 2016; Plutzer, McCaffrey, et al., 2016).  A study by Herman, Feldman, and 

Vernaza-Hernandez (2017) on science teachers who teach climate change in Florida and Puerto 

Rico reaches similar conclusions and points to “the need for teachers to understand the nature of 

climate change science using authentic contexts” (p. 451). 

Climate literacy is a leading part of a broader set of efforts to advance geoscience 

literacies that include Earth science literacy (Earth Science Literacy Initiative, 2010).  

Approaches for teaching Earth science literacy are similar to those taken with climate literacy.  

However, in the US where the Climate Literacy and Energy Awareness Community (CLEAN, 

2017) is based, Earth science literacy does not have as strong a foothold in National Science 

Education Standards (Wysession et al., 2012).16  Further, it does not propose a full integration of 

interacting Earth systems in Earth science education (Finley, Nam, & Oughton, 2011). 

Connected to these approaches for the advancement of literacies in the geosciences (a 

term used somewhat interchangeably with Earth sciences and Earth system sciences), Ross and 

Duggan-Haas (2010) suggest a conceptual framework of five, overarching big ideas that are 

applicable for understanding different aspects of the Earth system: 

1. The Earth is a system of systems 
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2. The flow of energy drives the cycling of matter 

3. Life, including human life, influences and is influenced by the environment 

4. Physical and chemical principles are unchanging and drive both gradual and rapid 

changes in the Earth system 

5. To understand (deep) time and the scale of space, models and maps are necessary (p. 

26) 

Rather than emphasize teaching, environmental educator Mitchell Thomashow (2010) 

brings attention to biospheric perception and learning—and perception of global environmental 

change.  In particular, he points out that the interpretation of spatial and time-scale relationships 

“is the single greatest conceptual challenge in perceiving global environmental change” (p. 267).  

To address these and other perceptual challenges, he proposes the cultivation of skills for 

noticing and interpreting environmental patterns (pp. 267-269). 

In a prior work, Bringing Home the Biosphere, Thomashow (2002) suggests that the 

capacity to perceive the biosphere may be cultivated for sequential advancement in three steps.  

First, place-based perceptions of ecosystems may develop through home place observations that 

start where a person or group is located.  At the next level, earlier perceptions are enlarged and 

refined to explore relationships between different places.  At the third level, juxtapositions of 

spatial and time scales are explored at the level of the biosphere (p. 5).17 

My study was not designed to examine the applicability of the levels and pathways by 

which perceptual skills may develop for learning about the biosphere and global environmental 

change.  Instead, I am taking a more immersive—just do it—approach.  That said, some readers 

may wish to consider the lived experience material in Parts 1.3 and 2 in light of Thomshow’s 

work on the subject.18 
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The overlaps among different types of learning—about the environment, climate system, 

biosphere, and Earth system—are so great that some of these labels are used interchangeably in 

many cases.  You could, for example, talk of a forest ecosystem in terms of its functioning in the 

environment, climate system, biosphere, or Earth system. 

Originally, before Earth learning became my research focus, I had been somewhat 

narrowly preoccupied with CO2 levels in the atmosphere, the problem of global climate change, 

and the apparent need to advance climate (and energy) literacies as a kind of educational 

antidote.  The somewhat linear logic of my thinking fit neatly within common frames and 

institutions our societies have constructed for talking about and responding to global 

environmental problems.  Consider, for example, that two climate-focused institutions—the 

International Panel on Climate Change (IPCC) and the United Nations Framework Convention 

on Climate Change (UNFCCC)—command the greatest share of attention among international 

environmental institutions.  Also, more than a year before I designed this project, I joined the 

CLEAN (2017) network listserv for climate change educators so I could gain familiarity with 

climate literacy projects, events, resources, collaborations, and discussions.19 

I still pay attention to the listserv discussion threads yet my personal framework for 

thinking about environmental issues expanded after chancing upon a presentation that Dr. Daniel 

Edelson20 had used at a conference on climate change education. “Most of what one needs to 

understand in order to be climate-literate,” he said, “has nothing to do with climate in particular, 

but rather is covered by the fundamentals of Earth systems science” (as cited in National 

Research Council, 2012, p. 5).  The idea made intellectual sense but I was deeply invested in my 

simple-logic that climate literacy was key to unlocking needed climate solutions.  At the time, I 

was able to name a few climate scientists, not Earth system scientists per se, and I was unfamiliar 
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with the term, Earth system science.  It took a few months for me to fully embrace Edelson’s 

idea. 

Now that the interview chapters are written, I am more convinced that it is important to 

develop and practice skills for learning at the level of the whole Earth system.  As a simple 

rationale, the Earth system is the overarching system that encompasses the biosphere, climate 

system, and the environment in which people and other species live.  In more systemic terms, it 

appears that the habitability21 of the planet22 is sustained by the whole Earth system and life 

within it (using energy from the sun and Earth’s internal processes) not by any one part or 

subsystem of the Earth.23  Further, we are living through a Great Acceleration (Steffen, 

Broadgate, Deutsch, Gaffney, & Ludwig, 2015) in which myriad human-induced, global 

environmental problems include and go beyond climate problems.  To address them, Earth 

system science provides a framework that supports a broader understanding for scientists and 

non-scientists alike. 

So, what is the Earth system and what is Earth system science? 

Steffen et al. (2016) write that “the Earth System is usually defined as a single, planetary-

level, complex system with a multitude of interacting biotic and abiotic components, evolved 

over 4.54 billion years and which has existed in well-defined, planetary-level states with 

transitions between them” (p. 325). 

According to Dadson (2010), the NASA report, Earth System Science: A Closer View, by 

Francis Bretherton (1988) and others, contains the first widely-cited use of the term Earth system 

science.  Known as the Bretherton Report, it proposed Earth system science as a framework that 

encompasses a number of maturing scientific disciplines in order to gain a more integrated 

understanding of how the Earth system works.  As the report states, members of the scientific 
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community sought to organize research efforts within a framework that could attain a “broader, 

global view of planetary-scale evolution and change” (p. 25).  They wanted to: 

Obtain a scientific understanding of the entire Earth system on a global scale by 

describing how its component parts and their interactions have evolved, how they 

function, and how they may be expected to continue to evolve on all timescales. (p. 11) 

Science and Earth system science. 

As a non-scientist, it was not clear what I could do to prepare for interviews with leading 

international experts to discuss their science specializations and personal experiences.  In 

hindsight, my readiness came less from advanced reading about the scientists’ careers and areas 

of research, and more from years of prior learning in a variety of informal and formal learning 

situations.  This includes prior self-directed explorations related to the global carbon cycle.  For 

example, I interviewed Prof. Ralph Keeling in July 2009 to better understand the climate science, 

I read the IPCC (2007) synthesis report, Climate Change 2007 in 2011, and I toured the Mauna 

Loa Observatory with Dr. John Barnes (and my son Truman) in August 2013.  Part 1.3, “My 

Learning Trajectory,” describes other learning experiences over four decades. 

In addition, I found it helpful to listen to several audiobooks that provided general 

familiarity with the sorts of issues that scientists may grapple with in their work.  Two 

audiobooks were especially useful:  The Structure of Scientific Revolutions by Thomas Kuhn 

(1962/2009) and Science wars: What Scientists Know and How They Know It narrated by 

Professor Stephen L. Goldman for The Teaching Company (2006).  I listened to each of these 

audiobooks three or four times.24 

Further, half-way through the interviews, I started a Massive Open Online Course 

(MOOC), Planetary Boundaries and Human Opportunities, provided through the Stockholm 



LEARNING FOR PLANETARY HABITABILITY 29 

Environment Institute.  The free course was delivered by a multi-disciplinary team of Earth 

system scientists and thinkers.  It expanded my exposure to new teaching, literature, and ways of 

thinking about the Earth system and global sustainability challenges that hold relevance to this 

project.25 

Following the interviews, I found it necessary to read additional scientific literature and 

biographical accounts of relevance to the interview discussions.  For a number of subjects, 

events, places, and other details, I sought a fuller appreciation and understanding of the material 

so I could appropriately place and write about it in each interview chapter.  I read much more 

after the interviews (when I knew what ground had been covered) than before.  Rather than 

summarize it here, references and discussion are primarily integrated into the interview chapters, 

often in the footnotes. 

1.2. Research Methodology 

Efforts must especially be made to ensure that research questions are relevant to the 
overall climate/society system and that they are posed so as to be intelligible to a variety 
of disciplines.  Research should be flexible enough to direct a wide range of human 
experience toward the unique, unprecedented and normative aspects of the CO2 problem.  
It must stress the identification of mechanisms that can help us to respond to the problem.  
It must stress the identification of mechanisms that can help us to respond to the prospect 
or advent of CO2-induced changes, including consideration of potential impact of the 
research itself.  Such research should produce results that are directly applicable to many 
other problems involving interactions between society and the environment.  

—Robert Chen (1983, p. 244) 

This qualitative study attempts to bring the reader into close proximity with the learning 

experiences of seven senior Earth system scientists from over the course of their personal and 

professional lives.  This methodology section tells you what I did in this project and how I did it. 
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Research questions. 

Throughout the project, I pursued an understanding of the human aspects of learning 

about the Earth system (a “What is it like?” question) and the usefulness of this understanding to 

non-specialists who wish to develop Earth learning skills for themselves or facilitate it among 

others (a “So what?” question). 

First question: 

1. What is it like for the Earth system scientists to learn about the Earth, live with that 

knowledge, and communicate it to others? 

This is a phenomenological question that begs for a description of lived experience, not 

“empirical generalizations” or “law-like statements” (van Manen, 1990, p. 22).  Primarily, I 

address the first question in Part 2 by offering readers seven interview chapters that bring the 

voices and experiences of scientists to the fore.  I keep my third-party descriptions to a minimum 

so the chapters may provide you with more direct access into the scientists’ worlds and personal 

perceptions.  Although the interview chapters convey what it is like for the seven scientists to 

learn about the Earth, I also discuss the first question in Part 3 of the thesis. 

Second question: 

2. How may learning about scientists’ experiences of learning, living with, and 

communicating Earth system knowledge assist non-experts in their own learning and 

communications about the Earth system? 

The thesis is organized as a kind of organic curriculum that may facilitate Earth learning 

experiences among readers.  That is, it shares Earth learning experiences, perceptions, and 

activities of scientists as sets of stories and narratives that you and others may learn from.  In 
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words that Max van Manen (1990) italicized in his book, “We gather other people’s experiences 

because they allow us to become more experienced ourselves” (p. 62). 

Further, I address the second question by noting perceptions, activities, processes, habits, 

and other aspects of the scientists’ learning, thinking, and talking about the Earth.  Before and 

after the interview chapters, I point to actions and skills that non-specialists may notice, emulate, 

practice, and adapt as a way of informing and enriching their perceptions and learning about the 

Earth. 

Autoethnographic orientation. 

This study investigates the lived learning experiences of scientists and I have 

incorporated some of my own learning interests, experiences, and reflections in the thesis.  The 

study is rooted in the experiences of living human beings, not abstractions.  As Abbott and 

Wilson (2014) suggest, lived experiences are part of a broader, systemic process “where the 

boundary is one’s life” (p. 11).26 

Of the qualitative methodologies I considered, the elements and ideals of 

autoethnographic research methods (Adams, Holman Jones, & Ellis, 2014; Ellis & Bochner, 

2000) seem best suited for my explorations of lived experiences. 

Autoethnography “offers nuanced, complex, and specific knowledge about particular 

lives, experiences, and relationships rather than general information about large groups of 

people” (Adams et al., 2014, p. 21).  It can extend knowledge beyond the limits of traditional 

social sciences in some areas (especially regarding identities, lives, and relationships).  It serves 

as a bridge that may connect “personal (insider) experience, insight, and knowledge to larger 

(relational, cultural, political) conversations, contexts, and conventions”27 (p. 25). 
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Robert Kull (2005) used elements of autoethnography to research his experiences in 

relation to the non-human world (p. 109).  He carried out his study by living in wilderness 

solitude for a year on an untamed portion of the Patagonian coast in Chile.  He approached the 

work to “evoke resonance in the reader through first person narrative rather than to provide 

objective description and analysis” (p. 109).  The texts he produced28 provided readers a bridge 

into the experience of extreme wilderness solitude (F. Robert Kull, personal communication, 

February 16, 2017). 

Participants and interviews. 

Interview candidates were selected by purposive sampling.  Selection criteria were (a) 

identification as an Earth system scientist by themselves or others in published material (online 

or print), (b) a PhD that was obtained at least 25 years ago, (c) publication of research relating to 

the global carbon cycle, and (d) a mix of research specializations that differs from other 

participants. 

I asked candidates to participate in a single, two-hour,29 face-to-face interview conducted 

in-person or via online video connection, although one interview was conducted by cell phone.  I 

also asked them to review, adjust, and correct30 material I produced after the interview and to 

allow me to publish it with their names.31 

The seven32 participants are English-speaking, Western-trained scientists.  Six have 

contributed to assessment reports published by the Nobel-winning33 IPCC.  One is a Royal 

Society research professor.34  Five are men and two are women.35  They reside in the United 

States (4), Canada (1), the United Kingdom (1), and Fiji (1).36 
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Senior scientist interviews took place from October 8, 2014, to January 17, 2015.  Table 1 

(page 245 in Appendix A) sets out details regarding the length and medium of each interview.  It 

also notes interview locations and the year that each scientist received a PhD. 

On June 23, 2014, I conducted a practice interview with an Earth system scientist who 

received his PhD about four years before.  In the next section, “Practice Interview,” I share some 

of our post-interview discussion about the interview format and experience. 

Interestingly, Professor Terry Root,37 was interviewed in a study (Langmaid, 2009) that 

has some research elements that are remarkably similar to this one.  The Langmaid study is 

comparable in terms of overlapping methods (phenomenological, lived-experience interviews of 

named scientists) and content (climate science and ecology). 

I began senior scientist interviews with an invitation to talk about events earlier in their 

lives.38  Generally, questions (and discussions) moved forward chronologically.39  My interview 

technique was informed by two complementary sources.  First, I attempted to adhere to the 

approach described by van Manen (1990).  This entails eliciting recollected stories and writing 

them in a way that remains as true as possible to participants’ experience of living through them.  

Thus, I attempted to avoid questions that prompt “causal40 explanations, generalizations, or 

abstract interpretations” (p. 64). 

I also applied the free-association narrative interview (FANI)41 techniques of Hollway 

and Jefferson (2008).  I found them compatible with Van Manen’s procedures yet more specific.  

Although my technique was not always perfect, I asked open-ended questions that elicited 

stories, avoided ‘why’ questions, and followed the interviewee’s phrasing and ordering on 

follow-up questions.  This invited scientists to share stories situated in a particular time, place, 

event, or situation that was part of their lives. 
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I made redundant audio and video recordings of each interview with a mix of hardware 

and software (including a laptop, two video cameras, a smartphone, and a tablet) that changed 

mostly depending on the medium of the interview.  I used software to convert raw video and 

audio files from different devices to a standard format.  Rev.com (in the US) used audio 

recordings I sent to produce a transcript of each interview under a non-disclosure agreement.42  I 

used transcription software and a USB foot pedal to proof transcripts, usually from the video file.  

Research files and media were stored on a computer and back-up storage device that were 

password protected. 

Practice interview. 

On June 23, 2014, I conducted an in-person, two-hour practice interview with Dr. Joe 

Melton, a post-doctoral fellow at Environment Canada’s Canadian Centre for Climate Modelling 

and Analysis located at the University of Victoria.  I had met him in 2008 when he was a PhD 

candidate studying methane archived in Greenland ice.  He completed his PhD in 2010 and, 

months after the interview, I discovered that he was a contributing author to a chapter in the most 

recent IPCC assessment report (Ciais et al., 2013).  Incidentally, Professors Keeling and Holland 

are co-authors of the same chapter. 

The practice interview let me try out my interview questions and technique, get some 

experience with my recording gear, and obtain a scientist’s feedback about the interview format. 

“It was a wide ranging interview,” he said when I asked him to reflect on two hours of 

questions and responses.  Dr. Melton—I’ll call him Joe—cautioned me that the senior scientists I 

interview may find it hard to “draw the connection in their mind between what they do” and the 

angle I’m trying to get at.  As I went from asking one open-ended question to another, he was 

wondering where the interview was going.  Did I want him to talk about paleoclimate?  Or future 
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climate?  Or maybe I wanted him to talk about something contemporary like “aerosols or 

something like that.” 

“I was unclear,” Joe said, “about what you were trying to get at.  The problem is that 

you’re not an Earth system scientist.” 

That’s true.  I’m not part of his community. 

“We’re very precise in our language when we’re talking amongst ourselves.” 

That made sense to me but I hadn’t thought about the issues as directly as that.  I 

acknowledged the questions he was raising. 

“You’re asking what my angle is,” I said.  Then I explained that my interview method is 

intended to elicit what matters to him while, as much as possible, keeping my angle and interests 

out of the picture.  “I’m intentionally not giving you my framework.” 

“Yes,” he responded. 

“I’m really creating a space for you to tell me what’s important to you.  So, that’s the 

point.  I’m really trying not to lead the questions.” 

 “Yeah, that’s good,” he said. 

“Personally,” I volunteered, “I’m interested in Gaia theory and I’m interested in all kinds 

of stuff: climate and CO2 and the different projections which I agree are going in the wrong 

direction.  I’m a little scared about it.  But it’s not so much the science that I’m after in the 

interviews.  You could’ve talked about anything, it would have be okay.  What I’m really 

interested in is how you’ve come to learn about the Earth system.  Because the contribution I 

want to make through this project is to show how experts learn about the Earth, how they think 

about the Earth, how they talk about it.  I hope to make scientists’ stories more accessible and 

relevant to non-experts.  It’s a little different than the 6 o’clock news.” 
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Joe was receptive.  At first he thought my request to do two-hour interviews would make 

it hard to find scientists who would participate.  But then he thought that some, especially those 

with public communications experience, might welcome a chance to talk about their science.  

“The only time they have a voice,” he noted, “is when there’s a story that comes out and they get 

the sound bite, and then it’s over.” 

“Scientists in general are accused of not being able to work on the sound bite.  You 

know,” he goes on, “we write these frickin’ long papers for a reason.  Because we want to lay out 

a foundation of an argument.  We want to prove that the argument is correct and go through the 

steps, all in their proper sequence.”  A thirty-second sound bite on the newscast is not much time 

for talking about what matters.  “But a two hour interview is very different.  They might really 

appreciate it.” 

I valued the added perspective that Joe’s feedback and comments have given me.  I’m 

grateful that he obliged my request and helped me prepare for the interviews that follow.43 

While conducting the practice interview with Joe, I noticed that the standardized 

questions I asked felt impersonal and stiff from my perspective.  I decided to make adjustments.  

For the senior scientist interviews, I retained a smaller set of core, semi-structured questions and 

added a small number of questions that I customized for each senior scientist.  The 

individualized questions required more pre-interview research, enabled me to delve a bit deeper 

into each scientist’s specializations, and also demonstrated my interest in their individual work 

and accomplishments. 

Phenomenological, holistic texts. 

The interview chapters in Part 2 are phenomenological texts that I developed using 

techniques that fall within the procedures of phenomenology44 (van Manen, 1990, p. 131).  The 
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texts provide an informative narrative that are engaging and interesting in and of themselves.  Yet 

as phenomenological texts, they also look deeper to uncover meaning from “other people’s 

experiences and their reflections on their experiences” (p. 62).45 

The seven interview chapters46 are based extensively on original transcripts (or the 

original recording).  Quotations in the interviews are attributable to the scientist unless expressly 

attributed to another person.  Most statements without quotation marks paraphrase statements the 

scientists made.  At times, I incorporate my reflections in the text.  Mostly, these reflections are 

identifiable by an attribution or as a broader summation near the end of a section or chapter. 

At times, additional sources are used to supplement transcript details and information that 

is relevant to a scientist’s story.  Supplemental sources are cited in the interview chapters.  

Mostly, these sources include scientific papers or articles that were written by or about the 

scientist—or about an event or subject the scientist talks about.  If information was received from 

the scientist and added to the chapter after the interview, that is acknowledged in a footnote.  I 

incorporate some of my perceptions and interactions with scientists in each chapter.  Two 

interview chapters incorporate biographical material about influential individuals in the 

scientists’ lives (chapters 2.3 and 2.6).  Again, the use of supplemental material is attributed. 

Interview chapters are written in the first person to bring the scientists’ own voices to the 

fore and situate their individual learning experiences in the personal and professional lives from 

which they came.  I’ve attempted to organize wide-ranging, experiential material from the 

interviews into seven cohesive narratives, each of which traces a scientist’s accumulation of 

Earth learning experiences during different periods of his or her life.  From the diverse collection 

of stories they each shared, I have sought to present them in a way that articulates potentially-

significant purposes, goals, turning points, setbacks, perceptions, ah-ha moments, questions, 
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observations, frustrations, inspirations, motivations, influences, and discoveries.  I wanted to 

shine light on each scientist’s significant influences, personal cares, current directions, and the 

interior (as well as exterior) aspects of their learning about the Earth. 

As I wrote about their experiences and perspectives, the texts grew into a set of individual 

chapters that are long and context-rich.  I’ve attempted to produce chapters that offer a holistic 

representation of the scientists’ experiences, not a comprehensive account.  The chapters contain 

biographic, historical material of relevance to Earth learning but I have not attempted to 

construct a biography or history of the scientists’ lives. 

Writing the interview chapters was a long, messy process.  It involved: (a) digesting the 

lived experience material (mainly by reading and re-reading the transcripts), (b) outlining how 

stories and information could be organized into a cohesive narrative, (c) drafting chapters that 

assembled and wove together the lived experiences that have been part of the scientists’ 

individual lives, and (d) revising the drafts through multiple rounds of extensive edits47 to 

enhance each chapter’s flow, cohesion, and accuracy—and to bring significant material to the 

surface.48 

In qualitative research, it is common to analyze material through coding, chunking, and 

the identification of themes.49  I deliberately avoided such intermediate, interpretive steps that I 

felt might divide, isolate and abstract the complex, sometimes nuanced interview material.  For 

this exploratory project on human learning about the Earth system, I believe that producing 

seven dynamic, sometimes gritty, individual, long-form, holistic texts provides rich and useful 

information that can easily get lost in a third-person synthesis, analysis, or summary.  As 

described above, I have attempted to draw from 13 hours of transcripts to create an evocative 
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collection of personal stories.  I believe this offers more of value than a product that is more 

distilled, less organic, and somewhat fragmented. 

After the interview chapters were written, each individual scientist reviewed his or her 

chapter for basic correctness and made minor adjustments prior to publication.  They did not 

review other chapters or other parts of the thesis.  After completing the chapters, I reflected on 

the material to illuminate impressions, information, and processes that might somehow be 

relevant to my research questions and aims. 

Aspects of experience. 

In this study, I am researching quantitative researchers50 who themselves have research 

subjects and methods that differ from mine.  They make a variety of observations to investigate 

external, measurable Earth system phenomena, and I use qualitative interviews to elicit life-

situated stories to access interior, human, lived experiences.  To assist my internal thinking (and 

navigation) of the distinctions (and overlaps), I found Ken Wilber’s Integral theory (Esbjörn-

Hargens, 2006; Esbjörn-Hargens & Zimmerman, 2009; Wilber, 2000) to be helpful, especially a 

basic rendition of the all quadrants Integral model.51  (See Figure 1 below.)  Throughout the 

project, I reflected on this model, a simple matrix, to guide my thinking and maintain clarity 

about phenomena I was studying versus phenomena that the scientists study. 

The all quadrants model draws our attention to four different but interconnected aspects 

of reality: objective, interobjective, subjective, and intersubjective.  The research interests of the 

scientists focus on the right side of the matrix.  By their observational methods, they access 

objective (e.g. visible behaviour of an organism) and inter-objective (e.g. the coupled carbon-

climate system) aspects of reality.  My research interests focus on the left side of the matrix.  I 

am prompting scientists to provide first-hand, contextualized recollections of their experiences.  
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By doing that, I am accessing subjective (e.g. personal meaning) and inter-subjective (e.g. 

research communities) aspects of reality. 
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Figure 1.  All quadrants Integral model.  Adapted from “Integral Research: A Multi-
Method Approach to Investigating Phenomena” (Esbjörn-Hargens, 2006, p. 83). 

 

Integral theory and the all quadrants model provided me with a conceptual map that 

names different yet equally valid aspects of reality and illuminates their different natures.  The 

model differs from the conception of reality I acquired myself through living in Western 



LEARNING FOR PLANETARY HABITABILITY 41 

culture—a simpler conception that is rather partial to objectivity.  I had encountered Integral 

theory before starting the project, and I found myself continually and rather easily relating a 

particular phenomenon back to one of the four discrete quadrants that represents one aspect of 

reality.  I did this with the conceptual understanding that the realities represented by the four 

quadrants are all evolving (or co-arising) simultaneously. 

I used the all quadrants model informally and without intending to test it or Integral 

theory.  It enabled me to make sharper distinctions among the different types of phenomena that 

are part of scientists’ experiences, and I will return to it later in the thesis. 

1.3. My Learning Trajectory 

Build a foundation of knowledge to which you can always return…Start with the place 
and time that you know best before you venture out around the globe.  The same 
developmental sequence that young children use for learning about place is valid 
throughout an entire lifetime.   

—Mitchell Thomashow (2002, p. 78) 

In a way, this thesis is a kind of show-and-tell about the Earth system and Earth learning.  

The scientists do most of the showing and telling, and you, the reader, are invited to approach the 

material with your experiences, interests, prior knowledge, and cares.  It enables your 

exploration of material that may hold personal meaning, significance, or resonance to you.  I 

invite you to consider yourself a co-researcher exploring as aspect of Earth learning territory 

that, as far as I can tell, is not well charted for non-scientists and non-specialists. 

Before we move into the interview chapters, it may help to step back a few decades to say 

a bit about me, the interviewer, and how I came to sit with seven world-class senior scientists 

discussing the work and experiences they know so very well. 
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In a large, open field. 

I was ten or eleven years old, perhaps twelve, when I first thought of myself in relation to 

the Earth.  In my memory—partly an image and partly a feeling—it was one of those perfect 

spring days in Nova Scotia’s Annapolis Valley.  I was lying on my back in knee-deep grass.  It 

was just me there, beneath the sun in the middle of a large, open field.  Behind me, a thin strip of 

trees screened the Annapolis River that curved past to my left.  Smooth with big ripples on the 

surface, its forceful brown water flowed 50 miles to Annapolis Royal and into the Atlantic 

Ocean’s Bay of Fundy.  To my right, up on the ridge, sheds and backyards of houses lined the 

southern edge of Middleton, the small town that was home for me and my family while I was in 

grades 5, 6, and 7.  From the mostly-blue sky above, the sun beamed down and warmed my body 

and the grass around me. 

I spent a lot of time outdoors in those years.  In spring, summer, fall, and winter.  There 

was the canoe trip with my Scout troop down the Annapolis from its source to its mouth.  There 

were the weeks at my family’s cottage with loons calling in the mornings from the foggy side of 

the lake, and fireflies and shooting stars that delighted us at night.  And there were the hours I 

spent digging caverns in large snow piles in the back yard.  I loved the outdoors then, and I still 

do. 

On that spring day in the grass-filled field, puffy clouds moved steadily across the sky 

toward the opposite horizon.  Some had familiar shapes that I was noticing.  I might have “seen” 

a bird, or a pirate ship, or a whale.  I don’t remember.  The memory that stands out is the thought 

that drifted into my mind.  “Whatever I do,” I thought, “my actions would have no effect on the 

Earth.” 
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I was a kid who had seen—on the black and white television that teacher wheeled into 

my grade 4 classroom—a man walking on the moon.  But that day in the field, about a block 

from my home on Park Street, the sky was wide and changing without need of help from me.  

The wind that pushed the clouds along had more influence on the scene than I had.  And the 

swollen river that flowed to its distant destination far exceeded the power my muscles could 

muster.  Even the houses, streets, buildings, and trees had a solidity and permanence that 

reminded me that I was the new kid in town.  When I exited the field that spring day in the 

1970s, the dent left in the grass was just temporary.  The thing that endured, for four decades 

now, was this memory of my boyhood perception of myself in relation to the powerful Earth.  I 

had started to think about the bigness of the planet, yet my perceptions were limited mostly to 

immediate, physical information I could access with my eyes and four other senses.52 

Jumping ahead to the 1980s, I was a young adult trying to get orientated in a large and 

complicated world.  After completing grade 13 in Ontario, I took a year off to travel across 

Canada.53  When I returned to my family home in Ottawa in 1983, I was vegetarian, writing 

letters to the federal government to protest U.S. cruise missile tests over Canadian soil, and I had 

a membership card for the Green Party of British Columbia.  My father had been commander of 

Squadron 412 in the Canadian Armed Forces, and neither he nor my mother were impressed by 

the pathways I chose since I left home.  Still, they were supportive and my father counseled me 

that changes in the world can best be achieved by working within the system rather than on the 

fringe.  I took his advice to heart and am glad to have received it.  Soon after, I enrolled in 

business school at the University of Ottawa and joined the Liberal Club on campus, eventually 

being elected as the club’s Policy Vice-President and then President.  I did not focus on the 

schoolwork and did not earn an undergraduate degree. 
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The 1980s was also the decade when global warming became part of the public 

discourse.  It was the kind of environmental issue I paid attention to.  In 1988, I wrote a letter to 

the editor of the Ottawa Citizen that praised Canada’s Progressive Conservative Minister of the 

Environment for his call for action on global warming.  On Earth Day that year, the newspaper 

published my opinion piece as letter of the day.  A copy is presented in Figure 3.  (See Appendix 

B on page 247.)  At that time, I had youthfully embraced the freshly-popularized concept of 

sustainable development.  I felt hopeful because the international community had established the 

aim of “achieving sustainable development by the year 2000 and beyond” (WCED, 1987, p. 

ix).54 

I was in my late twenties as the 1990s began.  My concerns about the environment 

continued to grow, and so did, it seemed, internaionl calls and attention to address theses issues. I 

felt concerned yet optimistic and hopeful.  The Worldwatch Institute dubbed the 1990s the 

Turnaround Decade for dealing with environmental problems (Landsberg, 1989), and the 1992 

Earth Summit in Rio de Janeiro, Brazil, left me with a sense that global actions were being taken 

to make things right. 

As for my personal trajectory in the 1990s, I went from an environmentally-concerned 

bachelor to a husband, a dad, and home renovator.  I had begun to think more domestically, and 

less globally. 

Fast forward a decade and a half. 

On September 29, 2007, I took my eldest son to hear Al Gore speak.  Foster was 11 and 

we sat with a thousand people at the Victoria Conference Centre.  Gore was there on stage—the 

former next president of the United States—thundering away about the climate crisis, and the 

planet’s CO2 level shooting straight up from 300 parts per million (ppm).  We could all see the 
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chart.  It was like watching him in An Inconvenient Truth,55 but the in-person message clicked 

for me in a new way.  I suddenly got the significance that CO2 has for the planet, and for all of 

us.  And I noticed that Gore was not showing something I wanted to know.  He had a chart with a 

strong, rising CO2 trend but no number for the current CO2 level.  His chart went back hundreds 

of thousands of years before Homo sapiens existed, but I wanted a number from 2007.  I wanted 

a number that would show me whether CO2 rise is speeding up, slowing down, or what.  I 

wanted to figure out what it takes for CO2 to fall, and what level it should fall to.  I had 

consumed enough mainstream media to know that current CO2 readings weren’t being reported.  

Here was something I could do to help; something others were not doing.  I could start a website 

that shines a spotlight on the latest CO2 number. 

After Gore and other dignitaries left the stage, a newspaper reporter came to our table.  

Foster was one of the youngest people at the Convention Centre and she wanted to interview 

him.  That got him a quote on the front page of the Victoria Times Colonist.  “I really did enjoy 

it,” he told her.  “It’s not like a really fun thing to do, but it was a really interesting experience.  

It’s once in a lifetime” (as cited in Harnett, 2007). 

On the way home, Foster confided that he didn’t really know what to say to the reporter.  

That’s understandable.  And still, I think he’s right.  Listening to a former VP of the United States 

orate on global warming is not exactly a fun thing for a kid to do.  It was very interesting and I’m 

also glad we shared the experience. 

In December 2007, I launched themostimportantnumber.org.56  I had located real-time, 

monthly readings for high-precision CO2 measurements in the air that were made at the Mauna 

Loa Observatory (Mauna Loa) in Hawaii, 3,400 metres above sea level.57  My plain, one-page 

website featured the number 382.35 at the top in a large, red font that is reprinted in Figure 4.  
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(See Appendix C on page 248.)  This was the monthly mean (average) concentration of CO2 at 

Mauna Loa in November 2007 as reported by NOAA. 

Figure 4 also includes a comparison reading—380.17 ppm CO2—for November 2006.  

Together, these two, same-month readings were all that was needed to show the direction of the 

longer-term trend for CO2 rise.58  Every month since I started re-posting the data, the same-

month’s reading for the prior year has always been less than the reading for the current year.  The 

data presents a trend that is so clear that there is no need for statistical analysis to detect it (Tans 

& Bolin, 2006, p. 329).  Further, data from that one Observatory represents a global 

phenomenon.  “CO2 is rising everywhere, and at about the same rate” (Volk, 2008, pp. 39-41).59 

As I re-post the latest CO2 increases each month, I often think of the ultimate objective of 

the UNFCCC to stabilize the concentration of greenhouse gases in the atmosphere (United 

Nations, 1992, Article 2).60  The UNFCCC provides the only mechanism with capacity to 

address climate change in a comprehensive manner (Moncel & van Asselt, 2012, p. 163) and I 

want it—and us—to achieve success.  I don’t know when this ultimate objective will be 

achieved, but when it happens, global warming can then eventually end.  As I write—and as 

aggregate UN-level commitments and plans ratchet up incrementally—global average emissions 

remain at record-high levels and the concentration of atmospheric CO2 continues to increase at 

an accelerating rate. 

In my experience, the public discourse on climate change rarely includes a clear-minded 

discussion of what it would take to stabilize the concentration of greenhouse gases in the 

atmosphere in simple, quantitative terms.  For the concentration of CO2, an answer is somewhat 

buried on page 824 of an IPCC report (Meehl et al., 2007, pp. 824-825).61  That is, a 50% cut in 

global CO2 emissions from human sources would stabilize CO2 in the atmosphere for the short 
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term (lasting about a decade before CO2 rise resumes).62  Indefinite stabilization requires that all 

global CO2 emissions essentially be eliminated (pp. 824-825).  These numbers are important yet, 

for whatever reason, I rarely hear others discuss them.  In the few times I have attempted to 

insert them into a personal discussion after climate issues come up, it has almost always killed 

the conversation.63  Nonetheless, the numbers give me a way to make a quick thumbnail 

assessment of what a particular emissions-reduction proposal means for atmospheric CO2. 

Take the Kyoto Protocol as an example.  In part, the more industrialized countries (Annex 

1 at the time) agreed to cut emissions by about 5% by 2010 relative to 1990 emissions.  I was 

just a climate-concerned guy doing basic math in my head long after the deal making, but clearly, 

this modest plan fell far short of the 50% needed to start stabilizing the important CO2 

component.64 

Prior to any deal, the first Chairman of the IPCC was in Kyoto, Japan, where he saw 

Parties to the Convention focus primarily on technical and political issues in the final negotiating 

push to reach a climate agreement (Bolin, 1998, p. 330).  This is an agreement that “did not 

achieve much with regard to limiting the buildup of greenhouse gases” (p. 331) in the Earth’s 

atmosphere.  “Scientific issues were not much discussed in Kyoto” (p. 330). 

Expert observations like Bert Bolin’s have continually affirmed my less-precise 

interpretation of the numbers and overall situation.65  Not long after I began re-posting CO2 

readings online, I began checking projections by MIT-trained climate modelers to keep myself 

current on how the latest UN climate action pledges, if implemented, translate into future 

greenhouse gas concentrations and global average temperature changes.  That is, I used 

projections at climateinteractive.org—in spreadsheet and graph formats—as my heads-up display 
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for seeing whether the human enterprise has made pledges that can actually stabilize anything 

between now and year 2100. 

From 2017, Climate Interactive (2017) projects66 flat, global greenhouse gas emissions of 

55 to 56 gigatonnes CO2-e (CO2-equivalent) per year until about 2030.  Despite the projected, 

15-year flat-lining of emissions, they remain at record-high levels.  And pledged actions of many 

governments drop off around 2030.  Thus, from that point onwards, annual global emissions are 

projected to climb steadily to 86 gigatonnes per year by 2100 with atmospheric CO2 projected to 

hit 665 ppm and global average temperatures to hit 3.3°C above pre-industrial levels.67  We (and 

our governments) have not figured out how to make plans or pledges that are sufficiently deep 

and sustained to stabilize or slow human-caused changes in the atmosphere at any point in time.  

There is no end in sight for the rise of atmospheric CO2 and global temperature within my 

lifetime or this century. 

Is this getting technical?  It feels quantitative and technical to me, and also vitally 

important.  The numbers tell me what is going on with a degree of clarity that a qualitative 

description cannot match on its own.  It feels both liberating, and troubling to carry such 

numbers around in my head for interpreting what institutions and people are pledging, writing, 

and saying on the subjects of global warming and global climate change.  Yet few non-specialists 

seem familiar with this type of hard data. 

Since 2008, I have been perplexed at how an organization with an ultimate objective to 

stabilize greenhouse gas concentrations (United Nations, 1992) would not put a number on that 

target.  Scientists suggested that the present overshoot past 350 ppm CO2 must be brief or “there 

is a possibility of seeding irreversible, catastrophic effects” (Hansen et al., 2008, p. 1).68  The 
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UNFCCC has no target for the stabilization of any greenhouse gas69 and Canada does not 

either.70 

Throughout 2008, 2009, 2010, and 2011, I kept re-post the rising CO2 readings while 

hoping to see near-term stabilization of atmospheric greenhouse gas levels.  Yet I have seen no 

substantive evidence that my upstart efforts influenced notable changes in behaviour, even at the 

individual level.  I was no longer naïve about humanity’s aggregate influence on the climate, but 

I didn’t know what to do, or how to help affect positive change on a larger scale.  Updating 

webpages is not enough.  Traci, my wife, suggested I go back to school.  That was exactly what I 

needed to do.  I needed to take my understanding to a higher level sp I applied to Royal Roads 

University in 2012.  In my application package, I wrote this at the end of my Personal Statement: 

Watching the unrelenting, unnatural rise of CO2 activated a deep concern for the future 

condition of the Earth and civilization.  It caused me to start asking why our species is in 

this situation and what I can do to help turn things around.  It prompted a desire to 

develop my capacity to help lead the kinds of conversations, strategies and actions that 

are needed if people are going to come together and stabilize atmospheric CO2 and the 

Earth’s climate system.  I want to develop expertise in the theories, principles and 

practicalities of conveying Earth sciences information so I can be effective in helping 

people of varied backgrounds comprehend climate information, apply it to their local and 

personal circumstances, and use it to guide decisions.  This is why I want to complete a 

Master’s level education. (M. J. McGee, personal communication, April 6, 2012) 
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Levelling up. 

In a world of complex systems, it is not appropriate to charge forward with rigid, 
undeviating directives.  ‘Stay the course’ is only a good idea if you’re sure you’re on 
course.  Pretending you’re in control when you aren’t is a recipe not only for mistakes, 
but for not learning from mistakes.  What’s appropriate when you’re learning is small 
steps, constant monitoring, and a willingness to change course as your find out more 
about where it’s leading. 

—Donella Meadows (2008, p. 180) 

Graduate school was an eye-opening experience.  The more formal, structured learning 

environment incrementally brought me into a world I had not fully imagined.  Now, I cannot 

think of how I would have learned what I have without the environment and resources of the 

Environmental Education and Communication program at Royal Roads University.  There, I 

benefited from fresh perspectives, an expansive literature, collaborations with a cohort of 

passionate students and instructors, and interesting learning and research experiences.  Mostly, 

my new channels for learning about environmental learning added to and reaffirmed insights 

gained through prior self-directed study. 

I discovered literature like the recent meta-analysis by Rogelj et al. (2016) that affirms 

the understanding I gained from the Climate Interactive projections.71  The literature I have 

reviewed consistently indicates that aggregate pledges to cut global greenhouse gas emissions 

still fall far short of levels needed to achieve UNFCCC goal of limiting temperature increases to 

2°C or less (Anderson, 2015a, 2015b; Rogelj et al., 2016).  Further, each new course and subject 

I encountered diversified my knowledge and understanding.  I came to see that my prior, narrow 

focus on CO2 was cramping my potential to learn what I needed.  In particular, the systems 

thinking course that Bob Kull taught expanded my ability to make sense of the systemic world 

we are part of.72 
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For me, the power of systems thinking is encapsulated in the words of Edward Clark 

(1997) which I now carry around in my head: “Systems thinking makes it possible to know more 

with less information” (p. 32).  In a day and age when information and complexity are 

increasing, this idea seems potent.  Encountering it left me feeling hopeful that it is possible to 

understand our world and planet even though it seems too big and too complex to know.  Perhaps 

my learning might have some positive, life-sustaining effect on the Earth. 

In the systems thinking course, I sponged up as much as I could about systems 

behaviours and approaches to complex systems challenges.  At first, systems concepts seemed 

strange and esoteric.  Take holons and holarchies73 for example.  These related concepts refer to 

the hierarchical nesting of whole systems within whole systems.  The term was particularly 

strange, but now I am deep into a thesis project looking at scientists investigating the climate 

system that functions as part of the Earth system that functions as part of the solar system.  When 

I refer to learning at the locus of the Earth system, I am picturing the Earth system nested 

between the solar system and, say, the climate system. 

My enthusiasm for systems thinking does not mean I think about systems all the time, or 

that my understanding has developed far beyond novice status—or that systems thinking is a 

simple, cure-all for complex problems.  Rather, it is a way of attuning one’s perceptions to see 

the systemic nature of a problem where it exists—an approach that can provide useful insight 

about approaches that may be effective or ineffective.  In the course, and through my own 

readings, I have encountered many systems-thinking approaches, each with different sets of 

applications and purposes.  Every one I have read about has reaffirmed my growing belief that 

learning new ways to learn about global environmental sustainability matters may yield more 

promising results.  Below, I briefly introduce some of the systems thinkers and insights that have 
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given me reason to believe that people can work together to leverage influence within the human 

system—particularly through learning and educational actions—and shift the contemporary 

direction toward a rich, planetary habitability that may be sustained indefinitely. 

First, Donella Meadows (2008) introduces non-specialists to non-linear, systems 

behaviours and approaches that may prove effective for achieving sustainable changes in the 

system.74  Ken Wilber (2000) combines a number of systems concepts under the umbrella of 

Integral theory, a set of concepts (including those discussed previously) that offers insights for 

understanding a variety of interconnected phenomena that evolve at various levels on a variety of 

scales.75  E.F. Schumacher (1977/2004) discusses the nature of divergent problems that may be 

transcended rather than solved.76  Rittel and Webber (1973), as well as Meadows (2008), 

highlight the need for systemic approaches to address wicked problems (i.e. systems problems 

and traps that are persistent and tenacious).  In particular, they emphasize the need to identify the 

levels at which a problem exists in a system and the importance of identifying the locus for an 

effective intervention.77  Valerie A. Brown (2010) emphasizes the importance of social learning 

and societal transformation in addressing wicked problems.78  Stephen Sterling (2001) discusses 

the transformative power of higher-order learning—including second order “learning about 

learning” 79 (p. 15).80  Edward Clark (1997) connects systems thinking, school curricula, and 

student-centered learning.81 

This study does not focus on systems thinking or a plan for a physical drawdown of 

greenhouse gases that have concentrated in the atmosphere.  Rather, the insights of these and 

other systems thinkers give me hope that indviduals and societies can collaborate and learn our 

way out of our difficult, worsening, systemic environmental problems—and into a kind of 

stabilizing, thriving world that is habitable and sustainable indefinitely.  In particular, I am 



LEARNING FOR PLANETARY HABITABILITY 53 

hopeful that investigating the experiences, perceptions, and perspectives of Earth system 

scientists may provide added inspiration, motivation, and perceptual capacity to hasten progress 

in this direction. 
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2. Immersion 

The paleontologist decodes ancient Earth history through the message in a fossil.  The 
geomorphologist reads the movement of ice in the placement of huge boulders.  The 
community ecologist describes the history of the forest by reading the bark of trees.  The 
microbial ecologist evaluates water quality by noticing which algae are in the lake.  
These are just a few of the many signs and texts that can be interpreted through skilled 
observation.  This kind of interpretation reflects finely honed perceptual skills as well as 
the rewards of scientific training. 

Such interpretive expertise is crucial if communities intend to deal with the complexities 
of global environmental change.  This expertise is too important to be left in the hands of 
specialists.  It must become accessible to all concerned citizens.  We will only come to 
grips with the challenges of species extinction, habitat degradation, and global warming 
when entire communities mobilize to learn about these issues.  Such learning is most 
meaningful when it emerges from tangible experience. 

—Mitchell Thomashow (2002, pp. 74-75) 

What has it been like for the seven participating scientists to learn about the Earth as a 

whole, dynamic system that sustains life?  And what useful insights can be gleaned from their 

human and scientific experiences of learning about the Earth, and of communicating and living 

with that knowledge? 

These are my research questions that, to a large extent, are addressed in the interview 

chapters here in Part 2.  Each one is a standalone text that may be read singularly or together in 

any order.  I chose the following sequence as a suggested order for a non-specialist interested in 

learning more about the Earth system: 

1. Richard Feely and Life in the Oceans 

2. Terry Root and “All the Species” 

3. Ralph Keeling and Background Air 

4. Francis Zwiers and Climate Numbers 

5. Lonnie Thompson and Ancient, Tropical Ice 
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6. Andy Watson and Intelligent Observers 

7. Beth Holland and Science for Sharing 

The first three interview chapters bring focus to elemental parts of the biosphere—

oceans, land, and air—and changes to the Earth system within the past century.  The fourth 

chapter—climate statistics and models—spotlights specialized, quantitative research tools for 

learning about complex, interacting systems.  The fifth chapter extracts mountaintop archives to 

provide a higher-resolution picture of climates that stretch back to ancient civilizations.  The 

sixth chapter connects the development of life and the biosphere over billions of years with 

contemporary challenges and hopes.  The seventh and final chapter takes us outside the Western 

world to instances where people are combining scientific and local knowledge to understand 

environmental change, build resilience, and work to preserve their communities and countries. 

Each scientist’s set of stories stretched my understanding of and appreciation for different 

aspects of the Earth system.  And together, the interviews left me with an enlivened sense of how 

the different Earth systems interact and behave, and how people have developed extensive 

knowledge of the Earth system as part of learning communities that have been growing and 

developing from one generation to the next.  I have come to view the interviews—and now the 

interview chapters—as a single, long curriculum for learning about the Earth, a curriculum that 

emerged without any one person saying what should and should not be included. 

When I conducted the interviews, I encountered many situations, phenomena, and people 

I did not know or expect.  My rather immersive research experience greatly expanded my 

understanding of the Earth system.  You too may find that the upcoming 150 pages has an 

immersive and, perhaps, a disorienting feel.  Despite the potential vastness and unfamiliarity of 

the terrain, I hope the organization and contextual detail of the interview chapters helps to carry 
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you through.  I also hope that having the scientists’ voices in the foreground makes it easier to 

connect with the more human and personal aspects of their learning and knowledge.  But before 

we get to the interview chapters, I want to note some practices that may be worth looking for as 

you read—and which might help you get more out of them. 

In most interview chapters, the scientists talk of environmental changes that are unfolding 

on a global scale.  They also describe vantage points and the types of evidence, indicators, and 

signals they use to recognize Earth system changes.  Overall, the assortment of angles and 

perceptions varies by the particular phenomenon a scientist is investigating.  When you 

encounter discussion of a global signal, consider whether the scientist is accumulating many 

discrete observations from the bottom up, or using relatively less data (and a broader view) to 

approach it from the top down.  Also notice the considerable accumulation of time, observations, 

and other activities that it takes for a scientist (or a community of scientists) to recognize a 

particular signal of global environmental change. 

The interview chapters describe a number of instances in which scientists make or 

contribute to a first-time discovery (or make some first-time realizations for themselves).  Notice 

how these realizations occur and the sources of knowledge that enable the first perception.  In 

each interview chapter, pay attention to both the individual learning and the broader, 

collaborative, social learning.  I was struck by how scientists’ contributions to the accumulation 

of knowledge about the Earth was as much a product of individual perseverance and ingenuity as 

it was of a broader, social-learning enterprise. 

Next, expect to encounter a considerable number of technologies, devices, and techniques 

that assist and augment scientists’ probing, sensing, and measuring of physical changes in the 

Earth system.  In many instances, such changes are imperceptible by a scientist’s five senses 
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alone, or it is impractical for one scientist to be the sole instrument for detecting a particular 

change at the global scale.  While technologies play an important role, also note the ways that 

scientists draw on their own direct observations and accumulated experiences as they use, test, 

and evaluate data.  Further, consider the use and importance of math and models as tools for 

learning and testing what is known about the Earth as a complex, interacting system of systems. 

As you read, pay attention to the scientists’ Earth learning activities, methods, 

approaches, and practices that I have pointed to.  I also encourage you to notice any other 

practices and dimensions of Earth learning that stand out as significant to you. 

In Part 3 (Consolidation), after the interview chapters, I will return to these and other 

Earth learning practices and activities that I think merit discussion.  At this point I want to 

acknowledge that you may find some of the individual examples I have provided—before, 

during, and after the interview chapters—are not ground-breaking in and of themselves, but 

gaining some familiarity with these types of Earth learning activities and practices may help 

facilitate a more experiential understanding of the human process of learning about the Earth.  As 

researcher, I found that my extended engagement with the scientists’ experiences left me with a 

more visceral, enduring understanding of Earth learning.  Even with the relative brevity of your 

exposure through reading, I hope your experience yields a comparable effect. 

In the methodology section, I described my ongoing references back to the all quadrants 

Integral model (from Integral theory) to help me navigate the different aspects of scientists’ 

research and learning experiences.  Figure 2 (below) illustrates that to some degree.  It takes 

some of the Earth learning activities that scientists discuss in the interview chapters and 

organizes them into four quadrants, each one corresponding with a particular aspect of reality.  If 

you think it helps, you may use the model in Figure 1 (on page 40) or Figure 2 below as a 
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perceptual aid to help organize or make sense of the varied, voluminous examples of Earth 

learning activities that appear in the interview chapters. 

 

 

Figure 2.  Some aspects of participants’ Earth learning applied to the all quadrants 
Integral model.  The four quadrants correspond with the model introduced in Figure 1 
on page 40. 

 

Further, Figure 2 provides an illustrated summary of some different types of inter-

connected, Earth learning activities that are part of the scientists’ experiences.  However, as a flat 

and simplified representation, it should not be taken as a substitute for the understanding that can 

be achieved through exposure to the lived experience material. 

Before turning to the scientists’ chapters, I would like to comment on the preciousness of 

the lived experiences that each participant has shared.  I view them as precious for several 
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reasons.  The stories and details are part of the lives of individuals who agreed to be named in 

this research study.  They are unusually wide-ranging and holistic in nature.  The content of the 

experiences has relevance to significant challenges facing humanity and the wider community of 

life.  Comparable, published materials respecting the lives of Earth system scientists is very 

limited, as far as I can tell.  And the scientists’ stories and discussions have enlivened my 

understanding of the Earth and excited my interest in learning about the Earth.  It has been a 

privilege not just to hear their stories firsthand, but to be able to work with the material and share 

their stories with you and others.  Experience-to-experience learning is not the only way to learn 

about the Earth, but I am excited by its potential as an entry-point for non-specialists to embark 

on learning about phenomena as complex as the Earth system. 

2.1. Richard Feely and Life in the Oceans 

What is a scientist after all?  It is a curious man looking through a keyhole, the keyhole of 
nature, trying to know what’s going on.  It’s a very human feeling. 

—Jacques Cousteau, Undersea Explorer (as cited in Lawrance, 1971, p. 13) 

His phone rings in his Seattle office.  It’s August 12, 2014, and I’m between classes, 

hoping he’ll agree to be in my research project.  It’s my sixth attempt to reach him in six days.  

The phone rings a second time.  I’m on the opposite edge of the Salish Sea, standing outside on 

the grounds of Royal Roads University. 

The phone clicks and this time it’s not his voice mail. 

Dr. Richard Feely is an oceanographer.  He’s the Senior Research Scientist and Carbon 

Group leader at the Pacific Marine Environment Laboratory (PMEL) for the U.S. National 
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Oceanic and Atmospheric Administration (NOAA).i  He joined NOAA in 1974 as a marine 

scientist, the same year he became a faculty member at the University of Washington.  In 1982, 

he started NOAA’s ocean carbon program.  And since 1971, he has written or contributed to 

more than 450 publications.  This includes chapters in the two latest assessment reports by the 

IPCC.ii 

I introduce myself, my project, and my interest in his science.  “I first learned of your 

science work,” I tell him, “when I watched A Sea Change iii.” 

A Sea Change: Imagine a World Without Fish is a 2009 documentary that tracks the 

investigative travels of Sven Huseby, a retired history teacher who learns that the acidity of 

seawater is rising.  Setting out to understand what is happening to the world’s oceans, he meets a 

number of marine scientists including Dr. Feely. 

“Will you,” I ask, “be in my study as an expert on ocean systems and their interactions 

with other parts of the global carbon cycle?”  We discuss project details for a few minutes and 

end the call without an answer.  He will look at my research description before making a 

decision. 

Fast forward six weeks. 

I have yet to set up an interview with even one scientist.  But today, Dr. Feely and I 

connect by phone for a second discussion.  He agrees to participate but declines my request to do 

the interview in person.  “Phone or nothing,” he dictates.  If I’m going to interview an ocean 

chemist like him—if I’m going to start interviewing scientists at all—my choice is obvious. 

                                                
i For a well-written introduction to Dr. Feely’s NOAA research on ocean acidification, see “An Upwelling Crisis: 
Ocean Acidification” by Caitlyn Kennedy (2009), a writer for NOAA’s Climate.gov. 
ii Professor Feely was lead author of “Observations: Oceans” (Rhein et al., 2013) and contributing author of 
“Observations: Oceanic Climate Change and Sea Level” (Bindoff et al., 2007). 
iii See Ettinger, Huseby, and Rockefeller (2009). 



LEARNING FOR PLANETARY HABITABILITY 61 

Another week goes by. 

It’s October 8 and I’m in my kitchen in Victoria reviewing interview questions and 

making last-minute refinements.  Half an hour after our agreed upon start time, my cell phone 

rings. 

“I’m in my family’s cabin,” Dr. Feely informs me, “on Lake Adney in Northern 

Minnesota.”  Our cell-to-cell connection is choppy and it’s hard to make out the name of the 

lake.i  I’m straining to hear and I’m thrilled that the research is finally starting. 

Throughout the call, I address him as “Dr. Feely.”  In this chapter; however, I refer to him 

by first name.  I will do the same with scientists in interview chapters that follow.  Dr. Feely and 

the others are experts in their scientific fields, and I greatly value and respect the specialized 

knowledge that they have acquired.  At the same time, I chose to use first names and write in 

first-person, present tense, as a way of personalizing the conversation and enabling you to hear 

from the scientists more directly. 

A calling from afar. 

Richard grew up in Minnesota, a thousand miles from the nearest ocean.  By the time he 

was in high school, and despite a rather land-locked childhood, he knew he wanted to be an 

oceanographer.  But years passed before he would dip a foot into the ocean’s brine. 

“I’d never been to the ocean until I went to graduate school,” he says.  So what fueled 

and sustained his interest from so far away?  As I wonder about this, two things bubble to the 

surface of our conversation: Screen time and lakes. 

                                                
i I was not able to make out the name of the lake from my recording of the interview.  Professor Feely identified the 
lake when he reviewed this chapter. 
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“I was very much interested in oceanography as a young child, since about eighth grade 

onward—watching many, many Jacques Cousteau television shows.”  And just the way he 

planned it, he went to the University of St. Thomas in St. Paul to earn a chemistry degree and 

prepare for studies in oceanography.  For a time, while at the University of St. Thomas, he 

worked for the St. Paul Water Department as a lake chemist.  “I had a strong interest in 

understanding chemical changes that were taking place in lakes and oceans.”  And he credits the 

chairman of his undergraduate program, Dr. William Larson, for encouraging him to pursue his 

interests and pointing him toward a graduate program in environmental chemistry at Texas A&M 

University. 

“When I went to Texas A&M, they got me on some cruises fairly early on.”  These are 

cruises on ships outfitted with scientific gear.  “We did a lot of work in the Gulf of Mexico and 

along the Mississippi River and,” he continues, “I did a dissertation on the effects of near-bottom 

processesi off the Mississippi River and their impact on the chemistry of the water column” 

(Feely, 1974).  In non-scientific terms, you might say he studied ways that water moves near the 

ocean bottom and how it physically and chemically interacts with the sediments and water 

above. 

Richard felt lucky to be a graduate student in oceanography.  “It was really watching all 

those Jacques Cousteau shows that got me interested in the field and then, when I went to Texas 

A&M, I fell in love with oceanography and have been doing it ever since.” 

Big chemical changes ahead. 

In Texas, Richard’s academic advisor was Dr. William M. Sackett, a famous chemical 

oceanographer.  This was the late 1960s and early 1970s.  Dr. Sackett encouraged him to study 

                                                
i Examples of near bottom processes include eddy diffusion and advection. 
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carbon and related chemical processes.  Richard dove into the subject and began to explore the 

big ideas that were emerging at the time.  “When I was in graduate school, we read quite a few 

early papers by Wally Broecker and others who suggested that the uptake of man-made CO2 by 

the oceans was going to cause major chemical changes in the oceans.”  A number of the papers 

suggested that chemical changes would cause significant biological impacts that would affect 

marine ecosystems.  But all those ideas were still based on theoretical calculations and very few 

measurements. 

As unproven as the theories were, they captivated Richard and influenced the trajectory 

of his studiesi and career.  More than four decades have passed since he was in grad school.  But 

now you can go to his NOAA profile webpage and find those basic concepts in the description of 

his current work: 

My research interests lie in carbon cycling and ocean acidification, specifically 

mechanisms controlling sources and sinks of anthropogenic CO2 in the oceans, and 

impacts of CO2 on marine ecosystems. (Feely, n.d.) 

By 1978, Richard and his colleagues were developing methods to measure ocean carbon 

and set up the first programs to monitor CO2 in the oceans.  Their research arena was beginning 

to develop in a big way. 

“A very dear friend of mine, Dr. Peter Brewer, was at Woods Hole Oceanographic 

Institution at the time.  He’s now at Monterey Bay Aquarium Research Institute.”ii  Richard 

continues, “He was one of the first scientists to actually measure the uptake of anthropogenic 

carbon dioxide in the oceans.  He did it in the Atlantic Ocean.  Another colleague, Dr. Arthur 

                                                
i Dr. Feely received his PhD in 1974 from Texas A&M University. 
ii MBARI is located south of San Francisco, California. 
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Chen at Oregon State University, made similar measurements in the Southern Ocean at about the 

same time.”  For the first time, scientists had measurements to substantiate the theory Richard 

had engaged as a university student.  “And at about that time, I was learning how to make carbon 

measurements in the oceans.”  In 1981 and 1982, his NOAA research group began to measure 

CO2 uptake in the North Pacific. 

The world’s largest ocean. 

Richard has researched carbon cycling processes in the Arctic, Atlantic, Indian, Pacific, 

and Southern oceans.  He’s done research in all the major ocean basins on the planet.  He’s been 

on more than 50 research cruises and at sea for more than a thousand days in total.  But of all the 

oceans he’s studied, there’s one ocean basin he knows better than the others.  “The Pacific,” he 

declares, “is my primary playground.” 

Richard has been cruising and researching the Pacific Ocean for more than four decades.  

“We have been going out to sea mapping the changing carbon chemistry in the atmosphere and 

the surface ocean and all the way down to the bottom over that time period.”  Mostly, he does 

this work with the same group of colleagues.  As a community, they have observed an evolution 

in ocean chemistry that starts mainly with surface waters at high latitudes, goes down toward the 

bottom, and then disperses globally. 

“It’s really quite amazing and humbling as an individual to be going out to the largest 

ocean in the world and seeing all these chemical changes occur through your career and—” 

He shares an observation that surprises me. 

“—finding places in the Pacific where there are absolutely no changes at all because 

some of the anthropogenic gases haven’t reached those portions of the oceans.  The waters are 
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older than man’s influence.”  They are older than a thousand years.  “And so you see no human-

induced changes.” 

Richard and his colleagues study large portions of the biosphere where few people go.  

They haul their measuring devices up from the bottom of the water column to the top.  They 

repeat the measurements at different latitudes and over decades to track changes as they happen.  

“You’re watching anthropogenic CO2 invading the oceans.”  It’s a mix of physical, chemical, and 

biological changes.  And for living organisms, he emphasizes, the implications can be profound 

(Fabry et al., 2008). 

“It’s a very humbling experience to see all these changes taking place,” Richard says.  “It 

really motivates you to tell your story and show what you know about these changes and how 

important they are to mankind.  For example, we watched the Freon that comes out of 

refrigerators.  It started out in the Southern Ocean off of Antarctica and went all the way along 

the bottom.”  It showed up in deep ocean passages and eventually moved into the North Pacific.  

“That process took over 50 years to unfold.  We watched that occur on our cruises.” 

“We’ve watched the buildup of anthropogenic CO2, in the Southern Ocean all the way to 

the bottom and building up through the water column over time in the Pacific and then the 

Atlantic and Indian Ocean.  So, these are things we’ve seen on the cruises that we have been on 

over the years.  They’re very, very real changes.” 

First to see. 

When Richard’s team began to measure ocean uptake of CO2 in the early 1980s, they 

were essentially tracking how human emissions into the atmosphere lowered concentrations of 

carbonate ions in seawater.  They were observing the acidification process and impacts on 

calcifying organisms (including corals, oysters, and some planktonic species) that are sensitive to 
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those changes.  These organisms need carbonate ions to build hard skeletons and shells, 

especially the juveniles that calcify as they grow in size. 

The acidification process starts with carbon dioxide in air (CO2) reacting with seawater 

below (H2O).  That produces carbonic acid in seawater (H2CO3).  As carbonic acid increases in 

concentration, pH declines and the seawater becomes less basic (closer to acidic conditions).i  To 

track these changes in the chemical state of seawater, scientists commonly determine its 

aragonite saturation state.ii  Aragonite is a common mineral and one of the more soluble forms 

of calcium carbonate (CaCO3), and it’s widely used by marine-calcifying organisms to build hard 

structures. 

Starting in the 1980s, Richard and his colleagues began to document the chemical change 

processes and biological implications of ocean acidification.  Two of their earliest papersiii were 

published in Science and in Nature.  “At the time, the ideas were so new that the scientific 

community did not really pick up on them.”  Yet Richard and his colleagues kept investigating 

and writing about the subject into the 1990s and 2000s.  It was 1999 when the tide of recognition 

began to change.  That is the year his good friend Joanie Kleypas published a now-famous paper 

in Science (Kleypas et al., 1999). 

The Kleypas paper links the ocean’s CO2 uptake to changes observed in coral reefs.  “I 

actually read the paper the same day it came out in Science.  I called her up immediately.”  He 

                                                
i Ocean acidification is defined as “a reduction in the pH of seawater for an extended period of time” (Washington 
State Blue Ribbon Panel on Ocean Acidification, 2012, p. 3). 
ii For a precise, mathematical description of aragonite saturation state (Ωarag) and calcite saturation state (Ωcal), see 
Feely et al. (2004, p. 363).  For more basic information, see the webpage, Ocean Acidification: Saturation State 
(NOAA, n.d.).  This page states that organisms become stressed when the aragonite saturation state falls below 3, 
and that shells and other aragonite structures begin to dissolve when saturation state is less than 1.  It also states, 
“The predicted pH decrease of approximately 0.3 units during the 21st century would be a greater change than 
possibly at any time in the last 300 million years.” 
iii Three of the earliest papers were by Betzer et al. (1984); Byrne, Acker, Betzer, Feely, and Cates (1984); and 
Feely, Byrne, Betzer, Gendron, and Acker (1984). 



LEARNING FOR PLANETARY HABITABILITY 67 

was then working with colleagues to complete a global survey of oceanic CO2.  He told her about 

the next phase of research they had started to plan.  Their conversation led to an expanded round 

of collaboration among marine scientists: Joanie Kleypas, Chris Sabine, Victoria Fabry, and 

others.  And while this widening group of scientists had clearly identified the problem of ocean 

acidification, the general public had not. 

Initial public attention. 

In 2004, Science published two back-to-back papers on ocean acidification.  One was 

about CO2 uptake by the global oceans (Sabine et al., 2004).  The other was about the biological 

implications of the CO2 uptake (Feely et al., 2004).  Richard was second author of the first paper 

and lead author of the second. 

The second paper uses data scientists had in 2004 to estimate dissolution rates of calcium 

carbonate for the global oceans.  The authors state that the dissolution of aragonite from corals, 

pteropods, and other marine carbonates has a neutralizing effect on anthropogenic CO2 (pp. 362-

363).  It also discusses future impacts of anthropogenic CO2 on shell-forming species and 

possible changes in the capacity of the oceans to act as a carbon sink. 

“Winged pteropods,” Richard notes, “are free-swimming snails—pelagic snails—that can 

be as small as the eye can see, and up to as large as what would fit in the palm of your hand.”  

Science spotlighted his article by adorning its cover with a close-up photo of a winged pteropod.  

Ocean acidification had begun to attract serious attention among scientists. 

I imagine that if Richard were a musician like, say, Jimi Hendrix, he might have his 

picture on the cover of Rolling Stone.  But he’s a marine scientist.  An oceanographer.  And I 

sense that getting an image of his research subject on the cover of Science (or Nature) is 

recognition that would hold special meaning for his research team and community. 
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“This made a lot of news outlets,” Richard says.  And their findings came with 

implications that stirred public controversy.  Rather than explain that to me, Richard sticks to the 

empirical findings.  “Shell dissolution is as an important impact because the pteropods depend on 

their shells for protection from predation.  Weakening of the shells due to dissolution has an 

impact on their survival.” 

When the aragonite saturation state of seawater drops to 1 or less than 1, pteropod shells 

start to dissolve.  “You can actually observe this.  And we do observe it.”  He adds, “Pteropods 

are important because they’re a primary food source for many marine fishes such as pink salmon.  

So, where you have major changes to the pteropods’ distributions you might have a significant 

impact on the ecosystem as a whole.” 

More recently, Richard and his colleagues observed pteropods that inhabit coastal waters 

along Washington, Oregon, and California.  About 50% have undergone some dissolution by 

acidification.  “Modelled projections suggest that by 2050, the number would rise to 70% or 

more.”i 

Richard returns to the period after the twin Science papers were published.  “In 2006, my 

good colleague and friend Scott Doney wrote a very nice paper in Scientific American about 

ocean acidification.”ii  Richard estimates that the articles in Science and Scientific American each 

generated a hundred or more newspaper articles.  “From that point on, ocean acidification really 

started to take off.” 

                                                
i During the interview, Dr. Feely cited a recent paper by Bednaršek et al. (2014). 
ii See Doney (2006). 
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Saving an industry. 

Awareness of rising acidity in the ocean grew along with the impacts.  Between 2005 and 

2009, billions of oyster larvae died in oyster hatcheries in the states of Washington and Oregon 

(Washington State Blue Ribbon Panel on Ocean Acidification, 2012, p. 3).  Richard says the 

hatchery operators were uncertain about the cause.  It was fall 2008 when the Pacific Coast 

Shellfish Growers’ Association invited him to give a talk.  “I did that and suggested that their 

hatchery problem was due to the ocean’s acidification.”  The association contacted Washington 

State Senator Maria Cantwell who helped them get funding for scientists to set up CO2 and pH 

sensors in their hatcheries.  Their measurements showed a direct relationship between the die off 

of oyster larvae (sometimes within two days) and seawater that enters their hatcheries with a 

lower pH and reduced saturation state.  As he suspected, ocean acidification was the culprit. 

With that confirming evidence, scientists took the next step and showed oyster growers 

how to raise the pH of water that enters the hatcheries.  Richard says a $500,000 investment by 

the U.S. federal government saved oyster hatcheries $35 million the next year.  “We basically 

saved that industry from going under.”  In fact, “they were able to increase their production.” 

Scientists had applied specialized knowledge of global changes to resolve an immediate 

problem on the coast of the Pacific Northwest that is especially vulnerable to acidification 

impacts.  This example shows how scientists can develop practical solutions for problems that 

affect people.  “That’s a hundred percent,” he emphasizes, “of what scientists are all about!”  

And public policy makers took notice. 

Richard has testified before U.S. Senate committees a number of times.  With Vicky 

Fabry in 2004, he testified to a committee led by Senator John McCain.  Then in 2008 and 2010, 

he and Scott Doney testified.  Their testimonies helped the federal government formulate a 
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national, multi-agency program to address ocean acidification under its new Federal Ocean 

Acidification Research and Monitoring Act (FOARAM).  The program was initiated in 2010 as 

ocean acidification continued to gain traction as a publicly-recognized problem.  “So,” Richard 

notes, “we have a really important and very significant national program to address ocean 

acidification resulting from a lot of that earlier research that we conducted in the 1990s and 

2000s.” 

In late 2011, Richard was tapped to participate on a Blue Ribbon Panel in the State of 

Washington that the Governor set up to address the problem of ocean acidification.  “Seafood in 

the State of Washington is a $2-billion industry that supports about 42,000 jobs.”  The Panel 

included leaders from across the State with backgrounds varying from science to policy to 

industry to law.  They were mandated to chart and respond to the causes and impacts of ocean 

acidification on the state’s marine speciesi and ecosystems, and on its fisheries and tribal 

communities.  In late 2012, within a year of starting, they published their report and shared it 

nationally.ii 

After participating on the panel, Richard and other scientists followed-up by sharing their 

knowledge and assisting other states.  Since that time, five other states initiated responses similar 

to Washington’s.  “As communities began to see how acidification impacts their industries and 

their jobs and their livelihoods, they responded in kind.” 

                                                
i More than 30 percent of marine species in Washington’s Puget Sound are vulnerable to ocean acidification 
(Washington State Blue Ribbon Panel on Ocean Acidification, 2012, p. 5). 
ii See Washington State Blue Ribbon Panel on Ocean Acidification (2012) and the webpage “2012 Blue Ribbon 
Panel on Ocean Acidification.” 

http://www.ecy.wa.gov/water/marine/oa/2012panel.html
http://www.ecy.wa.gov/water/marine/oa/2012panel.html
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Seafood for thought. 

“Ocean acidification is just one component of a global problem,” Richard comments.  It’s 

part of a larger set of changes caused by the emission of anthropogenic greenhouse gases into the 

atmosphere.  “That warms the temperatures in the lower troposphere and we see about 0.8°C of 

warming since the beginning of the Industrial Revolution.”  And the impacts are significant.  

“That warming causes a stratification of the ocean water column and de-oxygenation of the 

oceans.”  Declines in physical mixing stratifies the seawater into more pronounced layers.  So 

some layers get less oxygen.  “The combination of these stresses are impacting the food security 

of the oceans by their impacts on the ecosystems.”i 

When Richard and his colleagues talk to various groups about changes that are happening 

in the oceans, they make a point of linking the food security of marine organisms to the 

sustainability of fisheries stocks.  Then they link that to the food security of people.  They make 

such connections in scientific forums, policy discussions, and public talks. 

“Fifteen to twenty percent of the people on this planet depend on protein from the sea for 

their food.  And the seafood industry provides resources in hundreds of billions of dollars every 

year, so that’s a livelihood issue.”  Climate change is not the only problem.  There are “the 

problems of ocean acidification and the implications for food resources.  And I expect that in the 

future, that will help to provide the rationale for reducing CO2 emissions.” 

Marine organisms. 

Over time, Richard has come to recognize the importance of sharing what his community 

of colleagues see: 

                                                
i For more discussion of the multiple anthropogenic stressors on oceans, consider “Impacts of Ocean Acidification 
on Marine Fauna and Ecosystem Processes” by Fabry et al. (2008), or “Contrasting Futures for Ocean and Society 
from Different Anthropogenic CO2 Emissions Scenarios” by Gattuso et al. (2015). 
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You realize that you’re a spokesperson for your scientific research.  As a spokesperson 

you have to provide leadership and become an outspoken teller of the truth of your 

science and use every opportunity you get to communicate your science to the public.  

You show by your presentations, how important you think these problems are, what we 

need to do about that, and respond accordingly as a human being by the choices you 

make.  For example, I own a hybrid car.  That was a conscious decision to reduce my 

CO2 emissions as much as I possibly could. 

Richard is thinking about practical choices he can make to help mitigate the larger, global 

problem.  And at the same time, organizations like the UNFCCC are choosing pathways to 

mitigate global climate change.  “They basically suggest that we want to keep CO2 emissions at a 

level that will allow us to not exceed a certain atmospheric temperature change.  And often, you 

see a two-degree limit or something like that.”  This spurs questions about what that limit would 

mean for ocean acidification or other biological impacts.  “Defining those scenarios, has been a 

major driver in our research.  And being able to clearly determine what that would be is a very 

challenging effort for marine scientists.” 

I ask, “What’s challenging about the effort?” 

“Defining what is a safe limit for marine ecosystems,” he responds. 

“There’s been an attempt,” I comment, “to do that with the planetary boundaries 

research.”  Some researchers at the Stockholm Resilience Centre have suggested a safe boundary 

for ocean acidification that is marked by a global average saturation state of aragonite in surface 

seawater of 2.75—a threshold that the world is moving closer towards.i 

                                                
i Although the following details were not discussed during the interview, I note here that the estimated pre-industrial 
average for global saturation state of aragonite (Ωarag) in surface seawater is 3.44 (Rockström et al., 2009), the 
current average is estimated to be 2.9 (according to the same authors), and 2.75 has been suggested as the planetary 
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Richard knows of the planetary boundaries research and he’s skeptical.  “If you look at 

those papers, where they mention ocean acidification, the scientific community would say, ‘Well, 

we need to have a better understanding of those planetary boundaries before we recommend a 

single boundary that you’re not to exceed.’” 

“Because,” he explains, “each organism has a different vulnerability to CO2, oxygen, and 

temperature that combines in ways to magnify the stressors of climate change.  So, it’s difficult 

to define a general limit that would be safe for all the different ecosystems and all organisms.” 

“I’ll tell ya,” he stresses, “it’s going to take a while before we know what that would be.” 

I hadn’t ever considered what a single, global average might mean for the many species 

living in these seawater environments as they change.  And I don’t think anyone is questioning 

the seriousness of ocean acidification. 

“What we’ve been saying all along,” Richard notes, “is when you think about mitigation 

and adaptation strategies, you have to take acidification into consideration as well.”  A geo-

engineering example comes to mind first.  “Iron fertilization was an approach,” he suggests, 

“that scientists had tested to see whether or not adding iron to the ocean would suck up the 

carbon.”  Yet questions remain about the efficiency of CO2 uptake and whether acidification 

would be enhanced.  “That’s still being debated.”i 

                                                
boundary which provides a safe distance from significant qualitative changes in the state of biophysical processes 
that regulate the stability of the Earth (Rockström et al., 2009; Steffen, Richardson, et al., 2015). 
i Before the interview, I thought about iron fertilization in overly-simplistic cause-and-effect terms.  After the 
interview, I discovered a number of articles that describe it as a multi-dimensional process with biogeochemical 
impacts that are fodder for much discussion among scientists.  For example, the Woods Hole Oceanographic 
Institution and Oceanus Magazine present a special series of 2008 online articles on Ocean Iron Fertilization that 
addresses a broad array of issues and scientific debate.  As another example, a journal article by Cao and Caldeira 
(2010) reports on models that quantify benefits, impacts, and limitations of iron fertilization for mitigating changes 
in ocean pH and concentrations of CO2 in the atmosphere. 

https://www.whoi.edu/oceanus/series/ocean-iron-fertilization
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As a non-scientist, I find it helpful to know something about the direction and speed of 

anthropogenic changes relative to a specific planetary boundary within which civilization can 

safely operate.  But Richard’s reaction prompts further exploration of this single, global number 

of 2.75.  I first learn that aragonite saturation state varies significantly across different latitudes, 

depths, and seasons of the year.i  That prompts further discussion and thinking about the state of 

knowledge for the many impacts of human-induced CO2 emissions on ocean mixing, chemistry, 

organisms, and eco-systems.ii  It is evident that ocean ecosystems and human-induced impacts 

are complex with varied, far-reaching consequences for both marine species and humans.  

Perhaps a single, global threshold makes it easy for non-specialists like me to overlook the 

variable, interconnected, growing problems that marine organisms face as seawaters warm, 

acidify, and stratify.  Perhaps it is worth considering the changes in seawater environments from 

the perspective of organisms that live in them. 

Beneath the surface. 

“Over the last 10 or 15 years,” Richard says, “the issue of ocean acidification has 

received a great deal of attention.”  For his part, getting where we are today started with studies 

and observations made over the past half century. 

                                                
i After the interview, I discovered an article in which Dr. Feely and colleagues took advantage of increased data 
availability to re-examine global aragonite saturation state.  In addition to reporting averages for different depths, 
latitudes, oceans, and times of the year, their article in Global Biogeochemical Cycles reports a global average of 
3.03 for surface aragonite saturation state (Jiang et al., 2015). 
ii On December 22, 2016, I raised the matter of planetary boundaries again with Professor Feely in an informal 
telephone discussion about the draft chapter.  He advised that a recent article in Science by Gattuso et al. (2015) sets 
out a current and “very good” illustration of what is known and not known about ways the ocean moderates 
anthropogenic climate change and impacts on ecosystems and people.  The article contrasts two very different future 
ocean scenarios.  One scenario is based on a business-as-usual (high) emissions trajectory for the 21st century.  The 
other is a stringent, CO2 emissions scenario with cuts being made deep and soon enough to keep global average 
surface temperature increases below 2°C. 
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“I was able to grow in that research arena,” he reflects, “and help to develop a national 

and later an international understanding of ocean acidification.”  As oceanic changes and 

knowledge progressed side-by-side, he was pulled into public arenas to help industries and 

governments navigate responses to problems he helped detect, measure and map early on. 

“I’ve always been interested in the uptake of anthropogenic CO2 in the oceans.”  He says 

he’s “driven” to understand “chemical exchanges across the atmosphere and the ocean.” 

Is it simply about physical changes? 

No.  But learning about physical mixing processes and ocean chemistry opens a flood 

gate for “understanding the biological and biogeochemical implications.”  In Richard’s 

biogeochemistry research, I sense that it’s the bio component that fuels his motivation.  It’s about 

the complex web of interdependent, sometimes cascading impacts—and the chain of concern 

that comes with that—from atmospheric and oceanic changes to winged pteropods to pink 

salmon to the many people who rely on fisheries for jobs and protein.  As much as anything, it 

seems, his drive to do this work is also about the things that bring science and the oceans to life. 

“The effects on biota have always been very, very exciting to me.”  It’s an excitement 

with linkages to issues that matter to people on land.  Recall how the spotlight on little winged 

pteropods helped ocean acidification gain recognition within the scientific community.  And how 

responding to a regional oyster larvae crash saved an industry and triggered a cascade of policy 

responses from the State of Washington to Washington, DC. 

Of course, these are not the only issues in the ocean that Richard swims in.  There’s the 

continuing CO2 uptake by the oceans, and the warming, stratification, and de-oxygenation.  

Although this chapter hasn’t discussed it, he has pointed to rising sea levels and the ocean’s 

encroachment on infrastructure and people along the coasts. 



LEARNING FOR PLANETARY HABITABILITY 76 

“These things are very important challenges for humanity, and it’s going to take a strong 

consensus among human beings to address them. 

“And I think we’re working our way through that process.  That process is ongoing, and 

as we provide more and more information, hopefully, people will make good decisions.” 

I ask, “What do you hope for?” 

“I would hope that people would realize that we’re all in this together and that protecting 

our planet and protecting our environment is something that we all have to strive for.  Climate 

change issues are real and something we need to address sooner than later.” 

2.2. Terry Root and “All the Species” 

We make so many bad decisions in the world because of local and parochial thinking.  If 
I could just get everybody on Earth to do a hundred orbits of the world with me [laughs].  
No, I swear, it sounds trite: ‘Come to the window with me and do a hundred orbits of the 
world and you will behave differently.’ 

—Chris Hadfield, Astronaut (as cited in Doiron, 2014, p. F5) 

“Terry!” her mother directed, “just take your binoculars and go outside!” 

Mother and daughter were in Southeastern Arizona where the bird watching is 

spectacular.  Terry was 14 and trying to help prepare Thanksgiving dinner, but the kitchen of 

their rented cabin was too small for the less experienced help.  Terry grabbed her gear and went 

outside, and for the first time ever she identified two birds.  One was a bridal titmouse and one 

was a pyrrhuloxia.i 

“I did those all by myself,” she tells me. “I had the book, I figured it out, and it was really 

a powerful experience.” 

                                                
i Desert cardinal is an alternate name for the pyrrhuloxia. 



LEARNING FOR PLANETARY HABITABILITY 77 

Call me Terry. 

“Wait!” Terry interjects, eight seconds into the interview.  “Before we start anything, you 

have to call me Terry.”  I had been addressing her as Professor Root. 

Terry Root is a biologist and Senior Fellow at the Stanford Woods Institute for the 

Environment near San Francisco, California.  Her many publications include the 1988 book, 

Atlas of Wintering North American Birds: An Analysis of Christmas Bird Count Data (Root, 

1988).  She has contributed to chapters about ecological systems in three IPCC assessment 

reports.i 

Terry quickly switches to her second story.  She’s recalling an early time in her life when 

she was “really intrigued by nature.” 

Stopping for spoonbills. 

She was 8 or 9 years old and vacationing in Florida with her parents and two siblings.  It 

was bucketing down rain and her father was driving.  “All of a sudden, my mom says, ‘Stop! 

Stop! Stop the car!’”  Her dad pulled up beside a big tree.  “I don’t know what kind of tree it was 

at all,” she says.  “It was pouring down rain and here are all these pink spots all through the tree.  

They were spoonbills.  Here are these huge birds—spoonbills—and this tree.”  All she could see 

“was basically pink and green.  It was really impressive.” 

Flying against the wind. 

She offers a third story, but she isn’t sure whether it was grade 7, 8, or 9.  It was a school 

day, and her Algebra II teacher returned a test to the class and said that one person had done 

                                                
i Prof. Root contributed to IPCC assessment reports, twice as a lead author (Gitay et al., 2001; Rosenzweig et al., 
2007) and once as a reviewing editor (Settele et al., 2014). 
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really, really well.  “That was me and I was super excited about it.”  She had about twice as 

many answers correct as anyone else. 

When she got home, she showed her father the test right away.  “Look,” she said, “I got 

this fantastic grade.”  He looked back and uttered eight words that have stayed with her ever 

since.  “Girls aren’t supposed to be good in mathematics.”  I’m kind of blown away.  “It was,” 

she says, “exactly at that point that I decided I was going to become a mathematician.” 

Terry became a mathematician.  Then she became a biologist.  And then she became 

specialist in climate change.  But instead of exploring a list of her accomplishments, I want to 

learn more about Terry as a person.  I’m interested in her interests, cares, and perspectives—the 

things that fuel her scientific productivity. 

“Ever since I was a little kid,” she says, “I’ve always loved math puzzles.”  She talks 

about one math puzzle book she prized as a kid, and how doing the puzzles was a fun way to 

“use your brain.” 

I learn that Terry’s mother also enjoyed math and logic.  She had a degree in math and 

physics, and she worked as an administrator in a university physics department.  Terry has a 

natural aptitude and affinity for math, and she identifies her promise to herself as her motivation 

to really work at it. 

After she received an undergraduate science degree in math and statistics in 1975, she 

interviewed for a job at Bell Labs.  The man asked her why she chose math.  “Because,” she 

responded, “it taught me how to think.”  The company hired her, but there is a detail she did not 

share in the interview.  “The other thing that I think is involved here is the fact that I am 

dyslexic.”  She’s always had trouble reading words.  Numbers are easy to work with so long as 

she doesn’t get them backwards.  At school, her teachers didn’t know about dyslexia.  They just 
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told her she couldn’t read.  But the description did not fit her experience.  “I’ve been reading 

ever since I was two and a half, three years old.  It just meant I couldn’t read fast enough.” 

Career migration. 

Relative to reading, math and birdwatching were fun games.  “All birdwatching is,” Terry 

says, “is you go out and you try to find these birds, just like you try to find Easter eggs on Easter 

morning.”  And for a long time, she was content to keep her birdwatching hobby separate from 

her profession. 

After her undergraduate degree, she discovered that the solar system is full of math 

puzzles waiting for someone like her to solve.  As a scientific programmer, she had a job for a 

short time with the Voyager space program.  This was about 1977 when NASA launched probes 

to explore Jupiter, Saturn, and then out to Uranus.  Terry set up a procedure to analyze changes 

detected in cosmic rays as they passed through the gravitational fields of the planets.  For that 

assignment, she was based at the University of Colorado (CU).  She hadn’t taken biology in her 

undergraduate years, but at CU, she could take a university course for free. 

“And so, for the heck of it, I took an ecology class.”  An assignment she had to do for the 

course led her to Professor Carl Bock who, she had heard, had bird data on a magnetic tape.  The 

ecology professor didn’t know how to analyze the data, but Terry did.  The professor gave her a 

way to mix her two favourite pursuits. 

“I analyzed those data and it got me hooked.”  Terry had found a niche for herself.  

“Biology is so much more an inexact science.”  And she had quantitative skills she could bring to 

biology and help people “figure out what really is going on.” 
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Gift of perspective. 

Terry’s father trained pilots and her family had a small plane.  “I would go up with my 

dad in the small plane all the time, and so I had an understanding of the very broad scale.  I was 

very privileged to be able to have that.”  When she began to study biology in the late 1970s, she 

naturally thought about interactions across very large areas.  But this was not the norm.  Terry 

says that later in the 1980s, Peter Kareiva did a study which showed that “eighty-something 

percent of all the ecological studies that were being done were being done on study areas that 

were the size of two tennis courts.”  But such small-scales made it impossible to see phenomena 

beyond “how important competition was.”  You can’t see how temperature and vegetation work 

at that scale. 

By 1982, Terry started PhD research at Princeton University and expanded her study area 

to the continental scale.  “Today, it sounds really stupid but back then, to say that birds’ ranges in 

the wintertime were limited by temperature was almost blasphemous.”  That’s what her PhD 

research demonstrated.  But two weeks before she was done, a member of her dissertation 

committee refused to sign her exams “because he didn’t believe that environmental factors were 

more important than competition.”  Still, Princeton granted her a PhD in 1987.  But the rather 

chilly environment prompted another migration. 

Finding a new flock. 

“As soon as I finished my defense, I said, ‘Guess what? I’m now going to work on 

climate change.’  So, it was an automatic thing.  It was just obvious.  That was what I should do.” 

In November 1990, Ted LaRoe of the U.S. Fish and Wildlife Service was organizing a 

workshop on climate change.  He noticed Terry’s book, Atlas of Wintering North American Birds, 

and its many statements about temperature.  He wanted her to come to Oregon for the workshop, 
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but at that point, she hadn’t met any climatologists.  “I wasn’t in that circle.”  She had been 

working on climate change by figuring things out from the literature.  “But I really wasn’t doing 

a very good job at it because I didn’t have the connections that I needed.”  The workshop 

changed all that.  She connected with a small but growing group of researchers.  “And as soon as 

you can do that, the networking goes, the collaborations go, and all of a sudden my world was 

large with climate change.” 

Field visits. 

In 1988, the University of Michigan had hired Terry as an Assistant Professor.  As part of 

her duties, she had to teach students to collect data in the field.  But she’s not a field biologist.  

She had no fieldwork experience and she needed it fast.  “They forced me to go in the field and I 

hated it.”  She laughs.  “It took me 24 hours to collect four data points.  Well, on the computer I 

can have 4,000 data points in five minutes, so it drove me nuts.” 

Terry couldn’t collect all her own data from a single forest, field, or wetland over a few 

seasons.  That does not show her the broader patterns she was looking for on continental and 

multi-decadal scales.  “I had to have data that were collected by armies of people, not just me.  I 

couldn’t really go to a study site and see what I was seeing.  The only place I could see it was on 

the computer.  And so, that was my window into the world.”  But there was another way that she 

was able to view large portions of the biosphere: 

Because I’m a birdwatcher, my late husband and I went on a lot of field trips to 

continents all, all, all over.  Being in the field and seeing the diversity is a very powerful 

thing to me.  And I think being in the field gives me an appreciation of how important it 

is, the work that I’m doing.  And it makes me have this feeling inside that what gives us 

humans the right to be causing the extinction of probably half the species on the planet!  I 
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don’t think I could have gotten that just by staying in North America.  I think by going 

and seeing all the species in South America, all the species in Asia, understanding and 

seeing how they all fit together and how they are dependent upon each other is very 

powerful.  It’s a very powerful aspect of it all. 

I ask her, “What do you mean by all the species?” 

“Meaning,” she responds, “how all the species of birds were working together, how they 

were working with the plants, how they were also working with the insects.  Mammals weren’t 

in there because you’d very rarely see mammals when out on field trips.”  But with all the other 

species, she “could see how tightly they depended on each other, how tight the biotic interactions 

are.”  Her observations of the living world seem so very different from her data analysis work, 

but they go together.  “Going in the field is important for me to remember why I’m working so 

hard sitting in front of the computer.”  She laughs. 

Golden years. 

Darwin believed that ties within biotic communities are so tight that changes in climate 

would cause entire communities to shift their ranges together.  If the climate warmed, 

communities would stay together as they move toward the poles or up to a higher elevation. 

Terry’s research disproved the prediction.  She documented a different response.  “What 

my work showed is that one species would go northwest and one species would go northeast, and 

one species would go fast and one species would go slow.  And we have this tearing apart of 

communities.”  This tearing-apart used to be Terry’s main concern about climate-change.  That 

was, until extinctions entered her consciousness.  “When I started first working on this, 

extinctions weren’t anywhere in my—they weren’t even in my brain.” 

I ask her to talk about when and how extinctions got into her brain. 
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“You know,” she replies, “I don’t have any idea how that all happened.” 

My question on a broad topic elicited a blank response.  I need to be more specific.i 

“Have you,” I ask, “seen a plant or an animal that has basically disappeared?” 

“Oh!” she responds quickly, “I do know how this all started.  Okay.  That helps me.  

Steve and I, my late husband and I, went to Costa Rica.” 

Terry’s late husband was Stephen Schneider.  He was a climatologist, biologist and 

budding social scientist who, very sadly, died in 2010.  He was so well respected among 

scientists that the IPCC’s Climate Change 2014: Synthesis Report is dedicated to his memory 

(IPCC, 2014a, p. xi).ii 

In 1995, Terry took Steve to Costa Rica for his 50th birthday.  They hit the trail in the 

Monteverde Cloud Forest Preserve.  They went with their friend and colleague, Alan Pounds, the 

lead scientist at the forest preserve.  Pounds had just published a paper suggesting that climate 

disturbances had caused a sudden collapse of 99% of the golden toad population (Pounds & 

Crump, 1994).  He brought Terry and Steve to a place where golden toads had been abundant 

before the whole population suddenly disappeared.  Golden toads were last seen there in May 

1987. 

Pounds’ 1994 paper describes the climate conditions for twenty years prior to the 

observed disappearance, but these are not calendar years that restart each January.  Think of them 

as golden toad years that follow the four-stage temperature-moisture cycle of amphibians.  They 

run from July to June.  Pounds and his colleague found that in July 1986, the cycle did not restart 

                                                
i I deviated from the interview technique described in Part 1 but I returned to it quickly. 
ii The National Academies of Science produced an excellent biography about Stephen Schneider.  See the article by 
Santer and Ehrlich (2014). 
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the way it usually did.  And for the first time in twenty years, the climate of these golden toads 

was unusually warm and dry for all four stages of the 1986-1987 cycle. 

“I had read Alan’s stuff in the literature, but somehow it hadn’t pierced to my soul until I 

literally went to the trail, the location where the golden toad used to be and no longer was.”  

From that point on, she had another, almost direct signal for understanding how parts of the 

Earth system works.  It helped her appreciate the link between climate change and extinctions.  It 

also prompted her to reason, “If the golden toad can go extinct, other things can go extinct.” 

She wonders why she hadn’t recalled the experience quicker.  “It’s interesting that I had 

kind of blocked that.  It’s really interesting, actually, because it was very powerful.”i 

On a lark. 

In the 1980s when Terry was doing her Master’s and PhD research, she used ten years of 

data.  This was a long timeframe.  “Now, it’s kind of laughable.”  She guesses that, at the time, 

90% of biology studies spanned four years, at most.  She actually had bird count data that that 

went back to Christmas 1900, but she did not recognize the usefulness of long-term data.  “I 

never put two and two together.”  At least not right away. 

Terry had given the commencement speech at the University of Michigan.  Afterwards, 

an older woman approached her and introduced herself as Elizabeth Losey.  She asked Terry if 

she’d like to analyze the bird data she had collected from 1968 and into the 1990s. 

Losey was the first female to graduate from wildlife biology at the University of 

Michigan, and Terry was much more interested in her experience.  “Being a woman in wildlife 

biology in the ‘40s was hell!”  Losey was a pioneer and her struggles helped pave the way for 

                                                
i I find it interesting that Prof. Root sees what may be invisible in the field (e.g. broad extinction patterns) based on a 
combination of computer data analysis, literature, and accumulated observations at ground level from across the 
world. 



LEARNING FOR PLANETARY HABITABILITY 85 

“the acceptance of women in the field, women who could think.”  But it’s “like my father saying 

I can’t be a mathematician.  All this is wrapped up somehow.” 

Terry got to know Losey and the bird data sat unanalyzed.  She didn’t look at it until an 

undergraduate student wanted to see what might be there.  “It turns out, those data provided me 

the first plot showing you that birds were coming back earlier in time, in the springtime, than 

they were earlier in the century.”  It was 1994, the results surprised her, and she told her 

colleagues, “Look back in your data and see if you’re seeing a shift in the timing of migration.”  

This was not something people were looking for.i 

Signals from species. 

Terry organized a 1997 workshop in Coloradoii to get others using data over longer time 

periods.  The first workshop presenter showed a plot with data for Australia.  The x-axis showed 

time.  The y-axis showed the first day that birds arrived.  Terry raises her arm at an angle—about 

40 degrees—to show me the slope of the plot. 

Terry presented second.  “I had exactly the same slope, almost, on my plot, but mine was 

for North America.” 

The third speaker put up a plot for Europe.  It was the same again.  “It was at that minute, 

when Tim Sparks put his plot up from Europe, this light bulb literally went off in my head and 

said, ‘This is global!’  So, in Australia, Europe, and North America, we were finding exactly the 

                                                
i The photojournalist, Gary Braasch, interviewed Prof. Root on May 13, 2000, and Elizabeth Losey on August 18, 
2000.  Braasch wrote about Losey’s data collection and Root’s analysis on pages 86 and 89 of Earth Under Fire: 
How Global Warming is Changing the World (Braasch, 2009).  I discovered the reference after my interview of 
Prof. Root in 2014. 
ii This “Workshop on the Impacts of Climate Change on Fora and Fauna” was held September 19 – 22, 1997 in 
Boulder, Colorado, USA. 
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same patterns.  So now we need to look at those patterns.  That’s when I started thinking, ‘We’ve 

got to go global!’” 

That shift culminated in what is probably the most significant paper of her career:  

“Fingerprints of Global Warming on Wild Animals and Plants” (Root et al., 2003).  She and her 

co-researchers looked at 143 studies on biological responses to global warming.  They found that 

more than 80% of species “from mollusks to mammals and from grasses to trees” (p. 57) had 

shifted their local range in the direction predicted by temperature-related changes.  The Earth is 

warming and she could see and say that a lot of the inhabitants are on the move.  Terry adds that, 

“It’s the first time I ever made the front page of The New York Times.”i  She laughs. 

I can tell it was a proud moment.  It seems that the discovery of a global signal can attract 

coverage in the mainstream press. 

It’s not as bad as I said. 

“Why are you telling us these lies?”  A man had gotten up in the middle of a talk Terry 

was giving to alumni at Stanford University.  Ten minutes later, another man challenged the 

information and she surmises that he felt emboldened by the first.  “But,” Terry admits, “I don’t 

know that for a fact.”  She just knows that it was not an isolated incident. 

Terry talks about climate change with many groups and she’s had training to get her 

message across.  Over the years, she has developed her own way of speaking to an audience.ii  

She likes to invite people to grapple with the futility of managing impacts after they grow too 

large, then guides them through some sensible options.  And as her presentation unfolds, one 

option starts to emerge as effective and scalable:  switching to renewables without delay. 

                                                
i See the online article, “Global Warming Found to Displace Species,” by Andrew Revkin (2003). 
ii As a sample, see the short video episode of Uplift (featuring Terry Root) (Holbrooke & Long, 2014).  I decided I 
wanted to interview her after viewing this video in 2014. 

https://vimeo.com/74995205
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As I listen, I notice that she gets people to combine science and societal choices.  It 

makes sense to me.  But as much as she tries, there are people who respond as if she’s pointing 

straight at them to say, “You’re screwin’ up the world and your great grandchildren are going to 

have a horrible life.”  Some people are just never going to agree that human activities are 

changing the climate.  “No matter what I say, Mike, I could give the most eloquent lecture in the 

world, and they’re not going to take it.”  Terry lists a few possible explanations for these kinds of 

responses.  She isn’t sure about any of them.  And when she talks of people who seem to respond 

positively to her message, she finds it harder to know how well they get it.  But there have been 

times when it feels like people understand. 

Soon after the IPCC (2007) published its Fourth Assessment Report, Terry testified to a 

U.S. Senate committee on the scientific findings.  She collaborated with an NGO to produce a 

two-page summary.  One page featured a thermometer showing the impacts of climate change in 

a world after warming of one degree, two degrees, and so on.  “I passed them out and I could 

almost, as each person took them in their hand, I could almost see light bulbs going off.”  It felt 

like it really helped people “understand what was going on.”  For her, it’s one of her best 

successes at making complex information understandable.  “What became of that in the long 

run?  I have no idea.  As far as talks when people have really gotten it, the most prominent one 

that I know of is in Salt Lake City.”  In 2008, she had been invited to talk as part of a workshop 

panel at the University of Utah.  At the break, a young man introduced himself and asked, “Is it 

really as bad as you say it is?” 

Terry said, “Let’s talk about it.”  And they talked for a while. 

Later, he came back and said, “Okay, I need to ask you again.  Is it really as bad as you 

say it is?” 
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This time, she was more direct.  “‘It’s not as bad as I said it is.  It’s actually worse.’  So 

then I told him more. 

“Well, the person I was talking to was Tim DeChristopher, and he is now the leader of 

Peaceful Uprising.”  In 2008, DeChristopher was a junior economics student.  Later that year, he 

made headlines after bidding up prices on parcels of public land at a controversial auction.  He 

competed against oil and gas companies that were buying land for drilling.  Intending to protest 

the auction and not pay for anything, he was the successful bidder on 22,000 acres of land with 

bids that totaled $1.8 million (DeChristopher, 2008).  After my interview with Terry, I discovered 

DeChristopher’s website and his statement that he was “greatly moved” by Dr. Terry Root’s 2008 

presentation and conversation.  His site reports that he served a federal prison term from July 26, 

2011 to April 21, 2013, followed by three years parole (About Tim DeChristopher, n.d.).i 

“What I’ve learned in my life,” Terry says, “is you give a talk.  You may not be reaching 

the entire audience, but the probability, given what I’m talking about, I’m gonna reach at least 

one or two people and it’s going to be important to those people.  And that’s all I can ask for, and 

that’s what I go for.” 

You guys can. 

My first conversation with Terry was October 9, 2014.  I called her office, told her my 

name, university affiliation, and that I wanted to interview her.  She responded instantly, “Okay, 

sure, that would be fine.”  I didn’t have a chance to tell her the interview would be two hours.  As 

we discussed project details, I referred to her participation in the lived experience study by Kim 

Langmaid (2009).ii  Now, I’m curious what it was like to have been a participant in the study. 

                                                
i This information was accessed July 12, 2015. 
ii This is acknowledged in the methodology section. 
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“One of the reasons I did that, and why I’m doing this now is science is not the end all 

and be all.  It’s not getting us all the answers.  I could tell you that such-and-such is going extinct 

and if you don’t understand what the importance of such-and-such is, why would you care?  

There has to be all different ways of approaching things.” 

Evidence of the changes is not enough. 

“We have shown that the globe is warming.  I have shown that the species are being 

affected.  I’ve shown that species are going extinct.  Nobody’s listening.  The people who would 

listen have listened.  Now we need to get to the other group of people.  And if we can, if I can 

help people understand how to do that, I would do it in a second.” 

So why study another species?  “Where I’m coming from, I don't think I need to be 

studying yet another bird to figure out if it’s being affected by climate change.  We may need to 

know more about its biology, but maybe not its climate change.”  Biologists study a species, she 

explains, “to figure out how the species works.”  There’s more work to be done there, but the 

field has developed.  “If I were starting out right now,” she says, “I don't think that the new 

discoveries will be in biology.  I think the new discoveries are going to be in social science and 

in engineering.” 

Terry wants to help “people to understand what is happening” so there are “enough 

people who care about the species that they’ll do something about it.”  As a natural and physical 

scientist, she has already helped advance the scientific understanding of species and the ongoing 

global impacts of human-induced climate change.  Now, the thing that’s important to understand 

is “what makes people work and not work,” and what makes them do “what they do and what 

they don’t do.  And whenever there’s a research study that I can help on, I do it.  I think it’s an 

important thing.” 



LEARNING FOR PLANETARY HABITABILITY 90 

Advancing knowledge in biology and ecology is important, but that alone has not stopped 

the global declines in populations and species.  It just provides part of the picture. 

“We’ve got to figure out all these different angles.  I can’t.  I can’t figure that out,” Terry 

says, “but you guys can.” 

2.3. Ralph Keeling and Background Air 

If I were not a physicist, I would probably be a musician.  I often think in music.  I live 
my daydreams in music.  I see my life in terms of music. 

—Albert Einstein, Theoretical Physicist (as cited in Viereck, 1929, p. 113) 

Professor Ralph Keeling knows air.  He especially knows about something called 

background air.  This is the voluminous, well-mixed part of the atmosphere that’s practically 

unaffected by short-term, chemical exchanges at the surface of the Earth.  Ralph keeps a constant 

eye on background air and its changing composition across latitudes and at different altitudes.  

Why do that?  Because even subtle shifts can tell us a lot about the functioning and health of the 

planet.  So Ralph monitors some of the smallest changes in the Earth’s vital signs as if he were a 

doctor closely tracking the progress of his patient.  “It’s a little bit,” he says, “like tracking body 

temperature or blood pressure.” 

Ralph is a professor of geochemistry at the Scripps Institution of Oceanography (SIO), 

University of California, San Diego (UCSD), in La Jolla, California.  He is Principal Investigator 

for the Scripps atmospheric oxygen research group that monitors changes in the content of 

oxygen (O2) and argon (Ar) in air.  He is Director of the CO2 monitoring program at Scripps that 

his father, Dr. Charles Dave Keeling (Dave Keeling), initiated in 1956 and led until 2005 when 
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he passed on.  And he has contributed to publications by the Global Carbon Projecti and chapters 

in IPCC assessment reports.ii 

“Most of what I do,” Ralph sums up, “is focused on making measurements of the 

composition of air in new ways.”  It sounds like pure chemistry, but it’s more than that.  He also 

uses a lot of physics techniques to measure unreactive molecules of gases in the atmosphere.  

“It’s really quantitative analysis with physical measurements to understand the biogeochemistry 

of the planet and, we’re using the atmosphere to remotely sense the land and the oceans.”  That 

is, he measures changes in one part of the Earth system so scientists can quantify and understand 

changes in other parts.  “The quest is to understand how the Earth works as a coupled system.”iii 

Holistic indicators like atmospheric O2, CO2, and Ar help fill out the picture of planetary 

changes as they happen.  And that’s just the starting point.  “You’re going to,” he suggests, “drill 

down a little bit and look at finer differences from place-to-place and time-to-time and start 

seeing information about phenomena that’s not global, that’s more local.” 

In recent years, Ralph has spent a lot of time analyzing, comparing, and combining 

different data sets to get a fresh vantage point that can address unanswered questions.  “That 

involves as much creativity in how to look at the data as in how to make the measurements in the 

first place—maybe even more so.” 

                                                
i For example, “Global Carbon Budget 2015” by Le Quéré et al. (2015). 
ii Prof. Keeling was a contributing author to chapters by Working Group I in the IPCC’s Third Assessment Report 
(Prentice et al., 2001), Fourth Assessment Report (Forster et al., 2007), and Fifth Assessment Report (Ciais et al., 
2013). 
iii The concept of coupled systems was not clarified during the interview.  However, “Frequently Asked Questions” 
at the Scripps O2 Program website notes that exchanges of [inorganic] O2 and CO2 with [organic] land biota are very 
tightly coupled by the chemistry of photosynthesis and respiration.  See http://scrippso2.ucsd.edu/faq. 

http://scrippso2.ucsd.edu/faq
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Ralph’s Keeling’s lab. 

It’s December 14, 2014.  Through our webcam connection, I recognize his office from the 

day I visited in July 2009.  I had wanted to learn all I could about CO2 and climate science, and 

Ralph kindly obliged my request to interview him.i  So I packed a camcorder and tripod, then 

flew two-thousand kilometres to his office on the Scripps UCSD campus.  It’s an incredible 

location on the edge of the Pacific with miles of sandy beach.  It’s a semi-wild coast with 

thousands of people in the sun, surfers in the water riding waves as they rumble in, and gulls up 

gawking and squawking while circling in the salty air. 

Inside the lab, Ralph showed me the gear and gadgets he and his team use to analyze air 

samples collected from the Scripps Pier and observing stations around the world.  I saw glass 

flasks, analyzers, and compressed air tanks.  And also the constant volume manometer Ralph’s 

father had built in the late 1950s to improve the precision of carbon dioxide measurements. 

Back in Ralph’s office, he answered the questions I had about CO2, the carbon cycle, and 

climate change science—all physical, quantifiable, objective, science stuff.  When I was done 

asking, he gave me a journal article to take home: “Rewards and Penalties of Monitoring the 

Earth” (Keeling, 1998).  It’s his father’s autobiography that chronicles his experiences from 

childhood to chemistry student to experimental scientist.  At the time, I was mostly interested in 

the scientific information.  Now in 2014, I am especially curious about the inter-connections that 

weave through the lives and careers of father and son. 

                                                
i The intention was to publish a video of the interview online.  Publication did not happen primarily because I sensed 
my lack of training and experience in environmental education and communications. 
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Waves. 

Ralph has twenty or thirty minutes before he needs to give his son a ride home.i  So we 

agree to break our conversation into two parts.  As we do this, a teenager in a wet suit walks into 

the open doorway behind him.  He has a surfboard under his right arm. 

“I’m surfing Scripps,” the teenager tells Ralph. 

“Oh,” Ralph responds, turning back to face his son, “You’re surfing Scripps anyways?” 

“For two hours,” he says. 

“Okay,” Ralph says.  “Have fun.” 

They say their goodbyes and we’re clear to do this in one go. 

“We’ve got some storms,” Ralph comments, “so there are waves.”  A big storm system 

had just passed through the California coast.  He expects another in two days and he’s inquisitive 

about its latest movements.  “I’m wondering if it’s hitting you already up there.” 

Here in Victoria, we are just getting over some heavy rains the media labelled a 

Pineapple Express.  I’m not familiar with the term but one report referred to it as a weather 

system coming in from Hawaii.ii  I don’t know much about meteorology and am anxious to get 

into the interview.  So I ask Ralph to talk about an earlier time or place or event when he was 

first captivated by science or nature or math or the outdoors. 

“Well,” he responds, “I grew up in the town of Del Mar which is just north of here.  At 

the time, it was where professors were living.”  He acknowledges that it’s a bit expensive to get 

established there now.  “I grew up in a setting where there were other kids my age whose parents 

                                                
i Later in the interview, Prof. Keeling comments, “I think we’re the only family of five I know that drives around 
with a Prius which, by the way, is not a small car.” 
ii “The Pineapple Express (PE) is defined as an atmospheric river extending out of the deep tropics and reaching the 
west coast of North America” (Shields & Kiehl, 2016, p. 7767). 
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were also professors.”  That is, a number of his better friends had parents who were scientists and 

professors.  “So, it wasn’t hard to imagine becoming a scientist even from a young age.”  But 

still, science was not the only future Ralph had envisioned. 

A musical atmosphere. 

When Ralph’s father was a child, he had learned to play piano so brilliantly that for a 

time, his parents expected him to become a professional musician (Keeling, 1998, p. 28).  He 

ultimately chose a career in science but, when he became a father, he exposed his five children to 

music and outdoor hiking.  Dave Keeling kept a piano in the family living roomi and hosted 

musical events that included occasional rehearsals for the UCSD Madrigal Singers (Keeling, 

n.d.).  And so, it was hardly unusual for Ralph’s childhood home to be energized by a Beethoven 

composition or warmed by a Brahms Sonata (Hanley, 2004). 

Dave Keeling had a kind of mission.  “He had a program,” Ralph wrote previously, “to 

turn his children into [classical] musicians and even to develop ensembles by the fact that he had 

enough children to fill different parts in groups” (as cited in Mims III, 2012, p. 354).  Ralph 

started piano at age five, and at eleven, the elder Keeling promoted him to violin.  “I accepted 

that challenge,” Ralph tells me.  And while he worked hard at it, he also explored interests he 

describes as sciency and nerdy. 

“I recall a challenge by a fifth grade teacher.”  The teacher had told his class that it’s 

impossible to make a perpetual motion machine.  “So my friend Richard and I were scheming.”  

A childhood glint returns to his eyes.  “There’s got to be a way to do this,” he recalls thinking.  

So the two boys proceeded to resolve this classical energy problem that had stumped so many 

                                                
i See “Charles David Keeling Papers” (1968). 
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before.  “I couldn’t see why you couldn’t tie a string on the moon and have it pull a train around 

the Earth all the time.” 

We laugh. 

Ralph had begun to engage with the kinds of puzzles and questions that scientists grapple 

with.  Still, he was serious enough about the violin to view it as a possible career track.  And he 

pushed himself to learn it, and he played it well.  “Once I was in college, I could see that I was 

going in other directions, so I didn’t work hard on it.”  Like his father, Ralph downshifted his 

musical commitment from vocation to avocation (Keeling, 1998, p. 28). 

I’m suddenly curious whether Ralph sees a connection between his music and his 

science.  “Maybe,” he responds.  “They’re both abstract, although,” he pauses a moment, “your 

appreciation of music is aesthetic and your appreciation of science is analytical, but there’s some 

sort of cross fertilization.” 

“I mean, I saw my father spending time playing.”  It wasn’t every day.  “But often 

playing piano just to relax.” 

“And I do that too, and so, I’m not sure what it’s doing for my brain because I’m not 

thinking about science necessarily.”  He says he plays well enough for himself, but not an 

audience.  “Other than my family members who have to endure it, it’s a pretty harmless 

enterprise.” 

I laugh. 

“It’s more relaxing than playing violin,” he says.  “And you can make music at a level of 

fullness that you can’t on a violin.”  He continues.  “It’s a way to unwind and relax your brain 

that probably also stimulates little things that can help you think while not taxing them.  So I do 

think there’s kind of a healthy brain exercise associated with playing music.  And I should say 
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that on the flip side there is an aesthetic to science.  There’re things that are more appealing and 

less appealing for reasons that are not exactly logical.  On the other hand, my music is not really 

a creative endeavor.  I was a performer not a composer, whereas science is more like composing.  

It’s more fundamentally a creative process than just a rendering process.  I mean, when you 

perform, you’re shaping the sound to your own imagination but you’re not creating the score.” 

Dave Keeling’s curve. 

Dave Keeling’s love of music developed as young child growing up in the suburbs of 

Chicago, Illinois, in the 1930s.  This reflected the musical and literary proclivities of his mother 

who started him on the piano at age five (Keeling, 1998, p. 28).  As for his father, an investment 

banker for a time, he was so gripped by thoughts of bank reform and the economy that young 

Dave was saturated and disinterested in his father’s crusade.i  But his father was also drawn to 

the workings of the planets, and he demonstrated his fascination for the subject in a memorable 

moment that inspired Dave to write about six decades later: 

When I was about five years old, he excited in me an interest in astronomy.  In a 

darkened room, he showed me how the seasons came about.  He carried the ‘Earth,’ 

represented by a globe, with its north pole always pointed in the same direction, around 

the ‘Sun,’ represented by an electric light placed in the middle of the room.  With a 

child’s urge to imitate, I volunteered to repeat the demonstration myself, beginning a life-

long curiosity about the Universe.  (Keeling, 1998, pp. 27-28) 

In high school, Dave Keeling chose advanced courses in every type of science that was 

offered.  In college, he pursued a science degree with chemistry as his major.  But the library 

                                                
i Dave Keeling also wrote, “I was nevertheless sympathetic to his ideas and to his faith that the world could be made 
better by devotion to just causes” (Keeling, 1998, p. 27). 
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assignments were repetitious and the chemistry labs bored him.  “I didn’t particularly like 

chemistry and repeatedly doubted that I had made the right choice” (p. 29).  But his nagging 

worry did not last. 

While visiting a friend at another university, he noticed a book on his shelf with a 

peculiar title: Glacial Geology and the Pleistocene Epoch by John Foster Flint (published 1947).  

Dave Keeling didn’t know what the Pleistocene epoch was but he read far enough to find out—

and to decide to buy a copy.  In this book, he discovered his inner excitement for geological 

questions and quests.  And he began to envision a geochemistry career with work in the outdoors 

that he loved so dearly.  He quickly declared geology as his minor (Keeling, 1998, p. 30). 

With renewed purpose, he completed his PhD and applied to work at geology 

departments west of North America’s continental divide.  He turned down offers from companies 

on the east coast that couldn’t find enough PhDs to help them develop new plastics.  He accepted 

the first post-doctoral fellow position in geochemistry at the California Institute of Technology 

(Caltech) in Pasadena (Keeling, 1998, p. 31). 

Still new to California and Caltech, his mentor, Professor Harrison Brown, hypothesized 

that the amount of CO2 in surface and near-surface ground water (as carbonate) would be nearly 

the same as CO2 in the surrounding air (Keeling, 1998, p. 32). 

Viewing the idea as a casual assumption, Dave Keeling voiced disagreement. 

“Well,” Brown smiled back, “why don’t you go out there and see if you can prove it?” 

(Shea, 2010, para. 7). 

To investigate this question, Dave Keeling saw that he needed some kind of gas 

manometer to measures CO2.  He built a modernized, constant-volume manometer with 

information he found in a 1916 journal.  The device was as precise as any instrument available at 
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the time.  And his measurements of pristine air and waters at Big Sur State Park showed a CO2 

pressure in water that was higher than the equilibrium value for air.  He concluded that Brown’s 

hypothesis was false (Keeling, 1998, pp. 32-33). 

By then, Dave Keeling had a precise instrument, some sampling protocols, and data that 

called out for further investigation.  He had noticed that CO2 levels were higher and more 

variable at night—the period when carbon-13 isotopes were sometimes depleted.  And in the 

afternoons, CO2 often hit a floor of about 310 ppm.  He suspected that the vegetation of Big 

Sur’s old growth forest played a role.  And so, he was surprised to discover that air samples from 

the free atmosphere over tropical waters in the east Pacific Ocean had nearly the same CO2 level 

as air near vegetation in the afternoon. 

To help identify a mechanism that might explain his observations, he turned to scientific 

literature on plant growth and microclimatology.  This guided his thinking about photosynthesis, 

daily warming of vegetation by the sun, and their effects on the movement of air—both in the 

local environment (where he collected air samples) and on broader scales.  He realized that the 

nearly-constant readings of 310 ppm CO2 occurred at locations and times when air mixes with 

the Earth’s open, free atmosphere.  He had detected a relatively stable mass of background air in 

the Earth’s atmosphere where, he suggested, the CO2 concentrations might be far less variable 

than was generally believed at the time (Keeling, 1998, p. 36). 

The insights he accrued were enough to attract two serious job offers and funding to start 

measuring CO2 in air at various altitudes and latitudes.  In August 1956, he moved from Caltech 

in Pasadena to Scripps in La Jolla.  From his new research base, he set up programs for air 

sampling with aircraft and CO2 analysis in water and air from a research ship—both as part of 

the International Geophysical Year (IGY) in 1957/58.  In part, this meant deploying air-sampling 
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flasks and setting up continuous analyzers for observatories in Antarctica and Hawaii (Keeling, 

1998, pp. 36-39). 

Dave Keeling’s (1960) first-published, monthly CO2 concentrations were obtained from 

air samples collected in September 1957 at opposite ends of the Earth.  At the South Pole, 

surface air registered 311.1 ppm CO2.  On ice floes in the Arctic, surface air had a concentration 

of 306.5 ppm CO2.i  In a way, the readings he obtained for the remainder of 1957 were a prelude 

to measurements that began March 1958 at Hawaii’s Mauna Loa Observatory. 

Near the middle of the largest and deepest ocean on Earth, Mauna Loa is the most 

voluminous, active volcano on the planetii with the observatory situated 3,400 metres above sea 

level, near the summit.  CO2 readingsiii for March, April, and May 1958 reflected the rising trend 

observed at other sites since September 1957.  But the Mauna Loa readings dropped in the 

summer of 1958.iv  CO2 fell 2 ppm by July and 3 ppm by August.  “I became anxious,” he wrote, 

“that the concentration was going to be hopelessly erratic” (Keeling, 1998, p. 42). 

But measurements continued and after 12 months, a plot of the data revealed a clear 

zigzag pattern, a pattern that repeated the next 12 months.  The average for year two was higher 

than year one, and the seasonal zig-zag pattern appeared in plots of CO2 readings from air that 

Keeling collected on the Scripps Pier in La Jolla since April 1958.  The recurring pattern was 

                                                
i I used the original CO2 values that C.D. Keeling published in 1960 in order to show the data as he saw them at the 
time.  As anticipated by Keeling in his 1960 paper, methodologies were enhanced since then and data values have 
been adjusted. 
ii The volcano summit of Mauna Loa is 4,169 m above sea level, about 17 km above its base which is depressed 8 
km below the sea floor that is located 5 km below sea level (U.S. Geological Survey, 2017).  Measured from its 
base, Mauna Loa is the tallest mountain on Earth.  It is also the most voluminous active volcano on Earth 
(askHVO@usgs.gov, personal communication, April 29, 2017).  The most voluminous volcano on Earth is claimed 
to be Tamu Massif, an extinct volcano with a summit beneath the surface of the Pacific Ocean (Bryant, 2013). 
iii See the NASA blog article, How do scientists know that Mauna Loa’s volcanic emissions don’t affect the carbon 
dioxide data collected there? by Steve Ryan (2010) of NOAA. 
iv A decline in CO2 concentration during summer 1958 was also observed at La Jolla, California (C. D. Keeling, 
1960, p. 201). 

mailto:askHVO@usgs.gov
https://earthobservatory.nasa.gov/blogs/climateqa/mauna-loa-co2-record/
https://earthobservatory.nasa.gov/blogs/climateqa/mauna-loa-co2-record/
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marked by a peak in the spring just before “temperate and boreal regions put on new leaves” in 

the Northern Hemisphere (Keeling, 1998, p. 40),i and by a trough that formed early in the fall at 

the end of the northern growing season.  Having studied the respiration cycles of plants at 

Caltech, he was able to scale up his understanding and propose that the observed seasonal CO2 

cycle was influenced by plant growth on land.  “We were witnessing for the first time,” he wrote 

in 1960, “nature’s withdrawing CO2 from the air for plant growth during the summer and 

returning it each succeeding winter” (Keeling, 1998, p. 41). 

As the seasonal zig zag repeated each year, the average CO2 level rose from one year to 

the next.  After decades of CO2 readings, a “pervasive, upward curvature” (Keeling, 1998, p. 67) 

became visible in plots for Mauna Loa,ii the South Pole, and other observing stations.  The rise in 

CO2 concentrations reflects the accumulation of CO2 emissions in the atmosphere, and the curve 

reflects “the relentless increase in rate of emissions of CO2 from the combustion of fossil fuels” 

(pp. 67-68).iii  The Mauna Loa plot—zig-zagging and curving upward—became widely 

identified as the Keeling curve (Mims III, 2012, p. 365).  In a eulogy to Dave Keeling, Drs. 

Pieter Tansiv and Bert Bolinv (2006) wrote that the curve “has achieved iconic status as the 

foremost record of human influence on the Earth’s climate” (p. 329). 

I ask Ralph to recall the first time he saw his father’s famous curve. 

                                                
i About 68% of land is located in the Northern Hemisphere (Mendez, 2011). 
ii Two independent yet complementary CO2 monitoring programs have been running at the Mauna Loa Observatory 
in Hawaii  (Monroe, 2015).  The NOAA program has operated there since 1974 (see “Trends in Atmospheric 
Carbon Dioxide”).  The Scripps program has operated at Mauna Loa since 1958 (see “Primary Mauna Loa CO2 
Record”).  History of the programs is documented by Mims III (2012). 
iii Dr. C. D. Keeling and Mr. Tim Whorf estimated that 57% of global emissions accounted for the rise of 
atmospheric CO2 from 1958 to 1989 (C. D. Keeling, 1998, p. 68). 
iv Dr. Pieter Tans is a Senior Scientist at the U.S. NOAA Earth System Research Laboratory responsible for its 
monitoring of trace gases—including its CO2 monitoring at NOAA’s Mauna Loa Observatory. 
v Dr. Bert Bolin (1925-2007) was a meteorologist in Sweden who played a central role in launching the International 
Geosphere-Biosphere Programme and served as the first chairman of the IPCC (Rodhe, 2013). 

https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
https://www.esrl.noaa.gov/gmd/ccgg/trends/data.html
http://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record
http://scrippsco2.ucsd.edu/data/atmospheric_co2/primary_mlo_co2_record
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“That’s a good question,” he responds.  “It was not early.  It was probably as an 

undergraduate or, probably late in high school.  There was no moment that I remember seeing 

that curve for the first time.” 

Ralph had seen his father writing articles and doing program work at home, but the curve 

was not a visible part of that.  He says it probably wasn’t very famous in the 1960s, but that 

people tended to remember it when they saw it.i  “You could see, ‘Wow! There’s something 

weird about this. This is cool!’  You could tell it had to be important.” 

“It might have, by then, already been called the Keeling curve but I’m not even sure.  It 

might have been Dave Keeling’s Curve or something like that.”ii 

“Okay,” he restarts, “so I do remember.”  He thinks he was a junior in college.  His good 

friend Larry Brewer was a year ahead of him and studying physics at Yale and MIT.  “He was 

visiting our house in Del Mar and my father was explaining his work to Larry and me.  I mean,” 

Ralph says, “I had seen some of this before.  But then he was showing the curve and I remember 

Larry saying, Wow! That looks like clean data!”  As a physics major, Larry had seen lots of data 

sets.  But here he was saying, “Whoa! There’s a big signal! 

“For some reason, I remember that.  I hadn’t thought about it that way and it helped me 

see the appeal of it.” 

                                                
i In a lecture, Prof. R. F. Keeling (2008b) said of the Keeling curve, “This record was inspirational to a lot of people.  
It really stands out as one of the main achievements of the sixties in the arena of environmental sciences as being the 
first evidence of a human impact on the planet as a whole.”  He also remarked that it was not as well-known as 
Rachel Carson’s Silent Spring, but it was highly influential among scientists who knew it.  During the 2014 
interview, he said, “It had been shown in very important places and had a big role in steering scientists into the 
field.” 
ii The autobiography by C. D. Keeling (1998) refers to “a curve of rising atmospheric CO2 on a chart labelled 
‘Mauna Loa Observatory’” (p. 7).  A number of media articles published after C.D. Keeling’s passing in 2005 
suggest that the Keeling curve is well known within scientific circles and scarcely known by the general public (e.g. 
Briggs, 2007).  In the book, Hawai’i’s Mauna Loa Observatory, Forrest Mims III (2012) notes that NOAA prefers 
“Mauna Loa CO2 record” and that “Keeling curve” is most widely used (p. 365). 
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Seeing fundamentals. 

Ralph had long known that he would become a scientist.  But he took time to explore and 

consider the type of science work he truly wanted to do.  “I was more in search of a level of 

fundamental understanding that was somewhat elusive in biology.”  He had always been 

attracted to the physical sciences, not necessarily Earth sciences.  In high school, it was a physics 

class that was the most fun.  But his chemistry course seemed more substantive.  In university, he 

pursued an undergraduate degree at Yale majoring in chemistry. 

But the chemistry labs got in the way.  “For the work I was putting in, I wasn’t gaining 

the kind of experience that I felt I should.”  The courses felt like “cooking without knowing.”  

The scientific recipes did not help him understand what he was doing.  “It doesn’t really teach 

you to be an experimentalist.  It’s pretty devoid from much critical thinking.” 

Ralph acknowledges that his lab reports injected pieces of the scientific process into his 

learning experience: introduction, methods, results, discussion, and conclusion.  “I now see the 

value of that if you actually need to write a scientific paper.  But that’s the wrong place to teach 

that because it’s not a discovery process.”i 

As Ralph sees things, there are better ways to design learning experiences for students.  

“Just present us with a broken mass spectrometer,” he says emphatically, “and say, ‘Hey! Fix this 

thing. Here are some parts, fix it!’  Now that would have been cool!”  That would have taught 

him more about the scientific method.  “Troubleshooting is all about hypotheses and narrowing 

down possibilities.  That’s closer to science than writing up these lab reports on things where it’s 

all known anyways.”  He presses his point, “There’s nothing like actually being in the lab and 

                                                
i For anyone interested in this issue, the study by Sarah Elgin et al. (2016) and related Science article by Jeffrey 
Mervis (2016) may be of interest. 
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being confronted with apparatus that you yourself have the time to control and manipulate.”  

Instead, his chemistry labs hit him with too much, too fast.  “It wasn’t open-ended enough.  You 

were supposed to discover something that was already known.” 

“But I jumped ship!” Ralph proclaims.  “Because I got tired of chemistry labs at the 

undergraduate level.”  When he landed, he was a physics major and he knew it was the right 

decision for him.  “I guess I was happy with being labeled—or feeling my own label—as a 

physicist rather than a chemist at that point.  It felt like it was more who I was.  So I gravitated 

towards physics because it distills things down to a sort of pure mathematical theory.” 

That sounds important but I’m unclear how.  So I ask him to talk of a time when he was 

searching for this kind of fundamental understanding. 

“When I was an undergraduate, I sometimes got wrapped up in physics beyond the level 

of the course work.  I got very interested in trying to visualize Schrödinger’s Equation.” 

This is an equation that has been applied with some success to describe electrons orbiting 

atoms.  “But it’s a bewildering equation because it has the square root of minus one i written into 

it, and it’s got a time derivative—it’s a wave.  But I knew that Newton’s Laws must be embedded 

in that equation.”  He was trying to envision the forces that are in play.  “And it was hard.  You 

can’t look at that equation and see how particles are gonna get accelerated by a force.”  So he 

took it apart and figured out a way to convert it to an equation of fluid mechanics.  “And once 

you turned it into a fluid equation, you could see something like a force.  You could see how—.”  

His eyes move to his hands which he lifts to illustrate his prior thinking. 

“And you could kind of see.”  Both hands start to spin. 

“When the wave function would kind of twirl up.”  His right hand quickly twists up. 

“And when it spun up.”  The same hand spins a wide circle. 
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“Then it would accelerate.”  The hand darts ahead, index finger first. 

“And then it would spin up more when the potential was higher.”  It reverses direction 

and swings to a higher plateau. 

“And that would cause it to—”  His hand drops and swings. 

“So I could visualize,” he says, “how a particle bouncing back and forth in a well 

would’ve been required to do that because of the way Schrödinger’s Equation kind of spun it 

up.”  Like a pendulum, his hand keeps swinging. 

“Then it would spin it up this way and it would go back and forth.”  His swinging hand 

adds a spin.  And with three final swings, both hands drop from view. 

Schrödinger’s Equation is not the only concept that Ralph has taken out for a test drive.  

He mentions statistical mechanics, density matrices, and phantom quantities.  “I got interested in 

the origins of quantum mechanics and how quantum mechanics could possibly make sense in the 

context of a real world and what was reality.”  He notes that quantum mechanics deals with 

quantities that are sort of half-way real and half-way not real.  “So it’s very bewildering and I, 

like probably hundreds or thousands of others, got intrigued with that question and tried to 

resolve it in my own mind.” 

No doubt, the conceptual joy-riding left him with a sense of what different sorts learning 

vehicles have under the hood and how they grip the road.  Applied physics was high on his list of 

career options. 

After graduating from Yale, Ralph enrolled at the Division of Applied Sciences of 

Harvard University in Cambridge, Massachusetts.  Partly, he chose Harvard because he could 

delay specialization for a time.  The division included atmospheric and ocean disciplines.  And it 

included some engineering and applied math.  “Also, it was close enough to the physics 
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department that you could sort of weave back and forth.  Everything was fairly close so you 

could look at the whole landscape of options.” 

Reflections from Oeschger’s lab. 

After completing a fall semester at Harvard, he flew to Switzerland to join his parents and 

younger brothers for the rest of the academic year.  His father was on sabbatical at the University 

of Bern and working with Dr. Hans Oeschger, one of the pioneers in ice core research (Jouzel, 

2013).  Ralph took a technician’s job in the Oeschger lab where he worked alongside Oeschger’s 

students, Roland Zumbrun and Martin Heimann. 

Oeschger was at the early stages of recovering records of past carbon dioxide levels from 

ice cores.  He and his team were working on some difficult technical challenges.  Ralph tells me, 

“I was really there trying to help that process along in a small way before it actually succeeded in 

a significant way.”  For himself, he gained a closer understanding of how the carbon cycle works 

that his father was working on, and the issues that scientists were interested in at the time.  “The 

big question was: ‘Were atmospheric carbon dioxide levels lower during the ice ages?’” 

By the time Ralph returned to school in the US, he had two realizations.  “One is that I 

didn’t want to do a purely theoretical career mainly because I thought it was not a very rich 

experience.”  The work and training with different scientific instruments—gadgets as he calls 

them—gets you interacting with people.  And it connects you with things in “everyday life like 

understanding how your car works and fixing a stove.” 

The other thing relates to his father’s work on the global carbon cycle.  “My father got in 

early with these CO2 measurements and there was no way to go back and do that again.”  He 

describes it this way: 
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Here we were on planet Earth with things changing under our feet.  There was an urgency 

to get out there and figure out what was going on while there was still a chance to learn 

about it.  Because pretty soon we’d be on a planet that was so altered we had no idea 

what a normal planet was supposed to—, how it was supposed to behave, or how the 

Earth used to behave. 

“Why is it important,” Ralph had asked himself, “that we learn about some fundamental 

aspect of physics now as opposed to in twenty years?”  In the end, he chose a career in Earth 

sciences.  “The field as a whole had a Manhattan Project kind of urgency to it.  You really gotta 

get something done.  It matters to people.  It matters to the world.” 

Six significant figures. 

With sights trained on the Earth sciences, Ralph needed to design an original research 

project.  He came up with some ideas that he pitched to his PhD Supervisor, Professor Jim 

Anderson.  In Anderson’s eyes, and in his, one stood out as “the sexy idea.” 

Ralph had conceptualized a way to improve the precision of measurements of changes in 

oxygen content in the air.  Measuring oxygen is technically more difficult than carbon dioxide.  

“The challenge was that there was so much oxygen in the air, you had to make very, very fine 

measurements to actually see a change.”  But he also recognized the substantial scientific gains.  

“If you could just do this one simple, pure measurement you’d really be seeing new 

phenomenology.” 

Professor Anderson ran a photochemistry lab which, in a way, was not an ideal fit for a 

project like Ralph’s.  Measuring gases in the air was closer to his father’s work than 

photochemistry.  But there were really knowledgeable people there he could discuss his project 
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with, and Ralph felt at home.  “I was in a really good place because it was a great lab with great 

support working on a project that was really my own.” 

“Now,” Ralph asks, “where did the idea of measuring oxygen come from?  I’m doing all 

the talking. I’m not giving you a chance to ask any questions here.” 

“That works,” I laugh.  “You’re asking good questions.” 

Ralph returns to the 1970s when a big science question had stymied the scientific 

community.  Scientists had quantified the sources of CO2 emissions into the air.  But they hadn’t 

figured out where all the CO2 goes.  The known sources didn’t match the known sinks. 

“The famous geochemist Wally Broecker,” Ralph says emphatically, “called it the 

missing sink.”  Scientists could not close the budget on the global carbon cycle.  “You did the 

math and it didn’t add up.  Something was missing.”  Maybe the land was acting as a sink.  

Maybe oceanographers miscalculated their estimates of the ocean sink. 

But Ralph recalls his father dropping a hint on how the puzzle might be solved.  “Hey, 

you know, the good way to do this would be to measure oxygen because it would allow you to 

distinguish land and ocean sinks.”  CO2 exchanges with plants are photosynthetic so land sinks 

would affect oxygen levels in the air.  CO2 exchanges with seawater are inorganic so ocean sinks 

would not affect oxygen levels.  It was a crucial concept that would prove useful later.i 

Ralph also knew that scientific instruments did not have the precision to detect changes in 

atmospheric oxygen content at the small scale at which they occur.ii  This measurement problem 

was not a chemistry challenge per se.  It was a physics challenge that called for a technological 

                                                
i Ralph Keeling (1988) open his dissertation by acknowledging the “obscure conversation” (p. x) a decade before 
completing his PhD. 
ii Prior to Ralph Keeling’s doctoral thesis, Machta and Hughes (1970) provided the best estimate of atmospheric 
oxygen content (~20.946%) based on measurements in 1967 and 1970 plus a review of prior measurements since 
1910.  Despite expectations at the time that oxygen declined from burning fossil fuels, they concluded that their 
measurements lacked the precision to detect a change. 
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solution.  So Ralph turned to his past explorations of what he calls fuzzy, quantum-weirdness 

stuff.  And he drew on literature he had read on extreme measurements.  “I was intrigued with the 

ability to measure wavelengths and the speed of light out to nine significant figures.”  He grins.  

“Getting another significant figure was even cooler, right?” 

Ralph’s past romps through the literature and theories on hyperfine measurements 

prepared him for his new yet analogous challenge to improve the precision of oxygen 

measurements.  To guide his work, he focused on a quantitative research question:  “How do you 

measure the relative composition of two gases in the air to six significant figures?” 

Ultimately, it was up to him to design and build the device, and he did that.  “It’s got all 

these whistles and wires,” he says.  “And a computer plugged into it and gas is going through it 

and it gives you a number.”  He is wide-eyed as he recalls the first measurements.  “And you put 

another gas in and it gives you another number.  It feels so out of your control.” 

Ralph was trying to create an instrument that says something about reality, and so, he 

worried about things that might skew the results.  He wanted clarity but knew he might get 

gibberish.  “But then you plot the data and whoa!”  He is astonished by the “miraculousness” of 

it.  “It’s telling me about the real world and not just some quirk in the lab.”  It’s almost like a 

perpetual motion machine.  “It should be physically impossible but this device works.” 

Ralph had developed the first technique and prototype that measures changes in oxygen 

content in air with parts-per-million precision.i  It was a tenfold improvement and that was 

enough for scientists to close the budget on the global carbon cycle.ii  And it improved the 

                                                
i Dr. Keeling’s PhD dissertation (R. F. Keeling, 1988) describes the technique, prototype and lab test measurements 
of the air.  It discusses instrument precision of +/- 0.5 parts per million (p 31).  By 2007, six techniques (including 
Keeling’s) had been developed independently to measure oxygen with a precision of 6 ‘per meg’ (i.e. per million) or 
better (R. F. Keeling, Manning, Paplawsky, & Cox, 2007, p. 3). 
ii Le Quéré et al. (2016) describe current methods used by a broad, international scientific community to assess the 
redistribution of anthropogenic CO2 emissions in the atmosphere, oceans, and terrestrial biosphere.  This is referred 
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framework scientists had for studying the inter-connected chemical, geological, and biological 

cycles of the Earth system (Keeling, 1988, pp. 1, 13).  Also, for the first time, Ralph confirmed 

and quantified decreases in atmospheric oxygen that scientists had expected from the burning of 

fossil fuels. 

Smiling, Ralph says, “When I finally had enough data to see it decreasing—that took a 

year or two—that was pretty exciting.” 

Such confirmations may be exciting for a young, data-loving PhD candidate, but for folks 

who just live from one breath to the next, maybe not so much.  Ralph anticipates my question 

and answers straight away.  “The loss of oxygen is really not an environmental issue.”i  The 

declines are too small to be of consequence to living beings.  “If we ever get to the point,” he 

explains, “where we have removed several percent of the oxygen in the atmosphere by burning 

fossil fuels, we will have added such a huge amount of carbon dioxide in the atmosphere that 

we’ll have much, much bigger problems from that.”  Since the start of the industrial era, total 

decreases in the number of oxygen molecules in the air has been a tenth of one percent.ii  But 

CO2, a trace gas, has been accumulating at a rate near five percent per decade.  Ralph’s work on 

                                                
to as the global carbon budget (pp. 606-607).  The most recent decade that scientists assessed is 2006-2015 when 
fossil fuel burning averaged 9.3 gigatonnes of carbon per year (GtCyr) and land use change averaged 1.0 GtCyr.  
That is, the burning of fossil fuels is responsible for about 90% of global CO2 emissions and land use change is 
responsible for about 10%.  Of these emissions, about 4.5 GtCyr (44%) accumulated in the atmosphere, 3.1 GtCyr 
(31%) were absorbed by land (terrestrial sinks), and 2.6 GtCyr (26%) were absorbed by ocean sinks (p. 607).  
Additional information is available at globalcarbonproject.org. 
i The matter is addressed in more detail by Broecker (1970) and affirmed by R. F. Keeling (1988, p. 72) and R. F. 
Keeling and Shertz (1992, p. 723). 
ii See the Frequently Asked Questions, “What is the expected impact of fossil-fuel burning on the O2 concentration?” 
at Scripps O2 Program: Frequently Asked Questions  (retrieved March 12, 2016). 

http://www.globalcarbonproject.org/
http://scrippso2.ucsd.edu/faq
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oxygen measurements gave scientists a way to improve their understanding of the closely-

coupled interactions between the Earth’s global oxygen and carbon cycles.i 

Seeing glacial change. 

Some environmental changes can be seen without needing specialized devices.  They are 

visible to the naked eye.  “Particularly in the West,” Ralph says, “what’s conspicuous is the die 

off of forests.”ii  Mount San Jacinto, just east of Los Angeles, comes to mind.  This is a place 

where he has hiked a few times.  “There is a town there called Idyllwild,” he says.  “When I was 

a child, cabins were tucked under a dense Ponderosa forest.”  But things have changed.  “Now 

the Ponderosa Pines are these occasional poles with all kinds of light coming through.”  There 

are spots, he says, where old forest is grading toward chaparral.  “I can see these beautiful 

Ponderosa forests disappearing before my own eyes and in my lifetime.” 

“How do you feel about that?” I enquire. 

“It’s sad,” he responds.  “I mean, it doesn’t seem like you can do anything about it.  You 

know, life is transient so you enjoy it while you’re here.”  Still, Ralph does what he can to share 

his longer view with his children.  “I let them know that the landscape they are looking at when 

we’re driving through is probably undergoing change and won’t necessarily look that way when 

they’re old.” 

How do they respond? 

“Well,” he says, “I don’t lecture them on it.”  And it isn’t exactly a topic that generates a 

two-way conversation.  “It’s more like I’m mumbling to myself.” 

                                                
i See Chapter 1 of Ralph Keeling’s PhD dissertation (R. F. Keeling, 1988, pp. 1-14), “The Atmospheric Oxygen 
Cycle” (R. F. Keeling, 1995), and the recorded lecture, “The Other Half of the Global Carbon Dioxide Story” (R. F. 
Keeling, 2008b). 
ii On May 10, 2015, I came across an article in the L.A. Times by Rocha and Branson-Potts (2015) on drought-
related die-off of 12 million trees in California forests, including the Sierras. 
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The environment that Ralph recalls easily from decades ago is surely difficult to picture 

for children who were not born at the time.  Yet he and his wife take advantage of opportunities 

for their children to recognize changes in the environment.  Ralph mentions a recent family trip 

to Europe.  “There’s a glacier, a very small little glacier under Germany’s highest mountain 

called the Zugspitze and it’s melting away.”  He says it will probably disappear.  “We went up 

there and looked at it and said, Look!  There’s still a little bit left!”  Photos on display show what 

the ice used to look like.  “It’s pretty tangible.  You look at that piece of ice and say, Yeah, it’s 

gonna melt.” 

Metabolic metaphors. 

In Ralph’s line of work, field work usually means installing gear at observing stations in 

order to start receiving data over time.  “But,” he says, “the best example of real sort of honest-

to-God field work that I did was really in support of getting samples for my father.”  Many years 

ago, he went to Alaska’s Aleutian Islands to set up new measurements at Cold Bay.  On the same 

trip, he crossed the state to get air samples up on the North Slope Haul Road toward Prudhoe 

Bay.   “So I can remember camping there and getting up in the night, taking samples around the 

clock.”  But the samples were for his father and he didn’t have much involvement with the data. 

Now as principal investigator and program director, Ralph’s responsibilities have evolved 

so now, much more of his work orbits around his office.  “There’s always another final report to 

write, or something!” 

Still, on occasion, he gets out to see some of the research activities first hand.  “I was part 

of this airborne campaign called HIPPO,” Ralph tells me, “where we did all these airplane 
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measurements.”  HIPPO stands for the HIAPERi Pole-to-Pole Observations study of the carbon 

cycle and greenhouse gases.  “It’s a troublesome acronym because hippos don’t fly.” 

And because, I think to myself, this is an acronym within an acronym.  Naming issues 

aside, the hyper-flying HIPPO campaign made systematic measurements of the atmosphere in 

the Western Hemisphere from 2009 to 2011.  Scientists in Ralph’s research group participated by 

collecting air samples in glass flasks on the sixty or seventy HIPPO flights that went up.  His 

team members did most of the legwork.  “I did go on one flight,” he says, “kind of as a senior 

scientist.”  They counselled him to take one of the nicest trips of the campaign. 

“We flew out of Anchorage and then over Alaska and then over a fair swath of the Arctic 

Ocean.”  They took off at 61°N and took measurements as far as 80°N or so.  “And the plane was 

flying up and down—porpoising—to profile the atmosphere.”  This was not a transcontinental 

airliner that traces the curvature of the Earth at thirty or forty thousand feet.  “We were going all 

the way down to 500 feet and buzzing along and then going all the way back up to about 20,000 

feet and then back down again.”  All the while, Ralph kept an eye on his instruments of choice.  

“There was one point where we dipped down and sure enough we could see extra methane in the 

boundary layer near the ocean.”  He was witnessing methane emissions from the Arctic Ocean.  

“We could also see shifts in oxygen concentrations as we moved in and out of this region.”  

Methane and oxygen were coming out of the water.  “So you could see a kind of metabolic 

imprint of the ocean just as you dipped into this layer and came back out.” 

“Boy! Was that an interesting trip!”  It was June and the Arctic ice was starting to break 

up.  On the return leg, they buzzed over the forests of Alaska and made a close approach at the 

                                                
i The NSF/NCAR Gulfstream V aircraft is a High-performance Instrumented Airborne Platform for Environmental 
Research, also known as HIAPER (pronounced “hyper”).  See UCAR/NCAR Earth Observing Laboratory (2005). 

https://dx.doi.org/10.5065/D6DR2SJP
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runway in Barrow.  This is 71°N.  “And then we launched over the Chukchi Sea.”  They kept 

close to the ice as they flew.  “You could see how amazingly complex it is with brownish patches 

and blue patches and white patches and dark patches and cracks.” 

“Wow!” I blurt out. 

“That was really cool!” Ralph says.  “It was visually exciting and also sort of data 

exciting.” 

“Yeah!” I exclaim.  “You’re really living it!” 

“But,” he keeps going, “that’s been kind of rare for me.  I’m kind of a cerebral guy.  I 

mostly sit here and think hard.” 

Ralph used to be part of the next generation of scientists exploring wide fields of study 

and sponging up hints and ideas from seasoned scientists that might help him solve an elusive 

science puzzle.  It’s not that he doesn’t still do that, but now he’s one of the veterans with 

experiences, hints, and suggestions to spare.  When the HIPPO campaign generated new, rich 

sets of data, he thought of some uses that less seasoned scientists might miss.  “I was cognizant 

that a very large survey of CO2 had been done back in the 1950s.”  He’s talking about the 160 

weather reconnaissance flights over the North Pacific and Arctic Oceans from 1958 to 1961 

(Graven et al., 2013, p. 1085).  This concentrated set of measurements was initiated as part of the 

IGY.  “Mostly that had been forgotten.  The Mauna Loa record hadn’t been because that’s sort of 

the iconic record.  But there were a lot of measurements from back then.” 

Ralph recognized the value of comparing some of the IGY and HIPPO data that were 50 

years apart.  “I was particularly focused on the seasonal cycle because I knew it had changed.”  

The amplitude of seasonal changes in CO2 had increased more in Barrow, Alaska (71°N) than 

Mauna Loa, Hawaii (20°N).  “But,” he points out, “we didn’t know how representative that was 
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of the big picture.”  It had been a long time since there was a systematic survey of CO2 at 

different latitudes and altitudes.  “It could have been something fluky,” he adds.  “So I suggested 

that Heather look at this.” 

When she started the project, Dr. Heather Graven was a post-doctoral fellow and former 

student of Ralph’s.  “I remember going in every week—‘What did you find?  What did you find?  

What did you find?’—because I really had no idea what we were gonna see.” 

“Were we gonna see a big change or were we gonna see flat line?  Either way, it was 

interesting!  Then finally she showed me this plot.” 

He gasps, “Oh my God!  Amazing!  What’s happened?”  He was looking at a picture with 

much higher resolution than scientists had before. 

“It showed how this breathing of the land plantsi—the seasonal cycle and carbon 

dioxide—has increased remarkably over 50 years, particularly north of about 45°N.”  Over that 

time and at those latitudes,ii the gap between yearly highs and lows for atmospheric CO2 levels 

has grown about 50%.  Their measurement of aggregate changes in CO2 amplitude provided a 

much-improved, big picture (long-term and spatially rich) that has helped scientists enhance their 

understanding of changes in the global carbon cycle. 

“But,” Ralph asks, “what do we think it shows?”  A lot of factors affect the amplitude of 

the seasonal CO2 cycle.  “And we knew it had to be the land plants because the oceans don’t do 

much to that cycle.” 

                                                
i As an additional reference, Inez I. Fung (2013) attributes the breathing to “CO2 declines in the atmosphere during 
the growing season, when CO2 uptake via photosynthesis exceeds the release from microbial respiration, and 
increases during the rest of the year, when release exceeds uptake” (p. 1075). 
ii Changes in amplitude are generally higher at higher latitudes.  Measurements north of 45°N were made in the 
North Pacific and Artic Oceans (Graven et al., 2013, p. 1085). 
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“Heather pulled together a series of Earth system models that are used for climate 

forecasting to see what they showed if you run them over the past to see if they capture things 

that already happened.”  But the CO2 amplitude increases that showed up in the observational 

data were under-represented in model simulations.  “So they’re missing something.”  But what 

could it be? 

“The main influence was the boreal forest,” Ralph says.  The paper by Graven et al. 

(2013) states that their comparison of observational data 50 years apart indicated that structural 

ecological changes must have taken place in northern land ecosystems, especially the boreal 

forests.i  It further suggests a close relationship between increases in seasonal amplitude of 

atmospheric CO2 and likely increases in land ecosystems as a net sink of CO2. 

Ralph says it was “the most exciting scientific discovery” he’s been part of.  And, he 

adds, confirming the decline of oxygen had also been very exciting.  They are big discoveries 

and they’re bad news for the biosphere.  “This is,” he says, “the irony to science.  Here’s the 

Earth going to hell in a hand basket for all we know and we’re excited about it!” 

We both laugh. 

“It’s fun to have a front row seat,” Ralph goes on.  “It’s a sad prospect, but it’s also 

exciting science.” 

“So, I’m not suffering personally because of global warming.  I worry about other people 

suffering, but it’s still fascinating to watch and important to watch it unfold.” 

I remark on the bodily metaphors that he and other Earth system scientists use to describe 

functions and changes of the Earth system. “What I notice,” I say, “is that it’s fairly common for 

                                                
i During the interview, Prof. Keeling acknowledged the agricultural Green Revolution as an additional factor (~10 to 
20%) that was addressed later in a paper by Zeng et al. (2014). 
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scientists to use the metaphor of breathing, to use the metaphor of metabolism.”  And I’ve also 

observed that they usually “stop short of saying that the Earth is a single, self-determining 

organism.”  I ask what the metaphors communicate and what interpretations should be avoided.i 

“Yeah, we talk about the planet breathing.  It does sound like we’re saying the planet is 

behaving like an organism, a single organism.”  But there is no intent to take the metaphor 

beyond an analogous description of how it behaves.  “It’s just the collective action of organisms 

all around the planet that leads to in-gassing and out-gassing like breathing.”  He thinks it’s fair 

to call it breathing.  “But that doesn’t imply that the Earth is akin to a single organism.” 

Ralph muses, “Maybe, at some point, we’ll figure out that the Earth is a single 

organism.”  He’s open to persuasion but does not see how the idea fits reality.  “The Gaia 

hypothesis is more a kind of a beautiful thought than a useful theory.”  He doesn’t know how it 

would be tested, and he doesn’t see it fertilizing the work that Earth system scientists do.  “It’s 

more that the science is fertilizing that idea than the other way around.” 

And it doesn’t fit with his experience and learning.  “I think we understand enough to 

know that there’s lots of individual organisms and they’re separately evolving.”  He recalls walks 

in a beautiful, dense forest and noticing how it resembles a kind of war zone for local resources.  

“These are plants fighting for their life against their neighbours.  It’s a rough life out there!” 

We laugh. 

“I don’t know if all that,” he says, “adds up to this benign creature at the global scale 

called Gaia, but at the individual level it’s a war zone.” 

                                                
i This question relates to (a) statements during the interview, (b) content in the Science article, “Recording Earth’s 
Vital Signs” (R. F. Keeling, 2008a), and (c) metaphors used elsewhere such as “A Hyperventilating Biosphere” (I. 
Fung, 2013). 



LEARNING FOR PLANETARY HABITABILITY 117 

Earth by numbers. 

When I interviewed Ralph in La Jolla in 2009, I had the privilege of sharing lunch with 

him and his colleague, a leading expert in seismology.  We sat on an outdoor patio by the 

sandwich hut and I basically listened as the conversation turned to their graduate students.  The 

best students, they agreed, were those with an aptitude for math.  It’s a conversation that stuck 

with me so now I ask why math is important for understanding the Earth system. 

“It’s pretty important because ultimately Earth system science is about developing 

understanding of a complex system.  And that complex system really can only be described in 

quantitative terms through fairly advanced mathematical equations.”  In his discipline, scientists 

frequently work at the interface of simulated model output and observations.  Advanced math is 

crucial in order to assess uncertainties in the data and stiffness in the models.  “You have to make 

statistical inferences as to whether the data are actually significant enough to challenge the model 

or not.” 

Ralph refers to the massive IGY survey and to the collaboration by his father and Bert 

Bolin to analyze some of that data.  “There’s a paper by Bolin and Keelingi that digests the 

whole data with some simple—now I’d say simple—math but it was pretty advanced back then.”  

Mathematics has since advanced and data sets keep expanding.  Ralph now expects his students 

to process very large sets of data and know how to analyze them statistically.  “All of that 

requires a kind of facility with numbers.  So, I often get queries from prospective students who 

are attracted to the kind of work we do because they like biology or they’re interested in the 

connection between the measurements we do and the breathing of the planet kind of aesthetic.”  

                                                
i See Bolin and Keeling (1963).  Also, C. D. Keeling (1998) reflects on the analysis in his autobiography (pp. 43-
45). 
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But there’s far more to it than that.  “Often the training that inspired that interest didn’t 

necessarily equip these students to do the science itself.  To appreciate it, maybe, but not to be a 

performer.” 

Bending the curve. 

As one who appreciates the science, I am very interested in the knowledge and 

perceptions of performers and composers in Earth system science.  And I am drawn to the clarity 

of signals in the data they collect. 

“If you’re focused on the whole planet,” Ralph says, “you don’t need that many 

measurements.”  To get a globally representative CO2 number, it’s the measuring location that 

matters.  Consider the CO2 record for the South Pole.i  “That record shows almost the exact same 

rise as Mauna Loa.”  The close agreement says something about the Earth system and its 

atmosphere.  “You’re seeing the whole atmosphere filling up with carbon dioxide.”  Ralph tells 

me he can look at different rates of CO2 emissions and calculate the average atmospheric 

concentration for the planet.  “The whole world is kind of the easiest and in some ways the most 

important.” 

I’m curious whether Ralph recalls how his father thought about this global indicator.  

“Did your father,” I ask, “ever talk about his hopes or perceptions of where he thought the curve 

could go or should go?” 

One thing stands out to Ralph in particular.  “He often showed the picture of King 

Hubbert’s curve, the bell-shaped curve of fossil fuel use pointing out that we’re living in an 

unusual era that will end.” 

                                                
i Prof. Keeling noted that Mauna Loa and South Pole records for atmospheric CO2 are comparable in length.  The 
South Pole record began earlier although it is mostly based on flask samples, not a continuous analyzer. 
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The point his father was making, was that atmospheric CO2 is “not going to keep going 

up forever.”  But there’s more.  “He would also show projections that would have it going up to 

1,500 parts per million.  So, he was very conscious of where it could head.”i 

“I’m wondering,” I ask, “how you would feel if the Keeling curve was no longer the 

curve it used to be?”  This is a question I had hoped to ask Ralph for some time. 

“Well, in a way, that’s the goal.  I mean, I’d like to live long enough to see that curve 

bend over.  It hasn’t happened yet.  But yeah, it is kind of a litmus test of what we’ve 

accomplished on controlling greenhouse gases and particularly fossil fuel.” 

Ralph goes further and poses a question of his own.  “After it bends over, should we keep 

it going?”  Should we keep monitoring CO2 levels in the atmosphere? 

“Of course you should,” he answers.  Public interest in a “bent Keeling curve” might not 

be the same as it is now, he suggests.  “On the other hand, it’s the bottom line for our success.”  

This holistic indicator will always tell us something about the planet’s condition and how it is 

changing. 

“The truth is, changes that have happened are already substantial.  I mean, not just in CO2 

levels but in other indicators.”  He shifts the topic to global temperature change and climate 

policy.  “I think it’s valuable to have ambitious targets like two degrees, but it’s pretty ambitious 

and I’m doubtful that we’ll hold temperature change below that.  So, it’s not easy to be optimistic 

about getting control of this thing.  It’s unfolding almost like an act of God even though it’s the 

hand of humanity.  It’s a little bit outside of our grasp, I’m afraid. 

“Or at least it has been.” 

                                                
i Writings by C. D. Keeling (1998) about King Hubbert’s work and the future of fossil fuel use can be read in his 
autobiography (pp. 76-78). 
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Long on observation. 

The longer a record of observations goes, the more it can say about how the Earth system 

works and how parts of the system are changing.  Nonetheless, observational records that Ralph 

and his father have sustained continue to face perennial difficulty in securing the resources to 

keep them running.  Since the 1960s, critical funding challenges have come and gone (C. D. 

Keeling, 1998; R. F. Keeling & Monroe, 2013; Tollefson, 2013).  So why has it been difficult to 

get support to keep monitoring the Earth system over the long term?  Ralph suggests a few 

reasons.  It’s repetitious.  It’s not creative or ground-breaking.  And there’s no grand hypothesis 

to test. 

“One of my beefs is, I don’t think science starts with hypothesis.”  Even his children, 

when they were in grade school, were introduced to a hypothesis-driven view of the scientific 

process.  “They needed to do a science project and the first thing they’re supposed to do is come 

up with is a hypothesis.  Boy!  If you wanna kill interest in science, that’s a great way to do it!” 

When Ralph does his work, he starts with observations.  Or with data from observations.  

“I wonder what happens if I train a telescope on Jupiter,” he surmises.  “I wonder what I’ll see.” 

Now, if you point a telescope at Jupiter, you’d probably spot some moons.  And if you 

watched long enough, you’d probably notice their orbit around the planet.  “That’s when you 

need the hypothesis.”  That’s the time to think about testable reasons that might explain why 

moons orbit Jupiter. 

“Now I wonder,” he moves on, “what happens if you measure carbon dioxide?”  You’d 

probably notice a trend and say, “Okay.  Why does this trend make sense—or not make sense?  

One should not discount the value of that kind of pure exploration at the experimental level 

because I think that’s actually the starting point of most science.” 
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Ralph wishes that the hypothesis-driven notion of science could be brought down a notch.  

“It’s very ingrained so that’s not a fight that I’m going to dedicate too much effort to try to 

overcome because it’s probably not a winning endeavor.” 

Ralph has had considerable success in helping to expand the long-term observations that 

his father began and to extend his father’s legacy of experimentation and discovery.  “It’s my 

personal assessment,” he says, “that my time is better spent on something that’s slightly 

repetitive because I think that pays higher dividends scientifically.”  It’s these kind of long 

observation programs that reveal the big, slow changes in the big Earth system—changes such as 

structural shifts in the Earth’s northern forest ecosystems. 

Ralph suggests that he could have pursued a science career that moves onto something 

fairly new every five years.  “But I honestly don’t think that it would add up to as much impact 

as what I’m doing by staying the course.” 

2.4. Francis Zwiers and Climate Numbers 

As iron sharpens iron, so one man sharpens another. 
—Proverbs 27:17 (Bible, New International Version) 

Thirty five years ago, Francis Zwiers was finishing a PhD in statistics at Dalhousie 

University in Halifax, Canada.  Now it’s November 17, 2014, and I’m with Professor Zwiers on 

the other side of our country.  We’re at the Pacific Climate Impacts Consortium (PCIC), the 

organization he leads, and we’re about to sit down for the interview.  His corner office is modest 

and nearly-immaculate with large windows looking onto the grounds of the University of 

Victoria, PCIC’s home base.  Outside, jaundiced leaves are scattered across a green lawn that is 

much better watered than the potted fern inside on the conference table.  Francis and I shift 
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chairs and clear the table so my video camera can fit us both into its view.  As we do this, he 

volunteers that the fern needs a bit of attention. 

It’s autumn here on the temperate west coast, and you could say that grey cloud season 

has set in.  But today it’s sunny outside.  Before I press record, I say to Francis, “The blue sky 

must be an extreme weather event.”  We both laugh. 

Climate system statistician? 

Francis is soft-spoken, relaxed, and almost always smiling.  I’m more comfortable with 

qualitative research but wanted to interview a statistician like him because Earth system research 

seems so heavyweight on quantitative methods.  Later I would discover a paper that Francis co-

wrote which confirms my hunch with expert precision.  “The study of the climate system is,” the 

paper states, “to a large extent, the study of the statistics of weather; so, it is not surprising that 

statistical reasoning, analysis and modelling are pervasive in the climatological sciences” 

(Zwiers & von Storch, 2004, p. 665). 

A year before I asked Francis to be in this study, I attended a briefing on the IPCC’s Fifth 

Assessment Report.  He made a presentation here in Victoria to a few hundred BC public 

servants, of which I am one.i  That day, as I walked into St. Ann’s Academy for the briefing, the 

person in front of me said to his colleague, “Zwiers is one of the top 5 climate statisticians in the 

world.”  I don’t know who keeps track of stats like that,ii but I do recall his confidence in talking 

about global climate change and what that means in the province and region where I live. 

                                                
i On October 1, 2013, Prof. Zwiers gave a presentation titled “The IPCC 5th Assessment Report: Implications for 
British Columbia.”  He discussed the report just released by Working Group I (IPCC, 2013b). 
ii The paper by Zwiers and von Storch (2004) includes a literature review that identifies Prof. Zwiers as one of three 
named ‘pioneers’ who helped produce the “very few comprehensive books on statistics for climatologists” (p. 666). 



LEARNING FOR PLANETARY HABITABILITY 123 

Conveniently, Francis’ PCIC office is just a few kilometres from my home.  Locality and 

nationality were not selection criteria for this study, but I am thrilled to be interviewing a local 

scientist and a fellow Canadian as accomplished as Francis. 

The organization he leads, PCIC, delivers climate services to clients like BC Hydro, our 

provincial electricity utility, and the Province of British Columbia.i  It collaborates with 

stakeholders in Canada’s Pacific and Yukon region to quantify future impacts of climate change 

and climate variability.  The organization’s work helps decision makers in the region get the 

climate research they need to make long-term plans for reducing the risk of climate change 

impacts.ii 

PCIC is a small, federally-incorporated, not-for-profit organization.  By law, there needs 

to be a director, president and CEO.  “This is a small place,” he says, “and so they’re all 

embodied in one person.”  Francis is that one person.  He’s the guy.  And those three hats are not 

the only ones he wears. 

Francis is an adjunct professor at the University of Victoria and Simon Fraser University.  

Mostly, this means he supervises graduate and doctoral students.  And then there are his IPCC 

hats.  “If you look in old IPCC reports,” he advises, “you’ll see my name.” 

Later, I look through the reports and I’m amazed.  He was a contributing author for four 

chapters in the IPCC’s first and second assessment reportsiii.  He was a lead author for a chapter 

                                                
i I am an employee of the Province of British Columbia at the Ministry of Transportation and Infrastructure 
headquarters in Victoria.  However, I work for an independent tribunal, the Passenger Transportation Board, which 
has no working relationship with PCIC. 
ii Some information in this paragraph was obtained from the PCIC website.  See Pacific Climate Impacts Consortium 
(n.d.-a, n.d.-b). 
iii See chapter 8, “Detection of the greenhouse effect in the observations” in Wigley et al. (1990) and chapter 5, 
“Climate models – Evaluation”; chapter 6, “Climate Models - Projections of Future Climate,” and chapter 8, 
“Detection of Climate Change and Attribution of Causes” in Houghton et al. (1996). 
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in the third assessment report,i coordinating lead author for a chapter in the fourth assessment,ii 

and review editor for a chapter in the fifth assessment.iii  I also found some special IPCC reports 

that he helped produce.iv 

Without prompting, Francis talks of another IPCC hat, although this one is more of an 

umbrella.  He is a member of the IPCC Bureau.  This “is kind of like a Board of Directors for the 

IPCC.”  He joined the 31-member groupv in 2008 when he was elected a Vice-Chair of the 

IPCC’s Working Group I (Environment Canada, 2008), a large body of IPCC contributors who 

research the physical sciences.  He specializes in climate change detection and attribution, 

climate modelling and extreme weather events. 

These are not subjects I know much about.  Hoping to get oriented quickly, I ask Francis 

what label or title others use to sum up the work he does.  He just says, “People associate me 

with the application of statistics to climate problems.”  That’s clear enough, and I think to 

myself, “Okay, so Professor Zwiers is a climate system statistician.”  Little do I know that our 

two hour conversation will open my eyes to a very different world that a simple label cannot 

capture.  I’m about to learn how he does Earth system science research and how he learned to do 

it.vi 

                                                
i See chapter 12, “Detection of Climate Change and Attribution of Causes” (Mitchell et al., 2001). 
ii See chapter 9, “Understanding and Attributing Climate Change” (Hegerl et al., 2007). 
iii See chapter 11, “Near-Term Climate Change: Projections and Predictability” (Kirtman et al., 2013). 
iv Prof. Zwiers was a contributing author for chapter 3, “Changes in Climate Extremes and Their Impacts on the 
Natural Physical Environment” (Seneviratne et al., 2012) and on the advisory board for “Annex I: Atlas of Global 
and Regional Climate Projections” (IPCC, 2013a). 
v Information about the structure of the IPCC is posted online.  At the time of the interview, the IPCC’s bureau had 
31 representatives.  Prof. Zwiers is identified as an IPCC Bureau member and Working Group I Vice Chair 
(accessed March 5, 2015).  He was a member of the bureau from 2008 to 2015. 
vi See “On the Role of Statistics in Climate Research” by Zwiers and von Storch (2004) for an introduction to the 
role of statistical analysis in the climate sciences.  It provides some helpful context for some of the concepts and 
issues Prof. Zwiers raised during the interview. 

https://www.ipcc.ch/organization/organization_structure.shtml
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Chasing a signal. 

Francis went to public school in central Toronto.  As a kid, he liked to tear apart old 

radios and make other things out of the pieces.  Laughing, he talks of the short-wave receiver he 

built for a science fair.  When he turned the thing on, there was no signal!  Fortunately for young 

Francis, the judges recognized his scientific interest and presented him a prize anyways.  And a 

high school math teacher, although Francis does not recall his name, recognized his aptitude for 

math and got him to envision his future studying mathematics at the University of Waterloo.i 

Around the same time, at the end of the 1960s, Francis’ math teacher introduced him to 

an old HP programmable calculator which helped him learn to “write a little bit of code.”  At the 

time, programming was emerging as “another line of inquiry and knowledge the math faculty 

was promoting at the University of Waterloo.”  The early experimentation stimulated interest in 

an area that would develop into an essential skill. 

Nonetheless, it was statistics that became Francis’ main line of enquiry.  How did this 

happen?  Lectures by Jack Robinson get much of the credit.ii  Robinson was his instructor for a 

mandatory second year stats class at Waterloo.  As Francis recalls, Robinson was “very 

passionate about using that particular tool to understand what the relationship was between 

smoking and cancer.”  It was a hot topic at the time.  “So, it was through his class that I came to 

understand it as a tool to tease out really interesting information.”  By the end of the class, it was 

not nicotine that Francis was hooked on—it was stats. 

                                                
i More recently, the University of Waterloo awarded Prof. Zwiers with its 2015 Alumni Achievement Medal.  See 
https://uwaterloo.ca/math/francis-zwiers. 
ii Prof. Zwiers did not name Jack Robinson during the interview.  Afterwards, I discovered the name in a 
biographical article about Prof. Zwiers.  See Statistical Society of Canada (2011). 

https://uwaterloo.ca/math/francis-zwiers
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Reflecting back, he says, “There are some parallels with the climate change issue.  For 

the smoking-cancer issue, the statistical evidence was almost certain.”  But statistical knowledge 

comes with a general limitation.  “One of the ironies about statistics, is you can gather more and 

more information but you can never be absolutely certain because you’re always making 

inferences in a probabilistic framework.”  And that can be problematic.  He says it is fodder for 

“naysayers to dive in and point out that there were uncertainties.  Of course, it’s exactly the same 

thing that continues to be abused on the climate change issue.” 

Climate immersion. 

Francis invested a decade of his life in post-secondary education thinking he would work 

alongside other statisticians throughout his career.  This is a community that has its own 

societies, journals, ways of posing research questions, and even its own awards.  But when 

Dalhousie presented him with a PhD, his career turned in a direction he did not expect. 

His PhD supervisor used spatial statistics for weather forecasting and she introduced him 

to a contact of hers at Environment Canada.  Francis was offered a post-doc position with a 

climate modelling group and, for almost 30 years, he would take on a number of roles at 

Environment Canada. 

When he began his unexpected career, he was asked to assist climate scientists with the 

use of statistics, and that’s what he did.  “Well you can do this with statistics,” he might tell one 

of the scientists, “but you can’t do that with statistics.”  As Francis helped them confront the 

limitations of statistical knowledge, he faced an unfamiliar field of climate science that seemed 

limitless.  “There isn’t anybody who trains you,” he says.  He takes me back to a group 

discussion with a dynamicist talking about vorticity, divergence, and geostrophic wind.  “What 
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the hell is a geostrophic wind!”  He laughs.  “And how long is it going to take me to understand 

what that is!” 

I could have asked him what a dynamicist is, but I’m learning things just by listening. 

“I’m an example,” he says, “of somebody who was trained in one discipline and works in 

another.”  He acknowledges the benefits of his training in mathematics.  And he underscores the 

significant time and considerable energy that it took to transfer into the climate sciences.  “For 

me, it was a process of immersion, basically, and gradually allowing this information to fuse into 

my brain somehow or other.”  He laughs again and describes his first years at Environment 

Canada as a “large investment” in learning to apply statistics to climate science.  It was a period 

that demanded intense focus.  “For people who try to work and contribute in two disciplines at 

the same time, I think it’s still almost impossible.” 

A discovery from afar. 

It was the early 1980s and his immersion was well underway at Environment Canada’s 

Downsview building in metropolitan Toronto.i  Francis’ supervisor wanted a spectral analysis of 

atmospheric pressure for the surface of the Earth.  So Francis wrote a program for Environment 

Canada’s general circulation model (GCM)ii to perform the analysis. 

I don’t say anything but Francis seems to sense my unfamiliarity with spectral analysis.  

“You’ll have watched Bonesiii or, you know, any of the prime-time shows,” he says. 

“Yeah,” I respond.  “The forensics—.” 

                                                
i At the time, this was the Canadian Climate Centre. 
ii Articles about this General Circulation Model (now referred to as GCMI) were published by Boer, McFarlane, and 
Laprise (1984); Boer, McFarlane, Laprise, Henderson, and Blanchet (1984).  During the interview Prof. Zwiers 
commented that Environment Canada’s GCM was good at the time but “very primitive” compared to today’s 
standards. 
iii See Hanson (2005-2017). 
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Bones is a television crime drama with a forensic anthropologist who works at a high-

tech lab and collaborates with an FBI investigator to help solve murder cases.  Scientific 

procedures are used to identify, say, an unusual compound that can be used to help figure out 

what happened. 

“It’s basically the same idea,” Francis says.  But rather than interpreting patterns 

associated with particular compounds, Francis is looking at patterns associated with Earth system 

phenomena that show up in output simulated by a model that tracks the evolution of weather and 

climate over time. 

It’s technical stuff that shows up in a graphical representation.  “You see some line or 

some peak in the spectrum and you’ll know where there’s a lot of variability.”  And if you find a 

wave with regular peaks over time, “you want to interpret that.”  The peaks and waves are telling 

you something, and you want to figure out what it is. 

When Francis ran the GCM with his spectral analysis code, he and his supervisor were in 

for a surprise.  “I found a wave at an unexpected frequency,” he says.  His unidentified wave 

showed up every 36 hours.  Had he detected some Earth system phenomenon buried in the data?  

Or had he just screwed up?  His supervisor was skeptical.  “This is nonsense,” he told Francis.  

“You’ve made a programming mistake!” 

But Francis knew statistics well enough to view the wave in a different light.  He 

persuaded his supervisor to start thinking about a mechanism that might explain the model’s 

strange output.  Francis understood the spectral analysis and models but he needed someone who 

understood atmospheric dynamics in the real world. 
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“Like a lot of things in climate science,” Francis says, “most science is done 

collaboratively.”  His supervisor introduced him to Dr. Kevin Hamilton at McGill Universityi 

who had the right kind of specialization.  “I was a young research scientist,” Francis says, and 

Hamilton was a fellow Canadian “who thought deeply about tides.”  By tides, Francis is not just 

talking about ocean tides.  For this collaboration and puzzle, he’s talking about atmospheric 

tides.  The term is new to me, and without need to say anything more, I’m getting a primer. 

Temperatures at a particular place on the Earth’s surface follow a diurnal cycle.  This is a 

daily cycle with peaks and troughs once a day.  Temperatures in one location are warmest when 

the sun is out and coolest at night.  But air pressure—if you are standing in the same place—

follows a semi-diurnal (twice-daily) cycle.  I learn that this semi-diurnal pattern for air pressure 

is easiest to detect at tropical latitudes because variations from other sources is small.  Francis 

explains, “We measure surface pressure in the real world, particularly in the tropics, every ten 

minutes or something like that.  And you’ll see a very strong variation in surface pressure.  It’s 

high twice a day.  It’s low twice a day.” 

For my own understanding, I envision a super-tall column of air above a small patch of 

ground.  Twice a day, as the tide of molecules in the air ebbs and flows above, the skinny column 

falls and rises.  Changes in the number of air molecules in the column changes the total mass 

which gets measured as air pressure.ii 

                                                
i More recently, Kevin Hamilton retired as a professor of meteorology at the University of Hawaii.  See 
http://iprc.soest.hawaii.edu/people/hamilton.php (downloaded February 4, 2016). 
ii Wikipedia starts its entry for ‘atmospheric tides’ as follows (retrieved February 28, 2015):  
Atmospheric tides are global-scale, periodic oscillations of the atmosphere.  In many ways, they are analogous to 
ocean tides. Atmospheric tides can be excited by:  The regular day–night cycle in the Sun’s heating of the 
atmosphere (insolation); the gravitational field pull of the Moon; non-linear interactions between tides and planetary 
waves; large-scale, latent heat release due to deep convection in the tropics. 

http://iprc.soest.hawaii.edu/people/hamilton.php
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Resuming his story, Francis says the model he used was programmed to save the “status 

of the atmosphere—as it was simulated by the climate model—every 18 hoursi of evolution of 

weather.  And that means the shortest frequency that you can resolve in spectral analysis is 36 

hours.  And we were seeing a big peak at 36 hours.” 

Francis and his co-investigator made a list of suspected phenomena, and atmospheric 

tides was the prime suspect.  In the real world, these tides peak every ½ day.  But the model 

output was saved on a ¾ day cycle.  To get around the limitation, they designed “tidal 

experiments” with more frequent save intervals.  If their hunch was correct, the wave would 

show up where it was expected every 12 hours.  Francis laughs as he reveals the result.  “It did 

appear in the right place.” 

“Fascinating,” I say.  I’m amazed. 

“The thing that we were looking at was simply the atmospheric surface pressure at a 

given location, as simulated by a climate model.”  With the assistance of his co-investigator, 

Francis demonstrated that the climate model in a Toronto lab, as primitive as it was at the time, 

had simulated atmospheric tides that are especially pronounced at the Earth’s equator, about 

4,500 kilometres due south.  At the time, models were not expected to do that. 

“It was,” Francis says, “an example of something where analyzing climate model output 

led to something that wasn’t quite anticipated, posing a question about the model, and the 

correspondence between climate models and observations where a physical process was 

involved.”  The result, he says, “led us to understand that even simple climate models could 

simulate these phenomena.” 

                                                
i Prof. Zwiers cites the limited availability of computing resource at the time as the reason for save-time intervals of 
18 hours. 
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Hearing the story, I see climate models as more than instruments for making projections.  

I see more clearly that they are instruments for testing knowledge and learning how the Earth 

system works.  “Fascinating,” I think. 

Loose ends. 

So, yes, the 12-hour wave showed up where it was expected and the mysterious 

phenomenon was identified.  However, there was an issue with the timing of the twice-daily tidal 

peaks.  As Francis puts it, they found a “discrepancy between the time of local maximum in the 

observed world and the time of local maximum in the simulated world.”  They still needed to 

explain this timing gap, and Hamilton hypothesized that convective rainfall was the main 

atmospheric process that was responsible. 

With convective rainfall, I learn that the sun’s energy warms the moist air at the surface.  

As the warmer, moist air rises, heat at the surface is transported upward to accumulate higher in 

the atmosphere in the form of latent heat—until late in the afternoon or early evening when the 

moist air condenses.  “Heat from the condensation of water is released into the atmosphere.”  

What happens in the tropics, Francis explains, is “there’s a little pulse of energy that enters into 

the atmosphere in a synchronized way every 24 hours.” 

The model they used simulated the release of the heat energy earlier than the observed 

release.  So, he and Hamilton set up a new experiment to investigate simulated output through a 

comparison with instrument observations.  And they had a suspect at the top of their list.  This is 

the “upper boundary lid” of the model they used which, they thought, may have limited the 

processing of phenomena that occur at higher altitudes in the atmosphere.  Their experiment 

confirmed that the upper boundary lid had constrained the model’s capacity to process the 

transport of heat to higher altitudes (Zwiers & Hamilton, 1986, pp. 11,894-11,895). 
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So, work that Francis was doing with a model in a lab near downtown Toronto revealed 

unexpected information about the climate system.  His collaborative investigation and 

experimentation tested knowledge of a particular aspect of the Earth system, reconciled 

differences between real world observations and simulated output, and enhanced the 

understanding of model limitations—all part of a process for learning about the Earth system and 

tools that augment that learning.  Findings were published in the Journal of Geophysical 

Research: Atmospheres (Zwiers & Hamilton, 1986).  Although the main questions were 

addressed, the work revealed a number of matters that were not fully resolved.  On those issues, 

the paper sets out observations and suspects of potential value for future researchers, 

experiments, and model designers. 

Sourcing data. 

I’m curious where Francis is physically located when he is learning about the Earth 

system.  Francis responds, “I do my work here in this office, or on airplanes.”  We both laugh. 

“So,” he continues, “I don’t do field work.” 

For a guy who doesn’t do fieldwork, I’m amazed by the impromptu breakdown I get on 

different ways that data is collected in the field.i  I sit back and listen for eight minutes.  It’s 

clearly something he pays a lot of attention to.  And it makes sense because the climate models 

he uses need many types of data—as much ‘clean data’ as there is. 

He starts with the meteorological data.  This comes from the many unsung heroes who 

collect it continually over long time periods “and quality control it for climate research.”  Then 

there are the short-term field campaigns (e.g. the 1957-58 IGY) that a particular science 

community undertakes to concentrate observations at a place and time to understand how a 

                                                
i Despite technical differences, the terms data, observations, and measurements are similar in their meaning. 
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particular process works.i  As well, there are on-site, in situ measurements (such as snow pack 

depth) and remote sensing measurements (for example, by satellite or high-altitude airplanes),ii 

plus the complex work of linking these measurements together.  Further, Francis points to the 

kinds of in situ measurements that are very precise and need to be made by highly-trained 

scientists.  “I’m talking about things like the greenhouse gas concentrations from Mauna Loa, 

from the Keeling lab.” 

Just before Francis left Environment Canada, he was responsible for the work of the 

observing group at the Alert Observatory in Nunavut.  Located at about 82.5°N, Alert is the 

northernmost observatory of the World Meteorological Organization’s Global Atmosphere Watch 

(GAW) network.iii  This network of observatories uses the same reference gases and rigorous 

standards to calibrate monitoring equipment.  “A huge amount of care has to be taken to make 

sure that the thing being measured in 1970 was measured against the same standard that is being 

used today.” 

Francis thinks a lot about how the wide array of instrument readings are made across the 

planet.  And he is thinking of how field scientists might think about how collected data will be 

used.  “I’m envious of people who can spend some fraction of their time in the field, thinking 

deeply about how some kind of measurement should be made in order to understand the process 

well and then also combine that with an ability to do modelling or large scale data analysis.” 

                                                
i For example, the International Geophysical Year in 1957/1958 organized a number of concentrated campaigns. 
ii Francis explains that remote sensors measure radiance emitted from the Earth’s surface or the body of its 
atmosphere. 
iii See World Meteorological Organization (n.d.). 
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Rich model output. 

Forty-five years of instrument data might seem like a lot, but not to Francis.  “A 

frustrating aspect of observations is that we have something like a hundred years of instrumental 

observations and that record is only growing at the rate of 1% per year.”  He adds that the models 

produce a much larger and richer collection of output. 

His comment catches me off guard. 

“That’s surprising to me,” I say, “because when I look outside, I see rich data sources.”  

My novice perception earns me a primer on global temperature and climate models.  I learn that 

around 1900, thermometers around the world were relatively sparse.  “The number of stations is 

a function of time.  It rises over time and peaks in the 1970s and 1980s and maybe 1990s.  And 

then it starts to tail off a little bit.”  And the distribution of thermometers is far from uniform.  

For example, there are more meteorological thermometers in the southern half of British 

Columbia than the northern half.  This is where most British Columbians live.  As well, most 

thermometers are located at the bottoms of valleys in or around cities, towns, and farms.  They 

are in places where you find people, not on mountain ridges where the eagles fly. 

Pointing to the campus grounds outside, Francis says, “If you put a thermometer out 

there, it’ll measure what the temperature is out there.  It’s not going measure what the 

temperature is on a 100-kilometre grid block scale which is what climate models simulate.”  

Speaking now of the global network of measuring thermometers, he says, “We don’t have them 

on a uniform grid.  We don’t have one every five kilometres or even every 100 kilometres.” 

Francis acknowledges the existence of rich data sets provided by remote sensing 

measurements of satellites.  For a host of reasons, including the shortness of the satellite record, 

they are not a substitute for direct in situ observation.  And Francis acknowledges what is starting 
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to seem obvious. “Observations of a physical system are kind of messy.”  Observational data 

comes with a mix of constraints and limitations. 

In contrast, models can be run 10, 20, or 50 times for the same period to produce an 

ensemble of data that can be analyzed to investigate how the Earth works.  You can start in 1850 

and end near present day—or test future greenhouse gas scenarios until 2100 or later.  Depending 

on factors such as research purpose and available funds, the resolution of a model’s output can be 

enhanced greatly.  Even when there may be one thermometer per 150 square kilometres, for 

example, a global climate model might run with grid blocks of 100 square kilometres, or 50 or 

maybe 25.  There’s even more precision, he says, in regional weather forecasting models that 

“are doing 10 or 5 or sometimes even 2½ kilometre resolution.” 

Models will never be a perfect mirror for conditions that exist in the real world.  But I am 

starting to see the richness of models and limits of instrument data I had missed.  And I am 

starting to see how models and observational data work together to enhance scientists’ 

quantitative understanding of the Earth and climate systems. 

Detection and attribution. 

Francis mostly works on climate change detection and attribution.  He looks at “whether 

or not observed long-term changes in temperature, precipitation, snow cover, and sea ice are 

caused by human influence on the climate system.” 

Detection and attribution is not an everyday term, and Francis explains it right away.  He 

calls it a “kind of coded language” for using statistics and models to identify changes and their 

causes—natural, human or a mix of both. 

I ask him to talk about the time he first realized that humans are influencing the global 

environment.  “Oh,” he begins, “I don’t know—after I had a PhD and started working in a 
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climate modelling group.”  That was not until his second decade at Environment Canada.  “My 

first involvement in this started in the mid-1990s or so, when I was actually thinking about the 

methods being used for detection and attribution.” 

“One of the ironies of atmospheric and climate science is that the fundamental equations 

of motion are a system of five non-linear, differential equations linked together that you can 

write down in a quarter page.”  These equations are at the heart of the climate models.  “In a 

sense,” he continues, “that represents everything that you need to know about atmospheric 

dynamics.  Of course, there are a few things missing.” 

The five interconnected equations give you a basic climate model.  Mostly, the added 

code translates the five equations into a quantified description of how energy flows into the 

system, how it leaves, and the things that mediate those flows.i  “Depending on how complex 

you want to make this, you can end up with a few thousand lines of computer code, or you could 

end up with a million lines of computer code.”ii 

Those coded descriptions “kind of synthesize everything that you know” about the 

system you are investigating.  As seen with the atmospheric tidal experiments, the continual 

comparison of model output and observations is a way of testing the ‘knowledge’ the investigator 

has embedded into the code. 

“The job of the computer,” Francis says, “is basically to translate the very succinct 

knowledge of the physics that you have into something that you can then interrogate using tools 

of empirical analysis.”  For example, you can investigate “how model output might change under 

some control circumstance.” 

                                                
i For example, melted sea ice converts the heat-reflective, white surface colour to heat-absorbent black. 
ii The video, “Constructing a climate model” and associated webpage (National Academy of Sciences) provide a 
good introduction to climate models.  Also see “How do climate models work?” at SkepticalScience.com. 

https://www.youtube.com/watch?v=PN3Nr_43mvg
http://nas-sites.org/climate-change/climatemodeling/page_3_1.php
http://www.skepticalscience.com/how-do-climate-models-work.html
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Climate models enable statisticians to isolate and experiment with any one of many 

variables to estimate the extent of that variable’s potential influence on climate.  For example, 

models are programmed to replicate the incremental increases of greenhouse gas concentrations 

that have occurred in the real atmosphere.  As well, scientists run the model “over and over” to 

average out the weather effects it simulates.  By following such procedures, “you can get an 

estimate of the response to greenhouse gas forcing.” i  He says you can do the same for 

atmospheric aerosols from burning fossil fuels, and also for volcanic eruptions.ii 

With models, “You can estimate what these signals are, and then you can look at 

observations and see whether or not they’re congruent.  And the more we look, the evidence is 

almost irrefutable that we’re seeing human influence in temperature.  We’re seeing human 

influence in sea level rise, and we have really solid information about that.”  Once you detect 

that, an explanation is needed.  “You have to ask, ‘Well, what are the causes?’  And one of the 

causes is warming of the ocean water.”  The water warms, expands, and takes up more space.  

“And another cause is that ice on the land surface melts in a warmer climate, and there’s only 

one place for that water to go.  It ends up in the ocean.” 

Francis looks to the global data sets to identify strong signals, not local data.  “If you’re 

looking at temperature, you can often see local trends that are similar to global trends.”  In some 

places, you might trace the global trend in local data.  “But you wouldn’t be able to reliably 

quantify a human influence on the climate in Victoria.”  Our home city has a footprint of 30 to 40 

square kilometres.  “It’s still too small a spatial scale. So, we feel we can reliably do that on a 

                                                
i Bretherton (1988) describes an external forcing as the “influence on the Earth system (or one of its components) by 
an external agent, such as solar radiation or the impact of extraterrestrial bodies such as meteorites” (p. 200). 
ii Greenhouse gas emissions have a warming effect (much of it long lived) whereas aerosol emissions and many 
chemicals from volcanoes (especially sulfur) have an overall, shorter-lived, cooling effect. 
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continental or sub-continental scale where you divide North America up into two or three 

pieces.”  And time scales are also important.  “Typically, we feel that you need 50 years, 

probably 100 years, or maybe a bit more, of data to do that reliably.”  Francis adds, “We’re 

starting to see some detection and attribution studies with the satellite records, some things 

we’ve been observing since the very late 1960’s using satellites.” 

Numbers of consequence. 

Francis supervises postgraduate students and post-doctoral students.  His goal is to get 

them walking in the field on their own.  “I’m trying to train them to be self-critical.”  If his 

student—let’s call her Sophie—makes a calculation and uncovers a new piece of information, he 

wants her to figure out what question and investigation evolves from that information.  To 

illustrate, Francis describes a hypothetical scenario. 

An engineer at the BC Ministry of Transportation and Infrastructure wants to quantify 

changes in 24-hour precipitation extremes by 2050.  “The underlying question is ‘How much 

bigger should I make the culvert that passes under the road?’” 

Sophie is working with the engineer on the request, but she can’t give the engineer a 

single number because there are multiple sources of uncertainty.  She would probably start by 

providing qualitative advice that precipitation events “are going to become more extreme.”  As 

well, she can probably quantify that by saying, “in my judgement” there is a 90% likelihood that 

“24-hour precipitation isn’t going to get bigger than so big.”  Whatever quantified information 

Sophie provides, it is a “number of consequence” that might cause the Ministry “to spend 

millions or tens of millions of dollars in adapting a bridge or road or ferry terminal.”  Francis 

tells me that when she calculates that number, she has “a responsibility to know how robust that 

number is and to know what affects its robustness.”  The student needs to know that the 
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underlying assumptions she made “would stand up to the light of day when somebody challenges 

them.”  Independently, she needs to learn to be able to know what gives her confidence in that 

number. 

Francis gives me another scenario.  He might say to another student, “go ahead and 

calculate this.”  The student does it successfully and returns.  “Okay,” the student might say, 

“I’ve calculated this. So now what do I do?” 

“That second question—‘Now what do I do?’—is really disappointing,” Francis says.  

Why?  “I’m trying to train them to figure out ‘Now what do I do?’ for themselves.”  He is getting 

them to ask themselves the right critical questions that leads them to a full investigation of the 

number that they’ve just found.”  Francis helps train them to “follow through a whole chain of 

reasoning.”  It’s a key challenge.  “And that’s something that takes a long time to learn.” 

Returning to Sophie’s advice on the culvert, if the engineer accepts it, the Ministry can 

use the information to assess the risk for a number of scenarios.  It becomes a risk management 

question that considers the likelihood and cost of future damages.  The Ministry sets its decision 

making-criteria and uses information from different sources.  Local impacts of changing climate 

is just one of the considerations.  “I don’t have the competence that’s required to weigh the 

importance of those various considerations.”  Francis tells me he works to serve that job.  “I’m 

not here to do that job.”  Ultimately, the Ministry decides the size of the culvert. 

Teaching one another. 

As I listen to Francis, I am struck by the variety and volume of data that he ‘touches’ with 

the models he uses and the work he does.  I share my impression.  “You’re sort of at the hub,” I 

suggest.  

“Yeah,” he says, “each individual can only look at a little part.” 
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I haven’t asked the question the way I wanted, so I try again.  “Does that give you a 

bigger picture than what some people have?” 

“I don’t know if I can answer that,” he responds. 

I’m fishing but not catching fish.  Still, Frances senses my interest in broader 

perspectives. 

“I can answer,” he says, “in terms of my experience as coordinating lead author for the 

IPCC.  It was really an incredible experience.” 

Francis co-led the detection and attribution chapter of the Fourth Assessment Report 

(Hegerl et al., 2007).  The process took three-and-a-half-years.  “And during that time, the 

authors met four times.”  Deadlines were rigorous and team members were based in different 

time zones.  “And so what happened was that you were trying to understand what a large swath 

of literature is saying—hundreds upon thousands of papers.”  Francis comments that he was 

working with a group of people who were among the most knowledgeable in the field.  “If there 

are 10 of you working on the chapter, you’re collectively reading 10 times as much literature as 

any one individual could read.”  But it was not simply a division of the work.  “You’re teaching 

each other about the literature.”  You’re “sharing that learning…you end up with a view of the 

literature that you simply wouldn’t be able to obtain as an individual.”  It’s a view that enhances 

the assessment.  “You come to a basis for making an assessment of the human influences on the 

climate system, for example, that you would never be able to do on your own.”  And the work is 

intense with hard deadlines driving the process. 

Francis takes me back to the two weeks immediately before his chapter had to be 

submitted.  “Words are in motion around the clock, around the world, 24 hours a day, and you go 
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to bed and eight hours later, you come back to the text that you were working on.”  And the 

document is not the same.  “It has all of these other changes entered.”  We both laugh. 

Then there are the in-person meetings.  They involve more people and are even more 

demanding.  “You’ll have seen the other chapters that have been produced.”  And you end up in a 

“kind of a round robin discussion between the various chapters.”  There are overlaps and even 

conflicting assessments to work out.  “It’s four days, typically, with very little sleep.  Really 

intense.  Eighteen hours a day.” 

Energy for learning. 

One thing about science and learning is the energy it requires.  “We have 20 or 30 large 

centres where we make climate models and they run on the biggest computers in the world.  And 

so, we can suspect that has a substantial carbon footprint, of course.” 

International travel is another big source of emissions.  “I was thinking about this in the 

context of the post-plenary for the IPCC synthesis report that just took place in Copenhagen.”i  

The week-long meeting concluded 15 days ago.  “I was there.  There were 400 people in the 

room, or something like that, and they came from all over the planet.”  That’s 800 one-way flight 

tickets between Copenhagen and participants’ home cities.  “That’s a lot of greenhouse gases 

being emitted.”  He equates it to one 747 flying from Denver to Copenhagen—or Victoria to 

Copenhagen— and back.  That’s a lot for one meeting, although small relative to other 

emissions.  “The world’s fleet of 747s is in the air something like 16 hours out of every day.” 

                                                
i The IPCC finalized and released its concluding ‘flagship’ Synthesis Report for its Fifth Assessment.  See IPCC 
(2014b) for the final press release. 
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At the IPCC “there’s been some slow discussion taking place” on mitigating its emissions 

in some way.  “We’re trying to hold more meetings electronically but it’s really hard for an 

international organization that works in multiple languages.” 

“The IPCC works at the interface between governments and science,” Francis explains.  

The multi-year process culminates with a meeting to make final decisions on the assessment 

report.  “Scientists write the report and then they go through this grueling week where they have 

to defend their report to the policy makers.”  Government representatives push for language that 

bolsters their positions in climate deal negotiations.  “Whatever language they succeed in 

bringing into the report needs to be consistent with the science.  And it’s really hard to argue with 

the science.” 

And although we are in a tough spot, the science serves an important purpose.  “We 

haven’t made a huge amount of progress on the policy side.  On the other hand, it’s a prerequisite 

that we somehow come to a collective understanding of what the problem is that’s accepted by 

all governments.” 

So, the IPCC assessments are more than a scientific report.  “You come out of the end of 

that week with a common understanding that 114 or 130 countries, whatever number of countries 

were present in Copenhagen, have approved the words that are in the Summary for Policy 

Makers and accepted the underlying document.” 

“That is,” he says, “a powerful place to start from.” 

“I think so,” I say. 

“I don’t know how else you’d do it,” Francis adds. 

“Yeah,” I acknowledge. 
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He adds, “You can’t do it and not make greenhouse gas emissions the way the world is 

wired.” 

So what do we do now? 

What should we do?  This is not a question to ask Francis.  “I essentially stick to the 

science,” he tells me.  Policy questions are not science questions. 

He tells me that on two occasions, he has given testimony before committees of Canada’s 

House of Commons.  I see from a 2009 committee record that he gave advice to Parliamentarians 

that aligns with points he is making in our conversation today.  “Ultimately,” he said to 

committee members, “the degree of risk that is tolerable is a societal choice.  It’s not one that 

scientists can inform.  We can only help to provide the factual information with which you will 

make those decisions” (Standing Committee on Environment and Sustainable Development, 

2009). 

“I’ve seen,” he’s now telling me, “the kind of testimony that allows everyone in the room 

to hear what’s being said.  And I’ve also seen the kind of testimony that immediately cuts out 

two-thirds of the audience.”  He deliberately avoids partisan messages and he does not tell 

politicians or anyone what policy action to take.  “I think you have greater success,” he says, 

when you have “a message that all parties can hear.” 

2.5. Lonnie Thompson and Ancient, Tropical Ice 

Those who have spent the best years of their life amongst mountains, generally end by 
giving their hearts to glaciers and the high regions of snow.  The best advice that can be 
given to a young climber is, ‘Learn to know glaciers.’  They offer the strongest contrast 
to the ordinary surroundings of life.  They present the most varied phenomena.  They 
most readily impress the imagination.  They are the vital element, the living inhabitants 
of the high world. 

—Sir Martin Conway (1904, p. 155) 
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Lonnie Thompson hails from Gassaway, West Virginia, a very small town in heart of 

American coal country.  His mother and father had a grade 8 education.  His family of five lived 

on a farm and, he says, they were very, very poor.  And as long as he can remember, his mother 

said over and over, “You got to get an education.  The only way to change your life is to go to 

university and get an education.” 

From experience, Lonnie knows something about the tough times life can dish out.  And 

his mother gets a lot of credit for instilling his “desire to do something new and exciting.”  But 

she was not his sole source of inspiration and influence. 

In grade 6, Lonnie was lucky to have a science teacher who was really interested in the 

lessons he gave.  The lesson on weather measurements inspired Lonnie to set up a weather 

station on his family’s little farm where he recorded measurements in the morning and evening.  

He analyzed them with the help of weather maps he got from NOAA—maps that gave him a 

bigger picture.i  “So, I got to forecasting weather and I would get my lunch money by betting one 

of my fellow students on what it was going to do the following day.  So, I got pretty good at 

that.” 

While Lonnie was in high school, his father died of a heart attack and his family was 

devastated.  The dream that he and his siblings shared of a university education seemed 

improbable.  It probably helped Lonnie that he was part of a group of eight students in his school 

who competed with each other.  “We really tried to do the best we could,” he reflects.  “All eight 

of us ended up going to college.  And that just didn’t happen in Gassaway, West Virginia.” 

                                                
i When asked, Prof. Thompson (personal communication, July 9, 2016) wrote, “At that time these maps were mailed 
out daily on request from NOAA in Washington D.C.” 
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I didn’t think to ask whether he managed to get a scholarship.  But Lonnie tells me he, as 

well as his two siblings, enrolled in an undergraduate program at Marshall University in 

Huntington, West Virginia.  Tragically, his sister died in a car crash while catching a ride back to 

the campus.  “The other thing that happened,” he reflects, “was that you realize, if you have 

these kind of tragedies early in life, how fleeting life is.  If you’re gonna do something, you gotta 

get on with it because you don’t have any guarantee of how much time you have.” 

Aerial job search. 

When Lonnie started at Marshall University, he had a general interest in science but did 

not know which discipline he wanted to pursue.  He started with physics but gravitated to 

geology in his junior year.  He liked geology because “you could actually see things.”  He was 

especially drawn to large processes, and geologists worked with solid evidence he could see in 

the field.  “I didn’t wanna spend my life behind a desk so it seemed like a natural way to go.”  He 

graduated with an undergraduate degree in geology and a plan to pursue a Master’s in coal 

geology at Ohio State University (OSU) in Columbus, Ohio.  “I was first and foremost looking 

for a job, a position.” 

In his first quarter, Lonnie responded to a job notice to look at ice cores for the Institute 

of Polar Studies, based at OSU.  He had taken a geomorphology class and knew that glaciers 

covered just 10% of the Earth.  He also knew that few people live in regions where ice is located.  

“I couldn’t see how you could possibly make a living looking at ice.”  But he saw that a research 

path would get him a Master’s degree sooner.  After a year and a half of doing this research, he 

had become very interested in the kind of information that ice archives revealed about the past.  

But a core problem remained.  “I still didn’t really understand how you could possibly make a 

living looking at ice.” 
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As a student, Lonnie was fortunate to have some early interactions with some of the 

pioneers of ice core research.  He met Willi Dansgaard of Denmark, Hans Oeschger of 

Switzerland, and Claude Lorius of France.i  But these scientists studied ice in Antarctica and 

Greenland.  They worked in the Polar Regions. 

At the Institute of Polar Studies, a fellow geographer named John Mercerii had made a 

special set of atlases that document the glaciers of the world.  And he had “huge boxes of aerial 

photographs from these glaciers.”  At the time, scientists were not looking at ice beyond the 

Polar Regions.  But Lonnie and John Mercer went through the photographs and that gave them 

an idea. 

“Wouldn’t it be great,” Lonnie had asked out loud, “if we could connect Antarctic ice 

core research to Greenland ice core research?”iii  They saw ice high in the mountains, even at 

tropical latitudes, and they knew that nobody was drilling it.  They zeroed in on a photo of the 

Quelccaya ice cap (14°S) in the Andes Mountains of Peru, the world’s largest ice cap in the 

tropical zone. 

The two researchers took the photo to Jay Zwally in Washington, DC.  It was the 1970s 

and Zwally managed the only source of funding for ice core research.  After some discussion, 

Zwally looked at Lonnie and said, “I’d really like to fund that but I can’t because it’s not north of 

the Arctic Circle and it’s not south of the Antarctic Circle.” 

                                                
i To learn more about ice research pioneers (including Lonnie Thompson), see “A Brief History of Ice Core Science 
Over the Last 50 yr” by Jean Jouzel (2013). 
ii In the 1970s, John Mercer suggested that global warming could induce the collapse of the West Antarctic ice sheet.  
Afterwards, critics of his research were considered more authoritative than supporters, and Mercer himself struggled 
to get funding for further research.  James Hansen dubbed this the John Mercer effect (Le Page, 2015). 
iii In more technical terms, Mercer, Thompson, Marangunic, and Ricker (1975) describe the goals as testing “certain 
assumptions made in the interpretation of polar ice cores and to aid in an interhemispheric correlation of polar ice 
cores by providing data from an intermediate location” (p. 19). 
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Lonnie returned to his work at the Institute of Polar Studies.  In the winter of 1974, he 

was at Byrd Station, West Antarctica, when he received a telex from the program manager.  He 

read that the “real science” projects had been funded and there was $7,000 left.  “What could we 

do on the tropical glacier for $7,000?”  Lonnie telexed back, “I think we could get there.” 

Quelccaya ice. 

With no experience on tropical mountains and many unknowns, Lonnie pulled together a 

team with a mission to understand what information they could get from the Quelccaya ice cap 

and the logistics of getting it.  Among Lonnie’s research colleagues in the Polar Regions, 

expectations were about as low as his funding.  They didn’t know he would discover a new, 

archive of high-resolution information about past climates.  Even to Lonnie, it was not clear that 

he was about to launch his career and a new field of research: tropical alpine glaciology. 

In June and July 1974, Lonnie made the first expedition to a tropical glacier in Peru.  A 

three-person glacial teami climbed to the summit of the Quelccaya ice cap, dug a 3.8 meter pit, 

and cored another 3 metres.  They measured snow temperature and density, and they collected 

snow samples (transported as water) for laboratory analysis.  They returned with the first 

glaciological and geologic data recorded on the Quelccaya ice cap.  The evidence was modest 

(accumulated snow for one year spanning 1973 and 1974) but it provided some additional 

understanding of the ice cap, its environment, and the feasibility of a large-scale investigation 

(Mercer et al., 1975; Thompson & Dansgaard, 1975). 

                                                
i Lonnie Thompson, Cedomir (Cedo) Marangunic (from Chile), John Ricker (from Canada) climbed to the summit.  
John Mercer was on the expedition but was doing glacial geology work in the area (Prof. Lonnie Thompson, 
personal communication, June 30, 2017). 
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The National Science Foundation (NSF) had just created the Office of Climate 

Dynamics,i and they were funding projects to obtain evidence on phenomena such as El Niño 

and monsoons.  They would consider any type of evidentiary record.  So, Lonnie’s team wrote a 

proposal to return to Quelccaya.  Follow-up expeditions in 1976, 1977, and 1978, yielded ice 

cores to 15 metresii (using a SIPRE hand auger), data from an automatic meteorology station, 

and a reconstruction of the climate going back to 1969.  Lonnie and his co-investigators had 

reason to believe that ice core records could be obtained at Quelccaya and used to reconstruct the 

climate history of tropical South America going back to about 1500 C.E. (Thompson, Hastenrath, 

& Arnao, 1979).  But a larger expedition would be needed. 

Lonnie had already made prior arrangements with a helicopter crew in Peru’s air force to 

fly Lonnie’s team and gear to the ice cap and then fly the ice back out.  “Being young and naïve,” 

Lonnie acknowledges, “I had no idea what was required to undertake something like that.”  His 

proposal to the NSF set out a plan to use a Bell 212 Twin Engine Helicopter from the Peruvian 

Air Force, plus generators and ice core drills that researchers operate in Antarctica.  “It sounded 

like a good deal.” 

Lonnie was able to return to Peru in 1979 with a six-person team.  The helicopter flew 

them through the Andes for 13 hours to the small town of Sicuani.  There was no airport and they 

brought in a boxcar of fuel drums for the helicopter.  On a reconnaissance flight to Quelccaya, 

the helicopter would fly along at 19,000 feet when suddenly it would lose elevation.  They had 

reached maximum altitude.  “There is no way we were gonna get close to that ice field.”  Their 

planned flight turned into a grueling, two day journey by horse.  “And all the drills and all the 

                                                
i The Office of Climate Dynamics was created May 1974 (Reeves & Gemmill, 2004). 
ii Twelve-metre cores were drilled in 3-metre pits.  Cores were used to measure microparticles, β radioactivity, and 
isotopes. 
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generators from Antarctica were too big for a horse.  There’s no way you could get the 

equipment up there.”  And there was no way to get ice cores.  But a crevasse enabled them to 

obtain 26 years of isotope and dust records, and eventually publish a paper on the El Niño record 

in Nature (Thompson, Mosley-Thompson, & Arnao, 1984). 

Years had passed and Lonnie still had no ice cores to show for his effort.  The 26 years of 

climate information fell far short of the records his colleagues were accessing in the Polar 

Regions.  He was under pressure to return to “where the real activity was.”  Among those voices 

was Wally Broecker of the Lamont Doherty Earth Observatory.  “He’d take me to lunch and he’d 

say, ‘Lonnie, you know, if you don’t get back in the Polar Region soon, you’re gonna lose your 

career.’” 

“Do you give up?” Lonnie had wondered.  “Or, do you find a different way?”  Lonnie 

hedged his bets.  He took the MBA exam for entry to business school.  At the same time, his 

team started to think about designing a light-weight drill powered by solar panels.  They sent the 

NSF a proposal to drill the ice field using solar power.  As a reviewer for the NSF, Willi 

Dansgaard sent a copy of his recommendation to Lonnie: “The Quelccaya ice cap was too high 

for human beings and the technology did not exist to drill it.” 

That was bad news for Lonnie.  Luckily, the Office of Climate Dynamics had a new 

manager.  Hassan Virji, a meteorologist from the University of Wisconsin, had just received a 

PhD studying monsoons in India and South America.  He told Lonnie, “Well, you know, Willi 

could be right but we won’t know unless we try.” 

So, Lonnie’s team built a solar-powered drill and they tested it by stacking blocks of ice 

in a parking garage at Ohio State University.  They ran the drill down from the top.  It went 

through blocks of ice without problem. 
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Meanwhile, Lonnie passed his MBA exam two weeks before departing to Quelccaya.  If 

he returned again without ice cores, he says, “that would end ice core glaciology for me.” 

It was 1983 and the budget for the expedition was small.  They carried the solar panels 

and equipment to the ice cap with pack animalsi and backpacked the drill to the summit where 

they assembled it on site.  They were surprised to find that the solar panels worked 20% to 30% 

better than manufacturer’s specifications.  “You have over half the Earth’s atmosphere below you 

when you’re up at 19,000 feet, and so a lot of power was produced.”  He smiles.  “We drilled not 

one but two cores to bedrock.”  A 154.8-metre core provided 1,350 years of climatic information, 

and a 163.6-metre core had 1,500 years of information (Thompson, Mosley-Thompson, Bolzan, 

& Koci, 1985, p. 971). 

The technology did not exist to keep ice frozen en route to a lab.  So they prepared the ice 

cores in the field and returned with 6,000 bottled water samples.  One set of samples went to 

Willi Dansgaard’s lab for isotope analysis.  “It was such a fantastic record that from that day on, 

Willi Dansgaard was one of our greatest supporters.” 

As the team leader, Lonnie is acknowledged as a pioneer in tropical glacier research 

(Jouzel, 2013) and founder of tropical alpine paleoclimatology (Zagorski, 2006).  Lonnie 

acknowledges his accomplishment more plainly.  “Ever since that beginning, we have driven to 

go to places where no one has ever gone before to recover these records.”ii 

                                                
i Zagorski (2006) indicates that pack animals were used to transport the gear (p. 11438). 
ii Information in the “Quelccaya Ice” section was written primarily from the interview transcript and supplemented 
by cited sources (all accessed after the interview with Prof. Thompson).  Articles by Zagorski (2006) and Cook 
(2015) chronicle many of the same events. 
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Decades later. 

Today it’s December 22, 2014.  Even with a 4,000-kilomtre video link to connect us, his 

energy seems boundless, his friendly smile infectious.  It’s been forty years since the first 

expedition to Quelccaya and he says, “I should by all accounts retire because I essentially work 

for nothing now.”  But he sees value in the information that’s stored in the ice he chases across 

the planet before it melts.  “These archives are disappearing, and the rate of the loss of those 

archives has actually accelerated.” 

When he’s not on a mountaintop or collaborating with the international community of 

scientists, he is probably close to Ohio State University, his long-time academic home.  There, he 

is a Distinguished University Professor at the School of Earth Sciences and Senior Research 

Scientist at the Byrd Polar and Climate Research Centeri.  In addition to the many papers he has 

published, he has contributed to chapters in two IPCC reports.ii 

Data dustup in DC. 

When Lonnie was new to the ice core research community, he considered himself lucky 

to meet the pioneers as early as he did.  I’m curious what happened at the first meeting.  “I 

remember it distinctly,” he responds to my question.  He was in Washington, DC after being 

asked to give a presentation on his PhD study.  He had been looking at dust records in the ice 

cores.  He was comparing ice cores from Antarctica and Greenland, and the pioneers were 

there.iii 

                                                
i The Byrd Polar and Climate Research Center was originally the Institute of Polar Studies. 
ii See “Observed Climate Change and Variability” (Folland et al., 2001) and “Paleoclimate” (Jansen et al., 2007). 
iii An article by French glaciologist Jean Jouzel (2013) identifies pioneers of ice core research as Willi Dansgaard, 
Chet Langway, Hans Oeschger, Claude Lorius, and Lonnie Thompson. 
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The night before his presentation, Chet Langway had some advice for Lonnie.  He was 

one of the pioneers and the main guy in the United States.  “Langway took me in the hall,” 

Lonnie says, “and he told me that if I got up there tomorrow and told these people that I could 

date ice cores by counting annual dust layers, that my career would be finished.” 

Lonnie reminds me that he was relatively young.  He says he thought about it and said, 

“Well, I’m gonna say what I found and we’ll just see where the chips fall.”  The next day he 

presented his evidence and suggested that ice can be dated with dust layers.  He also showed how 

dust increased during the glacial period.  “I remember Willi Dansgaard being so excited,” Lonnie 

says.  Dansgaard was up front looking at the records he had projected for his presentation.  And 

Lonnie left the presentation with funding from the NSF for a clean room at Ohio State 

University—a controlled environment for ice research. 

Lonnie underscores the importance of reporting whatever the data says.  “If it goes 

against the grain at that time, there’ll be a lot of resistance for a while.”  He refers back to 

Galileo being tied up and kicked by church parishioners after claiming that the Earth is not at the 

centre of the Universe.  This is a view “that went against all the teachings of the Catholic 

Church.”  But, he says, “You go for the facts as they are, and when you know those facts, you 

present them regardless of what the general public or the government or whoever believes.”  

From a scientific perspective, regardless of what one thinks, “it is only what is that is important.” 

Memory of a God. 

Lonnie has drilled ice cores in regions that many people call home and where many belief 

systems thrive.  One of those places is the island of New Guinea in Indonesia.  “I just came back 

two weeks ago,” he says.  It’s the only ice field between the Himalayas in South Asia and the 

Andes in South America.  “We drilled there in 2010, and we went back just to do a follow-up on 
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the site.  I couldn’t believe how much ice has disappeared since 2010.”  They had drilled an 

equatorial glacier on slopes that sit in the shadow of Puncak Jaya, the highest mountain in 

Oceania.  The mountains and remote glacier are in the middle of tropical rainforest. 

Lonnie asks, “I don’t know if you’ve ever seen the movie Avatari.”  I had.  “Well, this is 

probably the closest place on Earth to Avatar because underneath the glaciers are the richest gold 

deposits on Earth. 

“There’s a huge mine operation there.  Nineteen thousand people in the city of 

Tembagapura operate that mine.  And the mine is run by Freeport-McMoRan out of Phoenix, 

Arizona”.ii  It’s the middle of nowhere and the mountains are very steep.  “There’s always banks 

of clouds and you actually have times when you see these huge waterfalls coming down out of 

the mountains, coming out of one cloud at the top, falling into another cloud down below. 

“And the whole complex is surrounded by four tribes that are at war with each other, and 

they still use arrows and spears.”  In 2010, Lonnie and his team were drilling a glacier.  “We 

were actually attacked by 150 Amungme people.”  But the Amungme people didn’t have 

crampons to climb the ice.  “They couldn’t find us in the clouds,” Lonnie says.  So they tried to 

break into the freezer in Tembagapura where the ice cores were stored.  “The company got word 

that this was going to happen.”  So, two hours before they arrived, the company helicoptered 

them to another freezer down on the coast.  “So when they broke in, there was nothing there.” 

The head of the mining operation asked Lonnie to come down and talk to the Amungme 

people.  Lonnie asked some Indonesian scientists who had joined the expedition, “Won’t you 

come with me?”  They just said, “Oh, no, no, no.” 

                                                
i See Cameron (2009). 
ii Freeport-McMoran posted information about the Grasberg gold and copper mines at 
http://www.fcx.com/operations/grascomplx.htm. 
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Lonnie went with some security guards that the company provided.   “I spent four and a 

half hours telling them about what we do and the fact that we do it all over the world.”  He 

showed photos of local people in other parts of the world helping them get ice cores. 

With the assistance of a translator, he also gained an understanding of the people he was 

talking with.  “It turns out,” Lonnie says, “that in their religion, the mountains—the ridges and 

the valleys—are the arms and legs of their God.  The glacier is the head.  And in their words, we 

were drilling into the skull of their God to steal their memories.  In many ways, that’s exactly 

what we do.”  He explains, “We do this all over the world in order to understand how the climate 

system works.” 

Lonnie told the people that the glaciers are going to disappear.  The statement provoked 

an argument between the elders and the younger people.  The older people said, “Oh, no, no. 

They’ve been here forever.  They’re part of our history.  They will always be here.”  And the 

younger people said, “Have you seen those glaciers recently?  Have you seen what’s happening 

to them?”  The elders perceived permanence.  The young people saw change.  Lonnie saw the 

opposing views.  “It’s only a reality,” he comments, “when you can see it.” 

“And so,” Lonnie says, “I told the Amungme people a day will come when the only time 

they’re gonna have part of their God, it’s gonna be in a freezer at Ohio State—stored at minus 35 

degrees Celsius.”i  Neither the assessment nor the solution seems comforting, but could they see 

any other option?  Lonnie helped them visualize the situation in terms of “what’s valuable to 

them.”  In the end, he says, “they gave me permission to finish my project, take my ice cores, 

and go home.” 

                                                
i After an ice core is drilled, a common practice is to slice it up the centre.  Half gets analyzed for articles that are 
published.  The other half is kept for the future. 
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Lonnie returned to OSU with 88 metres of ice cores.i  “One of the things we do here,” he 

says, “is we cut these cores in half and we analyze them for our publications but we keep half for 

the future.”  As for ice left behind in New Guinea, Lonnie thought the glacier could be gone in 

four or five years (Agence France-Presse, 2010).  Two weeks ago, he returned from a follow-up 

visit and he offers an updated assessment.  “Our projections,” he says, “are that the ice field will 

disappear by 2017 and that history will be gone.” 

Lonnie thinks back to the argument. “It reminded me in a very simple fashion of where 

we are today in the world, where we have companies that have drilled for oil—drilled for gas—

for a hundred years.  And they don’t see any problem with what they’re doing and they feel that 

they’re doing something great for humanity.”  On the other hand, they do not acknowledge the 

consequences of consuming fossil fuels for so long.  The history and traditions that shape the 

Amungme people’s belief system influence what they see.  This, Lonnie suggests, “is something 

that science is up against when we try to change the thinking in the 21st century.”ii 

Fighting the cardiologist. 

Lonnie doesn’t think of himself as a climber or a hiker, yet he has probably spent more 

time at very high altitudes than any Sherpa or mountaineer (Dougherty, 2004).  He has braved 

“howling winds, frostbite, rockslides, and altitude sickness” (Zagorski, 2006, p. 11437).  Plus, 

two decades earlier, doctors diagnosed him with exercise-induced asthma. 

“When you do exercise,” he acknowledges, “it makes it harder for you to breathe.  And I 

had noted that it was getting more difficult to climb these mountains to drill these ice fields. But 

                                                
i See Agence France-Presse (2010). 
ii More details about the expedition to New Guinea are recorded in “Climate Records From Ice Cores Drilled in 
Papua, New Guinea” (Thompson, 2011) and “Tropical Glaciers, Recorders and Indicators of Climate Change, are 
Disappearing Globally” (Thompson, Mosley-Thompson, Davis, & Brecher, 2011).  These records were discovered 
after the 2014 interview. 
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I was also getting older and, you know, maybe this is what you would expect?”  In 2009, after 

ignoring the bodily complaint for a long time, he and his team were in Peru.  They were drilling 

at 6,000 meters and they had been on site for two months.  “Two days before we had actually 

finished to come down from the drill site.  My feet swelled up maybe three times the normal 

size.”  From the top of the Andes, it was a long and difficult walk to the nearest town.  But he got 

himself to Lima so he could catch a flight home.  Stopping by a medical facility in Lima, there 

was a medical doctor he had met two years earlier.  “He was a high altitude medical doctor, and 

he just came over to say goodbye and he saw my feet and he said, ‘Hey, there’s no way you can 

get on an airplane like that.’”  The doctor was gravely concerned.  Something did not make 

sense, so he ran an echocardiogram on Lonnie’s heart.  The results did not make sense.  “It was 

only performing at 10 to 15% of its capacity.”  The doctor was baffled.  How could Lonnie be 

conscious, let alone climbing the Andes Mountains? 

After days in emergency and then a VIP suite, Lonnie was eventually cleared for return to 

Columbus where he checked into the Ross Heart Hospital.i  “My cardiologist looked at me and 

said, ‘Lonnie, you have congestive heart failure.’”  The doctor did not mince his words.  “There’s 

only one option in your future.  You’re going to have a heart transplant.” 

“You gotta be crazy,” Lonnie retorted, “because I have climbed for 63 years.  I have 

climbed all the mountains of the world and this old heart has done just fine.  Thank you!” 

Lonnie resisted the cardiologist’s so-called option for two years.  With a defibrillator, 

Lonnie joined his team to drill in New Guinea and the Swiss Alps.  “Then one day, I just couldn’t 

get from my tent to the drill site because I couldn’t breathe.” 

                                                
i The Richard M. Ross Heart Hospital is part of Ohio State’s Wexner Medical Center. 
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Back in emergency, doctors wanted to put a turbine in his old heart.  This is a left 

ventricular assist device, but an infection prevented doctors from implanting the turbine.  Lonnie 

had a rough four months in hospital fighting the infection.  He got down to 138 pounds and after 

being in bed so long, he had to learn to walk again.  “They did put in this turbine device,” Lonnie 

says.  And he was attached to a computer.  “I had a driveline and I ran on batteries during the 

day, and at night I had to plug in to the wall.”  His heart kept ticking, but given the power sources 

in Columbus, Ohio, you might say that Lonnie Thompson was powered by coal. 

After agreeing to a transplant, a heart came available on May 1, 2012.  Lonnie would get 

the heart of a 22-year old.  He does not know the identity of the donor.  But after an 8 ½ hour 

operation, he was very surprised to feel healthier than he had in a long time.  “When I came out 

of the operating room, it was like day and night.”  By May 2013, he was cleared for an 

expedition at 20,000 feet in West Central Tibet. 

Now Lonnie talks about his heart transplant when he talks about climate change.  He had 

rejected the one pathway doctors presented for his survival.  In his mind, he chose to keep living 

with exercise-induced asthma “because there was medicine for that.”  But within a year of the 

transplant, he was looking at his options in a different light.  “I’m actually better off than I was 

before.” 

If the human race is to continue to exist, he suggests, “we will deal with it and we’ll 

probably go through some extreme events, hard times but if we do it in time, we will have a 

much better planet and much better place to live.  And at the end of the day, it doesn’t matter 

what any of us believed when it comes to climate change.  It only matters what is, and what is is 

a matter of physics and chemistry.”  Lonnie is optimistic that “we will deal with it because we’ll 

have no other choice.” 
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Paddling for life. 

Incredibly, Lonnie’s harrowing journey led to a clear and happy resolution.  But there is 

another thread to his experience that raises questions for which science is less equipped to 

answer.  To pick up that thread, we return to the four month period when Lonnie was fighting an 

infection in hospital and trying to get healthy enough to receive a left ventricular assist. 

“When I first went into the hospital and I got the infection,” Lonnie says, “my wife said 

she came in one evening and there were 13 doctors outside of my room.  And they said it would 

be—” 

A woman walks in behind Lonnie. 

“Excuse me one second,” Dr. Ellen Mosley Thompson says to Lonnie.  She is looking for 

something. 

Lonnie turns to her.  “Yeah, what do you need?” 

They converse but I hear just bits and pieces. 

“Yep,” he replies. “That’s alright.  That’s no problem.  Okay.  No problem.” 

She leaves and I comment, “That looks like your wife.” 

Lonnie smiles.  “Yes,” he says.i 

“Right,” he goes on.  “Well, in any event, she came in and there were these 13 doctors 

and they had the paddles out and the cardiologist, Dr. Haas, took her out in the hall. ii  He turned 

to her and said, ‘You know, Lonnie will probably not be here in the morning.’”  It was Thursday 

evening.  “But in the morning, Friday morning, I was still there.”  And his health continued to 

                                                
i Dr. Mosley-Thompson is a Distinguished University Professor and Director of the Byrd Polar and Climate 
Research Center at Ohio State University.  She is also a contributing author to a chapter in the IPCC’s second, third 
and fourth assessment reports. 
ii Dr. Garrie Haas.  Read about Lonnie’s medical care in “Heart Transplant Giving Climatologist Lonnie Thompson 
a Second Chance” by Misti Crane (2013). 
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worsen.  “I went downhill all day, and in the evening, Dr. Haas took her out and said, ‘You know, 

I’ve never seen anyone in that condition actually make it.  You should be making 

arrangements.’”  On Saturday morning, somehow, Lonnie’s fever broke.  “I started recovering 

and have been going up ever since.” 

Lonnie says he was aware of what was happening and that he sometimes slipped into a 

state where “you have all kinds of strange things that go through your head.”  There’s one 

memory really stuck with him. 

“At one stage,” I jumped from the hospital bed.  I was going through space and I was in 

this cloud of lights, little points of light.”  Looking back, Lonnie saw the Earth.  “It was actually 

very exhilarating.  If you had a question, you automatically knew the answer.  It was kind of 

incredible.”  He recalls coming down onto a plain of rolling hills.  It was a beautiful, bright, 

patch of grass.  “But I was only there a short time and then I jumped back.” 

Sometime later, he was again out of his bed, going through space, and then coming down 

at the same place.  “But this time,” he says, “there was a figure in a robe who looked at me and 

said, ‘Lonnie.  Not your time.  You have another purpose.’”  Once more, he jumped back. 

After the ordeal, Lonnie shared this experience with his wife.  “When I told her,” he says, 

“she then told me what had happened while I was under.”  He wonders whether his two “jumps” 

were the two times Dr. Haas counselled his wife in the hall.  “You don’t know,” he says.  “It 

makes you wonder.  And often, when I’m drilling at the top of the Himalayas on a clear night, 

you can look up and you can actually see galaxies, spirals, other spirals outside of the Milky 

Way.” 

It’s an inspiring vista that beckons a kind of question that defies a simple, concrete 

answer—the kind of question that has been on Lonnie’s mind for some time. 
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“How much do we really know about where we fit in space and time?”  This is Lonnie’s 

question, and he needs no prompting to share his thoughts: 

I’ve been reading a lot of Einstein’s work on relativity and the fact that matter becomes 

light and light becomes matter and you wonder what those connections are.  But the 

feeling that I got from this—the two messages that I brought back—was: one, you should 

never fear death because it was exhilarating.  If you had a question, you automatically 

knew the answer.  It was kind of incredible.  And the other was that we are a part of a 

continuum and that you needed to be very careful because if you destroy the Earth, you 

also destroy heaven or whatever afterlife you believe in because the life force that 

connects everyone is in everyone and does not die with the passing here on Earth.  It 

actually moves to another level.  I’ve traveled to India since then and I have been 

impressed with their belief system on what happens when you die.  There are actually 

stages that we all go through.  I mean as a scientist, you cannot explain this.  But as a 

human being and part of a system, I think, it gives you pause for thought on how we all 

are connected in the Universe. 

Global signals. 

Lonnie has ascended more mountains on Earth than almost anyone.  He has immersed 

himself in extreme field work that is personally awe-inspiring, physically arduous, and 

scientifically rewarding.  Certainly, a primary reward is the high-resolution climate histories.  

These are the air molecules and dust particles of past atmospheres that have been archived in the 

ice—stratified chronologies that reveal the evolution of past climates over thousands and tens of 

thousands of years. 
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“One of the things we always do,” he says, “is we drill two to three cores from the same 

ice field.”  This ensures that the record is reproducible in that archive. Of course, they analyze 

the trapped air and particles to determine what the signal is.  Then the question is, “What is the 

spatial significance of that signal? 

“I just got back from the American Geophysical Union meeting yesterday,” Lonnie says.  

This is the annual AGU event in San Francisco with 23,000 attendees.  As a session presenter, he 

compared a thousand years of climate data from the tops of the Andes and the Himalayas 22,000 

kilometres apart.  They presented findings of physical evidence from both continents of an 

unusual drought from 1789 to 1800 CE that corresponds with historical documentation on the 

Doji Bara famine that, by 1792, had led to more than 600,000 deaths in central India.i  “It’s 

remarkable how similar those records are.” 

“When you look at the peaks in Tibet, you’re up at 23,500 feet right at the top of the 

Himalayas.”  “You’re capturing a much larger scale of signal than you do if you’re down in a 

valley.”  A lot of weather stations collect data at lower altitudes.  They are affected by inversion 

layers and other local weather.  “I have,” he says, “this firm belief that if you go to the highest 

points on Earth, you’re gonna see a much larger global signal recorded in those records.” 

                                                
i Findings that Prof. Thompson refers to are summarized in an AGU abstract of his presentation (Thompson, 
Mosley-Thompson, Davis, Kenny, & Lin, 2014).  In part, the abstract suggests that the late 18th century drought may 
be partly attributable to the interaction of El Niños (occurring frequently) and shifts in the Earth’s inter-tropical 
convergence zone (occurring infrequently).  They also found evidence of drought from 1343 to 1375 CE in ice cores 
from the Andes (not the Himalayas) that correspond with the collapse of the Yang Dynasty in China and the Black 
Death pandemic in Eurasia.  Authors suggest that “understanding the characteristics and drivers of these historical 
events is critical for design of adaptive measure for a world with over seven billion people and unprecedented 
anthropogenic influences on the climate.”  I located the abstract after the 2014 interview.  Subsequently, Prof. 
Thompson (personal communication, July 2, 2017) noted that he and five co-authors submitted their work to the 
Geological Society of London for publication as “Tropical ice cores document major droughts in the mid-14th and 
late-18th centuries linked to ENSO variability and societal disruptions” in a special journal issue, The Himalayan 
Cryosphere: Past and Present.  As of July 2, 2017, this article is listed as in press on the publications webpage of 
the OSU Ice Core Paleoclimatology Research Group. 

http://adsabs.harvard.edu/abs/2014AGUFMGC41I..01T
http://research.bpcrc.osu.edu/Icecore/publications/
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“Just last year in Science, we published an 1,800 year annual history of climate in the 

tropics from the Quelccaya ice cap.”i  This is a high-resolution record, but it’s just one low-

latitude record from the Southern Hemisphere.  Looking at multiple records at multiple latitudes 

can confirm the global extent of a signal and isolate more regional signals.  “If you can talk 

about annual layers in South America and in the Himalayas and in Greenland and Antarctica,” 

Lonnie says, “you can start patching together the years and the events that controlled the climate 

in the past.”  “And,” he emphasizes, “you can’t do that without those very detailed archives.” 

But the loss of these archives has been accelerating. As an example, Lonnie refers to 

Mount Kilimanjaro in Tanzania.  This is the highest mountain in Africa.  In 2000, Lonnie says, 

“we drilled six cores to bedrock and brought those cores back frozen.  As of 2014, two of those 

sites are gone.  The ice is totally gone.”  A thousand years of ice vanished in a decade and a half.  

The deepest cores are 50 metres.  They were drilled at the Northern Ice Field and they go back 

11,700 years.  Now, Lonnie says, “we’re losing anywhere from a quarter to a half a metre of ice 

from the surface down on these glaciers every year.”ii iii  Every year, that’s 60 to 120 years of 

information lost.iv 

Lonnie views the physical evidence of tropical ice cores as a source for neutral 

information about past climates.  To illustrate, he compares them to sediment cores that scientists 

drill in the ocean bottom.  They examine chemical differences in shells from different time 

                                                
i See “Annually Resolved Ice Core Records of Tropical Climate Variability Over the Past ~1800 Years” (Thompson 
et al., 2013). 
ii See “Kilimanjaro Ice Core Records: Evidence of Holocene Climate Change in Tropical Africa” (Thompson et al., 
2002) and “Glacier Loss on Kilimanjaro Continues Unabated” (Thompson, Brecher, Mosley-Thompson, Hardy, & 
Mark, 2009). 
iii For historical mapping using 3D and satellite technologies, see “A Century of Ice Retreat on Kilimanjaro: The 
Mapping Reloaded” (Cullen et al., 2013). 
iv Based on my calculations, information Prof. Thompson provides about ice loss on the Quelccaya ice cap roughly 
equate to 100 years of ice per year. 
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periods.  “They’re looking at organisms that live in the ocean and adapt to climate change.”  

They adapt “by moving up and down in the water column to find their optimum place for living.”  

In Lonnie’s eyes, evidence from ancient organisms is not as convincing as the more direct, 

abiotic evidence he gathers on high mountains worldwide.  Up there, air and water molecules 

simply fall “out of the atmosphere” to be trapped in ice he extracts, sometimes tens or hundreds 

of thousands of years later. 

Still, Lonnie uses biotic evidence to fill out the picture.  In 2002, he retrieved wetlands 

plants from melting ice in Quelccaya.  Carbon-14 dating showed that they were 5,200 years old.  

“That means that that ice cap hasn’t been smaller for 5,200 years because these wetland plants 

are in growth position and they have not decayed.” 

The last time Lonnie was down to Quelccaya, it was 2011 and his team collected five 

plants that were 6,300 years old.  It’s a huge change.  “It’s that rate of change,” Lonnie says, 

“that really tells you the significance of what’s going on in today’s world.” 

Lonnie says the most recent plants were taken to the U.S. Senate as evidence that the 

world is different than it has been for over 6,000 years.  “They’re physical,” he says.  “We relate 

to things we can see.” 

I ask, “Do you get much pushback on that physical evidence of global warming?” 

“Not so much,” he says.  “Glaciers don’t have a political agenda.  They’re just summing 

up what’s going on in the environment.”i  And anyone can recognize their simple message.  “You 

don’t need to understand isotopes,” Lonnie says, “to see the changes.  And I think they are much 

more compelling than a lot of other evidence we have.” 

                                                
i This impromptu question was not an open-ended question that invited an experience to be shared.  A better 
question would have been, “Tell me about the pushback you received when you presented physical evidence of 
global warming.” 
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So what evidence has persuaded him that global warming can be attributed to human 

activities?  Lonnie says it’s not just the ice.  There’s more to it than that. 

It’s our temperature measurements.  It’s our tree ring records.  It’s our coral records.  It’s 

our marine records.  It’s what’s happening in the snow cover on the Earth.  It’s all the 

evidence.  The fact that sea level is rising and accelerating all point in the same direction.  

It’s the balance of the evidence that is convincing. 

The Third Pole. 

Lonnie takes me back to the late 1970s.  “I was reading,” he says of that time, “some old 

Journal of Glaciology papers about ice caps that the Germans had seen in the distance in the 

1920s.”  He’s talking about ice in Western China.  With so many ice caps and glaciers there, 

people now call it the Third Pole.  “They’re there and you can drill them.” 

The physical presence of alpine ice is one thing.  Political roadblocks are another.  There 

was no way for an American to get permission to drill mountains in China’s back yard.  Not in 

the 1970s.  But he was able to get a letter to a scientist into the country.  He wrote to DENG 

Xiao-Feng, head of the Lanzhou Institute of Glaciology and Geocryology.  They agreed to meet 

in a neutral country to discuss future possibilities.  At the 1979 IUGGi conference in Canberra, 

Australia, they talked over dinner and launched a long collaboration. 

“As soon as relations were normalized between the US and China in 1984, I went to 

China.”  For three months, he was the lone American scientist in the group.  “They didn’t speak 

English and I didn’t speak Chinese,” he recalls.  It was also a very different time when horses 

were still in downtown Beijing.  But Lonnie was motivated to access the Third Pole’s 

“remarkable evidence” that would enhance the resolution of the picture that scientists have of 

                                                
i International Union of Geodesy and Geophysics. 
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past climates.  Drilling ice cores and recording the loss of mass on the glaciers is work that is 

best done by glaciologists at the site.  But in the new field of alpine glaciology, scientists were 

greatly outnumbered.  “On the Third Pole over in Tibet there are over 46,000 glaciers.  There’s 

no way you’re gonna monitor all those on the ground so you need the satellites.”i 

Lonnie also collaborated with Chinese scientists who were there working on the ground.  

In 2004, a long-time colleague (and exchange student at OSU in the late 1980s) invited him to 

Beijing to support his bid to the Chinese National Academy of Sciences to start a new Institute of 

Tibetan Plateau Research.  Professor YAO Tangdong received the funding and now has campuses 

in Beijing, China and Lhasa, Tibet.  “His laboratories,” Lonnie remarks, “are five times more 

modern than the ones that we have here.” 

Through decades of collaborations and cooperation, understanding and trust accumulated.  

In 2009, Lonnie was elected as a foreign member of the Chinese Academy of Sciences, a rare 

and difficult achievement.  By working with people, he was able to help advance the scientific 

investigation of the Earth system.  “We can get permits,” he says, “to go into places in Tibet that 

no one else could dream of because we have worked there for so long and we have built that 

relationship.” 

In August 2009, in Chicago, he met with YAO Tangdong from China and Volker 

Mosbrugger from Germany, to hatch the creation of what they called the Third Pole Environment 

program.  They wanted to bring together countries in the region to study climates, glaciers, the 

atmosphere, ecology, and human impacts.  They also saw a need to standardize measurements 

and “get exchanges going between the countries.”  But Lonnie’s hopes did not end with the 

                                                
i Prof. Thompson commented on the value and limitations of using satellites: “What they see is the reflection from 
the area of the ice field. What they don’t see is the fact that these glaciers are losing mass from the surface down.” 
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advancement of scientific understanding.  “Going forward, if I can play a role in bringing 14 

countries in the Third Pole region together, countries that now are at war with each other with 

disputed boundaries,” Lonnie says, “if we can break down some of that, lead to better quality 

science in that part of the world, that that will also be a great contribution for the next 

generation.” 

Lonnie talks of the fall of the Soviet Union.  “Just before it fell, I ran an expedition, 

supported by the U.S. government to go look at ice caps in southern Russia and up in Franz Josef 

Land.”  In Lonnie’s experience, the scientists are part of the first wave of people into a country 

when relations normalize.  Why?  “Because scientists tend to think about processes.  They don’t 

stop at borders.  We think broadly.  We don’t make any products that anyone can sell, so there’s 

no competition from that point of view.  In many ways, we’re ambassadors that can change the 

world with time.” 

Get along with people. 

When our conversation began, I thanked Lonnie for the opportunity to have this talk and I 

acknowledged his many achievements.  “Well,” he chuckled at the time, “we do what we love to 

do and, of course, it’s a team effort here.” 

As our conversation wraps up, I share my amazement at what he has done.  “The places 

you’ve been,” I say, “and the people you’ve been working with, the diversity, and the different 

rules and regulations, it’s mindboggling.” 

“Growing up in West Virginia as a poor person,” he says, “interacting with people of all 

levels has really served me well.” 

Anyone who ever had Lonnie as a professor at OSU, I imagine, likely received a kind of 

instruction that went beyond the core subject material.  “I tell my students this,” he says. “it is 
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very important to be smart and know what you’re talking about.  But, it is equally important to 

be able to communicate and get along with people because none of us can do anything alone.  I 

mean, we have to work together, and the better we can do that, then the more success we have.”  

Over the past two hours, Lonnie has continually slipped these snippets of advice into our 

conversation.  Little philosophical tweets on how to live and do science well. 

“I always tell my graduate students,” he said at one point, “if you start here, the hope is 

that you’ll find a passion, the reason that you’ll wanna get up every day and go to work. Once 

you find your passion, the rest of it falls into place.” 

I surmise that Lonnie’s outlook and professorial habit spring from the wisdom and ways 

of his mother, and from the experiences and cares that come from growing in the small, rural 

community of Gassaway and West Virginia.  However true that may be, one thing is clear:  

Lonnie leans heavily on objective scientific evidence as trusted ground for interpreting and 

understanding the Earth as it actually is.  Isotopes, dust particles, and carbon-dated plants—

vessels of archived, physical evidence—and they all matter. 

But there’s more.  Lonnie has a personable way of being that has enabled him and his 

team to get the information in the first place.  “Know what you’re talking about” and “be able to 

communicate and get along with people because none of us can do anything alone.”  This advice, 

we can see, is well-grounded in observation and life experience. 

2.6. Andrew Watson and Intelligent Observers 

Man’s claim to have progressed far beyond his fellow animals must be supported, not by 
his search for food, warmth, and shelter (however ingeniously conducted) but by his 
penetration into the very fabric of the Universe. 

—Sir Fred Hoyle (1955, p. 1) 
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What are the chances that a planet like Earth exists with complex life and intelligence?  

Might it be relatively common with one planet in every ten solar systems?  Or, is it so 

unbelievably rare that it occurs on one planet in ten galaxies?  These are questions Professor 

Andrew Watson has thought a lot about.  “My opinion is that it’s the latter, but I’m prepared to be 

proved wrong.” 

Andy Watson is a Royal Society research professor in the United Kingdom.  His research 

interests are varied, although one way or another, they all orbit around the co-evolution of life 

and its global environment.  In particular, he’s interested in processes that affect concentrations 

of oxygen and carbon dioxide in the atmosphere. 

In 1978, Andy received his PhD from Reading University after completing research 

supervised by James Lovelock who was then developing his Gaia hypothesis.  Upon graduating, 

Andy crossed the Atlantic to take a three-year, post-doctoral position at the University of 

Michigan where he investigated the evolution of atmospheres on Venus and Earth as part of 

NASA’s Pioneer Venus mission.  When he returned to the UK in 1981, and for the next decade 

and a half, his research was based at two marine laboratories in Plymouth.  There, he made 

oceanography the focus of his career. 

“I’m a marine scientist,” Andy says. i  “Most of my professional papers have tended to be 

on the carbon cycle and on physical oceanography and chemical oceanography.”  Mostly, he 

studies the most voluminous part of the biosphere.  “I must have done—I don’t know—twenty or 

thirty cruises.” 

                                                
i I was surprised to hear that Prof. Watson is an oceanographer.  I had asked him to participate after learning about 
his work in Revolutions That Made the Earth, the book he co-wrote with Dr. Timothy Lenton in 2011.  Nonetheless, 
Prof. Watson shared marine research experiences in response to open-ended questions. 
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In 1996, he continued marine research at the University of East Anglia (UEA) where he 

took a post as professor of biogeochemistry.  In 2007, he became director of the UEA’s 

Laboratory for Global Marine and Atmospheric Chemistry. i  In 2009, he was awarded his first 

Royal Society Research Professorship that recognizes exceptional accomplishments of world-

class scientists.  Now he’s based at the University of Exeter where, since 2013, he has headed its 

atmospheric and ocean science research group. 

Today is Thursday, November 27, 2014.  Andy is in his modern, university office in the 

ancient city of Exeter in South West England.  I’m eight time zones away in my home office on 

Vancouver Island near the southern tip of Canada’s west coast.  Our webcams connect us via the 

internet.  Without delay, Andy steps back to a memorable moment decades earlier. 

Almost an astronomer. 

At 14 or 15 years old, Andy was the kind of teenager who liked to exercise his mind more 

than compete in sports.  “I would,” he says, “skive off games in the afternoons and end up in the 

library.”  And that’s what happened this particular school day.  “I picked up this book which was 

the first that I had read which was written by a real scientist who was doing that work.”  The 

book was Frontiers of Astronomy by Fred Hoyle,ii a famous astronomer at the time. 

“It was really quite up-to-date for that time, and it described the internal processes that 

keep stars burning and ideas about the formation of the solar system.”  He remarks that Hoyle 

was a proponent of the Steady State theory of the origin of the Universe.  “It turned out that the 

Big Bang theory was right and the Steady State theory was wrong, but the Steady State theory 

was much more elegant.” 

                                                
i Prof. Watson remained director at the UEA until 2015. 
ii Frontiers of Astronomy was published in 1955. 
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“I was totally fascinated.”  There was the intriguing theory, the images of stars in the 

cosmos, and Hoyle’s extremely well-written text that brilliantly communicated big, scientific 

ideas to a popular audience.  “It really turned me on to science, as I say, because it didn’t talk 

down to you.  It talked at you.”  And the exposure left him with big questions.  “What’s my place 

within all of that vastness?” he wondered at the time.  “How on Earth did I get here?” 

The more he observed, it seems, the more particular his questions became.  “How come 

the planet looks like it does?  Where did all these living things come from?  Where did we come 

from?”  Even now, that inquisitiveness persists.  “I’ve always been seeking clues, and astronomy 

appeals because it shows you the absolute vastness of Creation.” 

Andy went on to study physics at Imperial College London where he obtained an 

undergraduate degree (1st honours) in 1975.  There, he explored infrared astronomy and decided 

to pursue a PhD in the field.  Returning to Imperial College was a natural option, but a special 

sort of gravity was pulling him toward Reading University.  “I wanted to go to Reading because 

my girlfriend at the time was going there.”  But there was a problem.  There was no astronomy 

program. 

“But I did come across Jim Lovelock—James Lovelock—who was a visiting professor at 

the time.” i  This was 1975 and Andy had just read “Quest for Gaia,” an article in New Scientist 

magazine that Lovelock had co-written.ii  It was one of the first articles to describe the ideas 

Lovelock had formulated about Gaia.  “And it was,” Andy says, “a very big concept that the 

Earth was self-regulating in some sense.” 

                                                
i Dr. Lovelock was visiting professor from 1965 to 1984 (Gribbin & Gribbin, 2009, p. 171). 
ii “Quest for Gaia” was published in the February 6, 1975, edition of New Scientist.  The full edition of the magazine 
can be accessed online at Google Books or, indirectly by the New Scientist list of Gaia articles. 

https://books.google.co.uk/books?id=pnV6UYEkU4YC&lpg=PP1&pg=PP1#v=onepage&q&f=false
https://www.newscientist.com/round-up/gaia/


LEARNING FOR PLANETARY HABITABILITY 171 

In that article, Lovelock and Epton (1975) asserted, “Life defines the material conditions 

needed for its survival and makes sure they stay there” (p. 304).  Sharpening their point, they 

added, “Living matter is not passive in the face of threats to its existence” (p. 304). 

“It looked really, really interesting,” Andy reflects back.  “It chimed with my 

astronomical ambitions in the sense that it was big science, a big idea.  And, again, it was very 

well-written.  It really spoke to me.”  And he soon learned that Lovelock was at Reading.  “So I 

wrote to him and we got on very well.  So, that’s how I ended up doing my PhD with Lovelock.” 

For some time, Andy had been carrying around some big questions.  “But Gaia,” he says, 

“had an answer, or the beginnings of some kind of an answer.  So to me, it was similar to 

astronomy but it didn’t involve looking through a telescope.” 

Starting his PhD research in 1975, Andy experimented with fire and vegetation in 

atmospheres of different oxygen concentrations (Watson, 1978).  That work led to a related paper 

on the regulation of oxygen concentrations (Watson, Lovelock, & Margulis, 1978) and key input 

into Gaia theory (Gribbin & Gribbin, 2009, p. 171). 

Off and on, Andy continued to collaborate with Lovelock for thirty years. i  “He’s been an 

enormous influence on me,” Andy says. ii  “He is a great proponent of science for science’s sake.  

And he has that creative excitement of learning new things about how the world works.” 

                                                
i During the interview, Prof. Watson offered some distinctions between his views on Gaia and those of Lovelock.  
He said, “I don’t agree with the most extreme form of Gaia.  The Earth is a remarkable system, but it’s not 
necessarily and solely self-regulating to the extent that it rigidly homeostats.  That’s my opinion.  So, in some 
respects, as you say, we’ve parted company, and it’s necessary to do that because Jim has taken Gaia in his own 
direction.” 
ii Gribbin and Gribbin (2009) note that Prof. Watson’s association with Gaia dampened career prospects early on 
because the idea was not embraced by many established universities.  But, as time passed, it became an advantage.  
Watson is reported to have said, “Most of my best students have found their way to me after reading about Gaia” (p. 
172).  This material was accessed after the interview. 
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In the 1980s, Andy was especially active on Gaia-related projects.  Together, Lovelock 

and Watson (1982) reviewed the Gaia hypothesis and addressed critiques scientists had raised.  

But one those critiques—one shortcoming—warranted a special kind of response.  Andy tells me 

that early on, Lovelock had always stated that Gaia’s self-regulation “explains how the Earth has 

been habitable over such a long time period.”i  But he had been silent on a regulatory control.  

“In his early books,” Andy explains, “he didn’t give any clues as to a mechanism on which that 

would have happened.  It was his intuition, as it were, that the system is stable and self-

regulating.”ii 

To respond to the criticism,iii Lovelock conceptualized a simple computer model that 

shows how self-regulation works on a fictional planet.  He called the planet Daisyworld.  Around 

1982, Lovelock asked Andy to look at an early version he was experimenting with on his home 

computer. 

Daisyworld has a sun like the Earth does.  It is inhabited by two plant species (different 

kinds of daisies) and has one environmental variable (temperature).  “I initially thought,” Andy 

says, “Well, these models are too simplistic to tell us anything very much.”  But his skepticism 

faded after seeing them in action.  “I developed most of the math,” he says of his contribution.  

And together, they published the equations and reported findings from their investigations with 

the model (Watson & Lovelock, 1983).  Their paper describes albedo feedbacks involving two 

                                                
i For example, Lovelock (1979/2000, p. 18) points to the 3.5 billion-year, unbroken record of life and stable climate 
on Earth despite the gradual increase in the sun’s radiation by about 25%. 
ii Lovelock (1988) wrote that, absent an apparent mechanism that drives self-regulation, many scientists presumed 
that Gaia theory is a teleological concept “that required foresight and planning by the biota” (p. 32).  Teleological 
explanations, he added, are regarded by academics as a “sin” against scientific rationality and a denial of the 
“objectivity of Nature” (p. 32). 
iii The sixth chapter of The Vanishing Face of Gaia, “The History of Gaia,” discusses scientific critiques and 
defenses in “the long and seemingly never-ending battle for the recognition of Gaia theory” (Lovelock, 2009, p. 
115). 
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interacting elements of a coupled system: biota (daisies) and the environment (temperature).  

“Regardless of the directions of the feedbacks,” they wrote, “the model always shows greater 

stability with daisies than it does without them” (p. 288). 

“We soon realized,” Andy tells me, “that it was the very simplicity that gave it a lot of 

teaching power which is the use that it’s really had—to show people that even very simple 

interactions which are unguided can lead to very surprising behaviors.”  His experience with 

Daisyworld changed the way he uses models.  “That was quite profound for me.  And ever since 

that time I’ve preferred, whenever possible, to use simple models, preferably ones that you can 

analyze with straightforward mathematics over complex computer models.” i 

On the open ocean. 

Around the time Andy was working on Daisyworld, he was investigating techniques for 

understanding the oceans.  “A lot of the work that I did in the early 1980s and am still doing was 

developing tracer methods for looking at mixing in the ocean.”  At the time, the American marine 

scientist, Dr. Wally Broecker was looking for “a way of understanding how quickly carbon 

dioxide is going into the oceans.”  But scientists needed a way to track it.  “So, Broecker did a 

little thought experiment.”  He said, “Well, if we had a tracer, we could fit it in the mid-depth of 

the North Atlantic and we could watch it spread.  And that would give us the rate of which the 

ocean mixes.”  Scientists needed an inert chemical that could be added to the oceans and 

detected at very low concentrations.  Skeptics suggested that a tracer would streak and show 

nothing.  But Broecker kept suggesting chemicals that might work.  One idea was tritium.  “But 

                                                
i For further descriptions and discussion of Daisyworld, see Gribbin and Gribbin (2009, pp. 172-177) and Lenton 
and Watson (2011, pp. 112-119) who write that, despite inherent limitations, the Daisyworld models “illustrate that 
self-regulation of climate involving life is feasible and it doesn’t require any conscious foresight or planning on the 
part of the responsible organisms” (p. 119). 
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then he realized,” Andy says, “that people wouldn’t allow him to stick a radioactive substance in 

the ocean.”  So Broecker suggested chlorofluorocarbons.  But on this one, he got the maths 

wrong.  “Lovelock wrote to him and said, ‘You’re doing that calculation wrong, but anyways, a 

better one is sulfur hexafluoride.’” 

“So Lovelock and Broecker had this conversation and I was working with Jim on 

Daisyworld.  And Jim Ledwell was working with Broecker.”  The two more seasoned scientists 

suggested that Andy and Jim Ledwell work out the details.  “So Jim and I developed the 

methodology for measuring the rate at which the ocean mixes using sulfur hexafluoride.”  And 

they tested it off the coast of California. 

“Broecker came on the first cruise.  It’s the only time I’ve been at sea with Wally 

Broecker.”  They put the tracer in the water, transferred ships, and sent their instruments down to 

get water samples.  “We could detect our traceri and immediately, we got measurements of how 

fast that particular piece of the ocean was mixing.”  Andy was thrilled.  “We got a measurement 

that nobody else had been able to do!”  And it was an experiment that could be scaled up to study 

the whole Atlantic Ocean.  “So, that was a fantastic cruise because we’d developed, from scratch 

essentially, a new technique and used it to answer a question that people have been trying to 

answer for five to ten years” (Ledwell, Watson, & Broecker, 1986). 

“Using that basic methodology of a tracer in the ocean, we did an experiment in 1993 

called IronEx I which was the first iron release experiment.”  For fifty years some scientists had 

been suggesting that iron might be a limiting nutrient in the oceans.  The American 

oceanographer, Dr. John Martin, ii had been pressing for an experiment to put the questions to 

                                                
i Prof. Watson said the tracer was detected with an electron capture detector (ECD).  Gribbin and Gribbin (2009, p. 
97) note that Lovelock invented the ECD in the late 1950s. 
ii Dr. Martin passed away shortly before IronEx I. 
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rest.  But it is very difficult to measure iron in the open ocean.  “The levels of iron in the ocean 

are a few tenths of a nanomole and at those levels, you need astonishingly-clean procedures to 

get proper measurements of what’s in the water.”  If, for example, you’re making measurements 

while standing on an iron ship, you’re probably measuring contamination.  And you need a way 

to mark and track the moving patch of seawater that has been enriched with iron (Martin et al., 

1994, pp. 124-125).  “The problem”, Andy says, “is you don’t know where you put it.”  So, with 

scientists at the Martin lab, they combined their sulfur hexafluoride tracer with two tons of iron 

and released it into the ocean.  Then they waited a week or so to see if plankton grew.  “And it 

worked!  It produced a bloom of plankton in the ocean!”  Andy has repeated the experiment 

several times.  “And wherever we’ve done it, we find the plankton are iron-limited.”  He had 

helped resolve the long-standing ‘iron hypothesis’ debate.  They proved that iron is a limiting 

factor for plankton growth, and that iron can control ocean plant productivity and biomass.  “We 

nailed that one!” Andy exclaims (Martin et al., 1994).i 

“Oceanography,” Andy reflects, “moves forward comparatively fast because what 

happens is you bring a bunch of oceanographers together, typically for a month.”  They get on 

the research ship with their data and set up their computers right away in the control room.  “And 

you can’t get off.”  It’s like a summer camp.  “In the sense that you’re with your colleagues for a 

month, day in, day out.”  And when you’re on a cruise, the focus is pretty much a hundred 

percent on the science.  “I find them incredibly productive, I must say.” ii 

                                                
i “The Iron Rule on the High Seas” by Prof. Watson (1993) provides a brief but compelling account of how this 
scientific question was resolved.  Related journal articles include Watson, Liss, and Duce (1991), and Watson, 
Boyd, Turner, Jickells, and Liss (2008). 
ii View the 15-minute video “A Drop in the Southern Ocean” by Moran and Sheen (2014) to see “DIMES” 
researchers from the UK on a research ship using tracers to measure water mixing in the Southern Ocean.  I 
discovered the video in November 2016 on the website of the atmospheric and ocean science research science group 
that Prof. Watson heads.  Incidentally, Dr. Jim Ledwell is a senior scientist on the cruise. 
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Andy suggests that international meetings have been similarly productive and 

worthwhile.  “I don’t get time to read much of the literature, so I get up to speed when I go and 

talk to my colleagues.”  The conversations can get you thinking more outside the box and 

influencing one another.  “They move you in directions that you wouldn’t otherwise go, and the 

same is true vice versa.  So that process of getting two or more people together and just free-

running your mind is pretty useful.” 

Lovelock’s telescope. 

I didn’t ask Andy to recount the story of how Lovelock first perceived the Earth as a 

whole, self-regulating system.  But it’s a story that Andy knows well, and it has relevance to the 

next part of our conversation.  So I’m providing a summary of this well-documented story. i 

In the early 1960s, scientists at the biosciences division of the NASA Jet Propulsion 

Laboratory (JPL) in Pasadena, California, were asked to devise experiments and devices that 

could be taken to Mars in a spacecraft lander to detect life on the red planet.  As a contract 

scientist working at JPL, Lovelock was invited to sit in on planning meetings.  Other scientists 

and engineers were developing instruments and methods that might detect forms of life that are 

biochemically similar to those that have evolved on Earth—approaches that could be tested in 

the nearby Mojave Desert where life is relatively sparse.  But Lovelock stepped back to try to 

identify a more universal set of physical principles that might be leveraged to detect life of any 

form.  To help concentrate his thinking, he posed a disruptive question: ‘What if life on Mars is 

different than here on Earth?’ (Gribbin & Gribbin, 2009, p. 137; Lovelock, 1965, p. 1)ii  Owing 

                                                
i Lovelock’s story of conceiving Gaia is well documented by Lovelock, co-authors, and biographers (Gribbin & 
Gribbin, 2009; Hitchcock & Lovelock, 1967; Lovelock, 1965, 1988; Lovelock & Giffin, 1969). 
ii Page numbers (1 to 5) cited for the Lovelock (1965) article refer to pages of a reproduced version printed from 
http://www.jameslovelock.org/page6.html, not page numbers in Nature, the journal of publication. 

http://www.jameslovelock.org/page6.html
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to his scientific training, asking this question came with a hunch on how it might be answered.  

Right away, he hypothesized that life might be identified by the presence of low entropy. 

Entropy refers to the level of order.  High entropy is associated with disorderliness, 

randomness, or states that are at or near equilibrium.  Over time, the Universe tends toward high 

entropy (Clausius, 1867, p. 365).  Low entropy is a more orderly state where energy is higher or 

where more information is processed.  Low entropy may be associated with states (or systems) 

where a disequilibrium is maintained over long periods. 

Seeking some deeper insight about the physical characteristics he was looking for, 

Lovelock turned to the scientific literature; to three books in particular:  What is Life? by 

physicist Erwin Schrödinger (published 1944), The Physical Basis of Life by physicist John 

Bernal (published 1951), and The Thermodynamics of the Steady State (published 1951) by the 

physical chemist, Kenneth Denbigh.i  There is no widely agreed up definition or description of 

life, not even today.ii  But in the 1960s, Lovelock found agreement among the three-above 

mentioned scientists for a broad classification of the physical basis of life.  He amalgamated their 

points of agreement into a statement he attributed to the three together:iii 

Life is one member of the class of phenomena which are open or continuous reaction 

systems able to decrease their entropy at the expense of substances or energy taken in 

from the environment and subsequently rejected in a degraded form. (Lovelock, 1965, p. 

2) 

                                                
i Literature that Lovelock drew upon for his investigation of broader (physical) characteristics of life are noted by 
Gribbin and Gribbin (2009, p. 137), Lovelock (1965, p. 2), and Lovelock (1988, pp. 22-25). 
ii Attempts to describe the nature of life with a simple definition remain controversial and inadequate where a 
scientific theory is likely needed, and where such formulations are still at a formative stage (Cleland, 2012; Cleland 
& Chyba, 2002). 
iii In a later work, Lovelock (1988, pp. 22-25) discusses the work of each of the three scientists individually.  
However, Lovelock’s quotation in 1965 appears to most closely resemble ideas that, in 1988, he attributes to Bernal 
alone. 



LEARNING FOR PLANETARY HABITABILITY 178 

Lovelock considered this classification so broad that flames and vortex motion could 

easily be included.  It would need to be narrowed for life to be distinguished from such 

phenomena.  To do this, Lovelock noted additional characteristics suggested by various authors.  

Thus, his paper also associates life with phenomena that are singular, form with difficulty, persist 

indefinitely, reduce entropy to a significant degree, and “vastly modifies its environment” 

(Lovelock, 1965, p. 2).  These characteristics and effects can be observed at the level of an 

individual, living organism.  But Lovelock did not stop there.  He also looked at the planet as a 

whole and envisioned it as a single system with organisms living at the surface and interacting 

with and modifying the atmosphere so environmental conditions suit “the contemporary 

ensemble of organisms” (Lovelock, 2009, p. 166).i  Lovelock hypothesized that a chemical 

analysis of a planet’s atmosphereii could detect life if it revealed a sustained, co-existence of 

incompatible compounds.  In other words, a chemical disequilibrium.iii 

Such an atmospheric analysis could be done with an infrared telescope from the Earth.  It 

would not require a lander to go to Mars.  In September 1965, the month after Nature published 

his paper on life detection, Lovelock was shown data from an analysis of the atmospheres of 

Mars and Venus.iv  Based on Lovelock’s prediction, the analysis showed no sign of life on Mars 

or Venus (Gribbin & Gribbin, 2009, p. 140). 

                                                
i Lovelock (2009) corrects his earlier perception by writing, “We now know that this hypothesis as originally stated 
was wrong because it is not life alone but the whole Earth system that does the regulating.  The hypothesis evolved 
into what is now Gaia theory” (p. 166). 
ii At a broad level, Lovelock (1965, p. 2) identified two potentially-universal markers to distinguish a life-bearing 
planet from a sterile one.  In short, one is an omnipresence of intense orderliness and of structure and events that 
would otherwise be improbable; and the other is extreme departures from chemical equilibrium. 
iii As an example of chemical disequilibrium, detecting a persistent co-existence of oxygen and methane would 
strongly suggest the presence of life.  This is because methane and oxygen react rapidly to produce carbon dioxide 
and water, so ongoing replenishment would be required.  See Lenton and Watson (2011, p. 98). 
iv A team of astronomers at France’s Pic du Midi Observatory had done the analysis Lovelock suggested, and soon 
after, Lovelock was in Pasadena when one of the team members visited with some data.  The remote analysis had 
revealed that both atmospheres are dominated by carbon dioxide with trace quantities of other gases.  The French 
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Although NASA missions around that time did not detect traces of life,i NASA continued 

its search for life on Mars.  But Lovelock redirected his thinking about planetary biota and 

atmospheric systems towards the pale blue dot that is positioned between two apparently-lifeless 

planets.  That is, he re-focused his attention to the “entire range of living matter on Earth” 

(Lovelock, 1979/2000, p. 9).  But it would take a decade for him to organize his ideas into a 

formal scientific hypothesis that he would call, the Gaia hypothesis. ii 

“I do find it interesting,” I say to Andy, “this way of detecting life on Mars, this top-down 

view of the system—” 

“Yeah,” he responds, “that’s an instance where the top-down approach works—.”  Andy’s 

thoughts pivot mid-sentence.  “Jim has always said, ‘Okay. This is how you detect life.’” 

“Actually,” Andy counters, “it won’t work to detect life.  What it detects is 

photosynthesis because it detects a process that is capturing and converting energy on a fairly 

large scale.”  Photosynthesis gets energy from sunlight and turns it into chemicals that are 

continually emitted to the environment to produce an ongoing chemical disequilibrium that can 

be observed in the atmosphere.  “Then, if you look down on the Earth with an instrument that 

analyzes the atmosphere, you can see that.” 

“Now, on Mars, most people think that there certainly was life on Mars back at the 

beginning of the Solar System.”  And lots of people, he suggests, think that life on Mars seeded 

                                                
astronomers essentially detected two high-entropy atmospheres that are near equilibrium.  There was no bio-
signature of incompatible yet co-existing compounds. 
i Gribbin and Gribbin (2009, pp. 139-140) note that no traces of life were detectable in the first reasonably-clear 
images obtained for the surface of Mars, and that traces were not detected by instruments when Viking Landers 
touched down on Mars in 1976. 
ii John and Mary Gribbin note that climatologist Stephen Schneider refers to the paper, “Atmospheric Homeostasis 
By and For the Biosphere: The Gaia Hypothesis” (Lovelock & Margulis, 1974) as “the classical scientific article on 
Gaia” (Schneider, 1997, Chapter 1, Endnote 6).  Further, Lovelock collaborated on the Gaia hypothesis with Lynn 
Margulis, a biologist at Boston University and lead author of the paper, “Biological Modulation of the Earth’s 
Atmosphere” (Margulis & Lovelock, 1974). 
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life “really early” here on Earth. i  What scientists believe now is that microbial remnants of life 

might be found on Mars if you dig far enough below the surface.  He’s talking about 10 to 50 

kilometres deep where it’s warm enough for water to be liquid.  “There’s no photosynthesis at 

the surface which catches the huge amounts of sunlight and energy that you see on Earth.” 

What does all this mean? 

“There may be life on Mars, but it’s ticking over so slowly that it doesn’t show up on the 

Lovelock telescope which is the process of looking at a planet’s atmosphere and diagnosing 

whether there’s life there.” 

I ask Andy to turn the Lovelock telescope toward the Earth before photosynthesis started 

Earth’s oxygen revolution ii billions of years ago.  I’m curious what it would detect in the Earth’s 

early biosphere. 

“That’s a good question,” he starts.  Oxygenic photosynthesis started around “probably 

2.7 billion years ago.”iii  That is the estimated point when a bacterium produced oxygen for the 

first time, but it probably took hundreds of millions of years for oxygen to accumulate in the 

atmosphere.  Although oxygen production was just starting about 2.7 billion years ago, there 

were bacterial organisms (e.g. green sulfur bacteria) that produced sulfur gases and methane that 

would be way out of chemical equilibrium. iv  “So, at that point, it would pass the Lovelock test.” 

But 3.5 billion years ago—or perhaps 3.85 billion—when early microbial life inhabited 

the Earth, it was a different situation.  “If you went back to that very earliest biosphere, it would 

have been run just by chemical reactions.  There was no photosynthesis.”  A bacterial organism 

                                                
i Prof. Watson says that support for this idea is partly based on the early establishment of life on Earth. 
ii Part III of Revolutions That Made the Earth (Lenton & Watson, 2011) describes the start of oxygenic 
photosynthesis and the two-step rise of oxygen concentrations in the atmosphere. 
iii See Lenton and Watson (2011, p. 89) for a discussion of the estimate of 2.7 billion years. 
iv This was an early type of photosynthesis (anoxygenic) that does not produce oxygen. 



LEARNING FOR PLANETARY HABITABILITY 181 

might have been “lucky enough to have, let’s say, sulfur coming out of a volcanic femoral 

somewhere, and it’s out of chemical equilibrium with the rocks around it.  Then there will be a 

chemical gradient that living things—bacteria—could exploit.”  But instead of pushing the 

system further from chemical equilibrium, he explains, each of these organisms “would be 

making its living by making the atmosphere closer to chemical equilibrium.”  The atmosphere 

would not change.  These organisms would take two gases, react them, and use the resulting 

energy. i  “That kind of life would not pass the Lovelock test.” 

Andy suggests that half the moons and planets in our Solar System—wherever there’s 

liquid water—might have non-photosynthetic life.  “For instance, Europa, some of the moons of 

Jupiter, some of the moons of Saturn, it could be there but you wouldn’t be able to detect it by 

looking at the atmosphere.” 

Far out science. 

“People want to discover life out there.” And they have some big questions.  “How 

common is life of different sorts?  Could there be complex life, intelligent life out there?”  And 

many astronomers are actively looking for signs of life.  “They’re all looking for, for example, 

ozone signatures.”  They’re looking for atmospheres with enough oxygen to support complex 

and, perhaps, intelligent life.  But so far, little evidence has been obtained on whether exoplanets 

have an atmosphere “let alone what the atmosphere is made of.” 

Yet astronomers keep advancing their techniques, and Andy talks of occultation 

techniques.  “You might get information about what’s in the planet’s atmosphere from that 

technique because as the planet starts to move across the sun—its star—you’re looking at light 

                                                
i Lenton and Watson (2011, p. 48) write that organisms that can do this are chemo-litho-autotrophs.  It means they 
get energy coming from the Earth instead of from the sun or by ingesting organics. 
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that’s gone through its atmosphere just at that moment.”  The challenge is to “dig any 

spectroscopic information” out of that miniscule sliver of atmospheric light.  “But, we know in 

principle how to do it.  These are Lovelock telescopes, basically, that would analyze these 

planets’ atmospheres.”  The other challenge is that space agencies haven’t put planet-finding 

telescopes on their “list of definite launches” into space. 

Andy grew up wondering where and how life could be found in the Universe.  Later in 

his scientific career, he found an uncommon approach that combines knowledge of the formation 

and behaviour of the Earth system and the larger Universe to improve estimates for the 

“likelihood of complex life and intelligence arising on any given planet” (Watson, 2008, p. 2).  

To do this, he reviewed the scientific record of the development of life on Earth with the aid of a 

simple, conceptual model for thinking about (in somewhat quantitative terms) the constraints and 

probabilities for life to establish and evolve within its habitable period. i  Research on these 

matters culminated with the publication of his “critical steps paper” (Watson, 2008).  From my 

post-interview reading of it, the scientific intricacies means it takes me a few readings of the 

many parts of it to achieve a comfortable understanding of the methods and conclusions.  The 

basic idea is that complex, intelligent life on Earth evolved after passing sequentially through a 

small number of difficult yet critical steps, each of which were unlikely to occur within its 

habitable period.  But the paper goes further to make a best guess that life on Earth evolved 

through four critical steps: (a) the establishment of life on Earth (b) the evolution of oxygenic 

photo-synthesizers, (c) the evolution of complex life (eukaryotes), and (d) the recent emergence 

of intelligent life—our species.  Andy’s paper challenges common assumptions that life has 

                                                
i Lenton and Watson (2011, p. 70) estimate the Earth’s habitable period as 5 to 6 billion years of which about 4.5 
have passed.  With 10 to 25% of the habitable period remaining, they say the Earth has reached old age. 
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evolved through just one or two critical steps (e.g. biogenesis or intelligence).  Given that each 

step is unlikely in itself, it suggests that the overall chance of a planet progressing through all 

steps to intelligent life within the habitability period “may be vanishingly unlikely” (p. 9).  The 

results are suggestive, not firm conclusions.  Nonetheless, they fit with the absence of “evidence 

for abundant, intelligent activity elsewhere in the cosmos” (p.3).  “The conclusions,” he wrote, 

“lend some theoretical support to the Rare Earth hypothesis of Ward and Brownlee (2000)” (p. 

9). 

“It tends to suggest,” Andy comments, “something about our place in the wider Universe.  

And I do think that’s an important paper.”  But the usefulness he sees in the paper has not been 

obvious to all.  At least not to some of his institutional colleagues. 

Every few years, the UK government reviews the most important papers that researchers 

have done.  I learn that these reviews are used to make funding decisions for university 

departments.  Like his peers, he was asked to select papers for inclusion in the review.  “I put that 

one down and was told to take it out and put in more conventional papers because most people 

think it’s too far out there.  That it’s not very important.” 

Presumably, department managers expected that other papers would help secure the 

funding they were after.  In any case, Andy teamed up with a colleague and former student, Dr. 

Timothy Lenton, to publish a book in 2011, Revolutions That Made the Earth.  This thick volume 

expands on concepts in his 2008 paper—evolutionary transitions, critical-steps, i and 

reorganizations of the Earth system.  It weaves them into a scientific narrative about the long 

history of the Earth and its biosphere.  It integrates great swaths of scientific terrain: astronomy, 

geophysics, geochemistry, biology.  And it spans incredible stretches of time from the formation 

                                                
i Lenton and Watson (2011) provide a concise summary of the four possible critical steps on page 97. 



LEARNING FOR PLANETARY HABITABILITY 184 

of the Earth 4.5 billion years ago to the projected, natural cut-off of its habitable period, roughly 

a billion years in the future.  As well, it describes three revolutionary periods—inception of the 

biosphere, the oxygen revolution, and the complexity revolution—that reorganized the Earth 

system “stepwise toward greater energy utilization, greater recycling efficiency, faster processing 

of information, and higher degrees of organization” (Lenton & Watson, 2011, p. 5).  The book is 

a far-reaching synthesis of scientific knowledge about the Earth’s long evolution that, according 

to these Gaia-inspired researchers, “could not have been written without Lovelock and Margulis’ 

founding contributions to Earth system science” (p. viii). 

“Many of the ideas in that book which Tim Lenton and I wrote and which we’ve been 

talking about this afternoon, I feel that they are important and that they can resonate with the 

general public.”  But Revolutions That Made the Earth was really written for other scientists.  In 

the future, he’d like to publish a version for a popular audience.  “That’s on my list of things to 

do.” 

Perceptual orientations. 

In Andy’s words, “the Earth system is, of course, incredibly complex.”  We can advance 

our understanding of it “by simplifying it in some way,” or by learning about “some simplified 

aspect of it.”  That is one way to approach it. 

“It seems to me that Earth system science, as it’s currently constituted, does have these 

two—well—it comes from two different directions, as it were.”  With that, our conversation 

returns to an event in the first decade of his professional career.  “I was at a lecture by Francis 
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Bretherton sometime around 1987 where he showed what these days is called the Bretherton 

Diagram. i  I don’t know whether you’re familiar with that.” 

I nod, “Yes.” 

“It’s basically a wiring diagram,” he says. 

“Yeah. I’ve seen it,” I comment.  “It’s very complex. There’s different timescales and 

different processes.” 

“Right,” he says.  “Really, the message that you take away from it is that this is an 

incredibly complex system, and you need an open mind and a new paradigm, as it were, to be 

able to analyze it.”  You need a paradigm that comes from other complex systems.  “Living 

organisms are similarly complex.  But designed things are similarly complex—you know, 

computers and some machines.” ii  And so, it’s a common approach.  “A lot of people now 

describe Earth system science as the process of understanding that great big system and doing it 

by building very complex models.” 

In the UK, the Met Office iii and many Earth system scientists are putting a lot of effort 

into building better, more complex, models of the Earth system.  Already, the models integrate 

the oceans, atmosphere, and physical circulation.  Now they’re adding land biology, ocean 

biology, the entire carbon cycle, nutrients, and more—systems and details to build understanding 

of the Earth system from the bottom up. 

                                                
i The NASA report, Earth System Science: A Closer View (Bretherton, 1988) includes two fold-out figures with 
conceptual models of Earth system processes, one for timescales of thousands to millions of years and the other 
decades to centuries.  Many versions of these Bretherton Diagrams are accessible online. 
ii In considering Prof. Watson’s description, it occurred to me that designed things are built by people who 
understand how they work from the inside out.  Thus, such systems are presumably well known or knowable. 
iii The “Met Office” is the United Kingdom’s National Meteorological Service. 
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“Then, coming from the other direction,” Andy says, “there are people like Lovelock—

and I can name one or two other big ideas—that suggest there are overarching properties of the 

Earth system which, if one recognizes them, you can use as an analysis tool.”  So, there’s a kind 

of choice.  “You can either attack the system from the top-down—looking for these broader 

principles—or you can attack it from the bottom-up which is probably the way that people spend 

most of their time doing.” 

“I’m more interested in the other end, you know, the top-down aspects.”  But as we shall 

see, personal preference is not a general prescription. 

Joy of mechanism. 

“Some people,” Andy continues, “like understanding things in detail and the quest to get 

behind mechanism.”  He’s talking about the processes and structures of a system that determine 

how it works.  “I enjoy that too, I really do.  It turns out, as I found out when I started to do 

research, there’s a huge pleasure in finding something out that nobody’s ever known before.  

That is just a great feeling.” 

Andy lists examples where he helped “elucidate some of the major mechanisms that are 

important in the Earth system.”  Resolving the iron hypothesis debate is first.  “And 

understanding,” he adds right away, “what controls oxygen concentrations in the atmosphere.” i  

Also, the critical steps paper helped illuminate major constraints for the evolution of intelligent 

life on Earth and other planets.  On this, he comments that he related the model he used to “the 

actual history of the Earth” and did the maths “a lot better than had previously been done.” 

                                                
i Prof. Watson did not talk about the atmospheric oxygen control mechanism in the interview.  However, this is the 
subject of his PhD dissertation (Watson, 1978).  As well, it is the subject of research by Lenton and Watson (2000) 
which suggest that phosphorus weathering mediated by a land-plant feedback has regulated oxygen within 19-21% 
of the atmosphere over the past 40 million years.  Further discussion is found in chapter 15 of Revolutions That 
Made the Earth by Lenton and Watson (2011, pp. 295-310). 
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“Peopleworld.” 

In the world that people inhabit now, Andy has seen responses to global climate change 

run the whole gamut.  “I’ve encountered plenty of the skeptic persuasion.  Some of it is actually 

not at all helpful.”  He’s speaking of the more ideological end of the spectrum.  “They don’t 

think in principle that the United Nations should be telling them what to do, and therefore they 

don’t believe in climate change because that’s something that clearly cannot be tackled by the 

free market. 

“In recent years, I’ve had quite a few conversations, with a much more helpful sort of 

climate skeptic.  Of course, all scientists worth their salt would say that they’re a skeptic. The 

first thing you do if somebody puts an idea towards you, is you try to see what’s wrong with the 

idea.”  So it doesn’t bother him when a non-scientist has questions or a different way of looking 

at the science.  Just because you have output from a complex model that runs on a big computer, 

that doesn’t make it “more right” than calculations you can do yourself. 

“You know, the really important thing about climate change and global warming is 

precisely what you can do, almost, on the back of an envelope.  I mean, Svante Arrhenius i got 

the answer that doubling carbon dioxide would lead to a 5° Centigrade increase in temperature.”  

He did the calculation in 1896 with a set of log tables. ii  It took nearly a year and he was 

frustrated.  “But you can do that calculation without a computer.” 

In Andy’s experience, sharing such insight has seemed helpful with skeptics as they try to 

make sense of information about the complexities of the Earth system and the scientific process.  

“Some of them are in the science camp rather than in the ideologue camp, so that’s useful.” 

                                                
i Dr. Svante Arrhenius is the first scientist to attempt to calculate how changes in atmospheric CO2 could alter global 
surface temperatures by the greenhouse effect (retrieved from Wikipedia December 3, 2016). 
ii See Weart (2008, pp. 5-8) for a historian’s description of Svante Arrhenius’ calculations. 

https://en.wikipedia.org/wiki/Svante_Arrhenius
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And there is also the other end of the spectrum.  “Often, the campaigners will talk about 

catastrophic climate change and a climate change emergency.”  They embrace the science and 

wield it with doom and gloom messages.  “There’s nothing that we can do,” Andy paraphrases. 

“It’s all terrible, and we’re all going to die!” 

“I have a bit of a problem with that side too, although I’m more sympathetic to the fact 

that they are worried about this, as am I.  But the fact is that it probably is not catastrophic.  At 

least if it is catastrophic, it’s a catastrophe that’s going to unfold on a thousand-year time scale, 

so it’s longer than a human time scale and therefore hard to say that it’s a catastrophe in that 

sense.” 

Andy offers some clarification.  “The few people like me who know about this stuff and 

are paid to do it, should look at those scary outcomes which are very low probability but really 

would be catastrophic.”  He’s referring to a potential runaway greenhouse effect.  In one of his 

studies, he and a co-investigator found that it is “very unlikely” but “theoretically possible” for 

high-volume burning of carbon to trigger a runaway process that pushes temperature to a 

thousand degrees and wipes out life on Earth (Goldblatt & Watson, 2012). 

I think to myself, “That’s a hell-of-a-way to sum things up.”  But that’s a science paper 

with a narrow research question and a straight-up answer.  Now, person-to-person, Andy 

describes the situation in terms that seem easier to digest. 

“If we don’t do anything about it, we condemn our children to a planet that’s not going to 

be as much fun to live on as this one, and with nothing like as many co-species as this one.”  He 

suggests that the Earth will probably remain habitable in some sense.  But “maybe by not so 

many people.” 
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High energy sustainability. 

Thinking about these issues are part of Andy’s job.  “The role of an Earth system scientist 

is to understand what’s important to the maintenance of a healthy, habitable planet.”  And by 

sharing that understanding, people can avoid the destruction of habitable conditions without 

knowing it.  “If we are going to be anything more than a surprising blip in the history of this 

planet, then we have to understand how it works and re-configure our behavior so that we have a 

sustainable system rather than an unsustainable system.”  We’re seven billion on the planet, he 

acknowledges, and heading towards ten.  “It’s possible to do it even with that rather large 

population.  It’s possible,” he reiterates, “but we need to think in an Earth system way and 

currently, humanity as a whole is not.” 

Andy thinks that “Earth system science is really important” because it can provide the 

understanding that enables dynamic people and societies to live in an Earth system way.  “If 

there are still humans around in, let’s say, five hundred or a thousand years, then I think that 

those humans will be living a lifestyle that I would describe as an Earth system lifestyle.”  It 

sounds like a vibrant way of living that makes good use of planetary knowledge.  “In principle,” 

he says, “it’s possible to use the emerging science that we have of the Earth system to reduce our 

impact on the planet as a whole so that we can live on it indefinitely with quite a high lifestyle.” 

And Andy has looked at a number of approaches.  “I quite rarely come across the 

viewpoint that we put forward in that book,” he comments, “which I still think is the most 

sensible one, at least in the long term.” i  “You can,” he suggests, “live an energy-intensive 

lifestyle.”  It’s an idea rooted in the long evolution of life on Earth.  “That’s exactly what photo-

                                                
i Lenton and Watson (2011) compare approaches and recommend a high-energy, high-recycling approach in the last 
chapter of their book (pp. 393-412). 
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synthesizers did when they invented photosynthesis.”  Among other things, they scaled up the 

energy flows in the biosphere. 

“I don’t want to give up the high-energy lifestyle.  It’s not just because it’s comfortable.  

It’s because it’s what humans do.”  People and societies are dynamic.  They get excited by fresh 

projects and scientific breakthroughs and new technologies.  “Many of the things that really 

motivate me and a lot of modern people are actually bound up with using a lot of energy.”  If we 

retreat to a low-energy future, as many advocate, then “launching satellites is out, research at 

CERN, for example—the Large Hadron Collider—forget it!” 

So what do we do?  “The critical thing is that you have to recycle all the fuel waste 

products.”  And of course, “that includes not burning fossil fuels because that’s non-recyclable.”  

But solar energy is an example of an abundant alternative.  “We do a rather better job of 

capturing it than photo-synthesizers.”  Solar panels, he points out, are up to 40% efficient at 

capturing solar energy.  Photosynthesizing plants are just 0.001% efficient. 

It seems that our species is doing better with energy efficiency than we are with 

recycling.  “The difficult thing is materials which are finite on this planet and which we need to 

recycle much more efficiently than we currently do.”  He’s not much concerned with glass 

recycling.  Rather, if something has phosphorus or nitrogen or rare metals, “then you wanna 

recycle it!” 

“I don’t,” I say to Andy, “recycle in that all-inclusive manner, and I use fossil fuels as part 

of my regular—.” 

Andy interjects, “Yeah, so do I.  You know, we all do.  And it’s difficult to recycle in that 

all-inclusive manner.”  Andy gives the example of a person who decides to live on a farm, 

compost absolutely everything, and stop using anything made of plastic.  Sure, some people can 
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do that.  But he views such calls to retreat as unrealistic and unattainable for whole societies.  

“What we need is to persuade our governments and local authorities and townships, etcetera, to 

put in place the facilities to enable people” to recycle at a much higher level.  He is describing a 

systemic way for societies to grow into a sort of lasting sustainability that aligns with the ways of 

the Earth system on a planetary scale.  It can include higher energy flows, greater structural 

complexity, and enhanced information processing.  But for this sort of sustainability to get 

traction, recycling needs to ramp up in a big way.  “The high-energy, non-recycling future is not 

an option because it just won’t last.”  It’s the recycling that’s crucial.  “It is politically very 

difficult to do.  That’s the problem that we have and I’m not a politician and I can’t solve that 

problem.” 

So, here we are.  A new Earth-system revolution is upon us.  Trajectories of global 

environmental change are off the charts.  Andy sees all that.  And he sees potential for people to 

use the observations and knowledge of life’s long evolution on Earth as guidance for getting our 

dynamic, ever-inquisitive species out of the jam we’ve gotten ourselves and our co-species into.  

But will enough of us actually get motivated to grow and design our way to some Earth-systems 

way of living? 

“I have to hope,” Andy says.  “If we recognized that it really is rare what has happened 

on this planet—the evolution of complex organisms and finally of intelligent organisms, that 

meaning ourselves—if we were to be convinced that that is rare, that we have some kind of 

cosmic significance, I think it would help to bring humans together.” 
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2.7. Elisabeth Holland and Science for Sharing 

The lasting pleasures of contact with the natural world are not reserved for scientists but 
are available to anyone who will place himself under the influence of Earth, sea, and sky 
and their amazing life. 

—Rachel Carson (Carson, 1956/2007, 31:42) 

“Last night was Friday night here in Fiji,” Professor Elisabeth Holland tells me.  “The 

tradition in Fiji is that you sit around a kava bowl to decompress.  It’s part of the talanoa.  It’s 

part of the collective societal problem solving.” 

In the West, Professor Holland might have gone to a club with friends or colleagues after 

work to share a round of beers.  But things are different in the Pacific Islands.  People talanoa. 

“The talanoa takes place in a circle around a round, wooden kava bowl—the tanoa.”  

Depending on the Pacific culture, the tanoa has a particular style, number of legs, decorations, 

and symbols.  Islanders prepare the kava beverage by grinding the roots of a mulberry bush into 

a powder and mixing it with water.  “Then you take a half a coconut shell to distribute the kava 

around.” i 

As a Westerner, I understand her Friday-night-at-the-club analogy but I have no direct 

experience with Pacific culture.  So I reviewed a few papers about the talanoa by researchers in 

the Pacific who describe it as a way of talking with personal stories.  Talanoa rituals provide a 

space for Pacific Islanders to give voice to their experiences, share interior realities, and learn 

from one another.  It’s a time-worn, evolving tradition that comes to life when people gather 

around the tanoa.ii 

                                                
i Prof. Holland (personal communication, April 11, 2017) provided additional details about the talanoa and tanoa 
after the interview. 
ii When people or groups talanoa, they engage “one another in telling, conversation, and in story” (Havea, 2010, p. 
347).  “Tala signifies the point, or message, of a story.  Noa signifies the responsibility and capability of participants 
in storytelling to detach their perceptions, thoughts and feelings from prior commitments.”  This allows participants 
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Biogeochemistry at the kava bowl. 

Beth Holland is a professor of climate change at the University of the South Pacific 

(USP), based in Suva, Fiji.  As one of two regional universities in the world, the USP is sustained 

by 12 Pacific Island countries: Cook Islands, Fiji, Kiribati, Nauru, Niue, Marshall Islands, 

Samoa, Solomon Islands, Tokelau, Tonga, Tuvalu, and Vanuatu.  Beth joined the faculty in 2012 

and, in 2013, she became director of the university’s Pacific Centre for Environment and 

Sustainable Development (PACE-SD).  At PACE-SD, programs are designed to build capacity 

among students, communities, and leaders to understand climate science, anticipate changes, and 

build resilience for the future (Holland, 2013)i. 

Last night at the talanoa, Beth was with her friend Atonga who was visiting from Tonga, 

an island country two hours from Suva by plane.  They were talking about the underwater 

volcano that erupted three days earlier near Atonga’s home city of Nukuʻalofa, the capital of 

Tonga.  The eruption shot a massive plume of nutrients into the air.  Much of it fell back to the 

ocean and produced a seawater cocktail packed with sulfur dioxide, reactive nitrogen, and other 

chemicals.  Algae bloomed rapidly and sucked oxygen from the water.  These hypoxic conditions 

caused a lot of fish to suffocate.  “So,” Beth sums up, “that’s all biogeochemistry.” 

Beth is a biogeochemist by training.  In simple terms, biogeochemistry is the study of the 

Earth’s biological, geological, and chemical systems that interact with one another.ii  Think of the 

interactions as a cascade from one system to another and then another.  The volcanic eruption 

                                                
to create a space where they can open up to hear and share with each other.  “Talanoa is a way to speak, hear, learn 
and build inter-subjective understandings” (Halapua & Halapua, 2010). 
i The URL for the cited PowerPoint has stopped working. 
ii Bader and Koczy (1963) provide a more technical description in Science: “Biogeochemistry is concerned with the 
interaction and distribution of molecules, elements and their isotopes in nature as determined by biological activity; 
chemical equilibria; physical processes; and implications for the Earth and its history” (pp. 142-143). 
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near Tonga is a good example.  Part of a geological system (the volcano) impacted a chemical 

system (seawater enriched with nutrients) that impacted plant biology (the algal bloom) that 

impacted a chemical system (as hypoxia) that impacted animal biology (fish population decline). 

“In addition,” Beth points out, “it created an interesting shift in atmospheric dynamics.”  

By Friday morning, people in the area were complaining about the unusual heat.  And in 

amazement, they swapped pictures of beautiful, large, thick, clouds that filled the sky all the way 

to the Ha’apai islands a hundred and fifty kilometres from Nukuʻalofa.  Normally, tropical winds 

and turbulence would sustain “the usual tropical cloud turnover.”  But the hot, gaseous plume 

made the air unusually stable and swamped it with chemicals that had no place to go.i 

“There are far too many cloud condensation nuclei,” Beth explained to Atonga, “so all the 

water condenses out of the atmosphere to make clouds.”  There’s no wind so it gets really hot.  

And people “can’t go swimming because you’ve got an algal bloom and a hypoxic event.”ii 

Atonga asked Beth, “Why is no one explaining this to us?  To the citizens of Tonga so 

they can better understand what’s happening in the world around them?” 

Beth responded, “There aren’t that many Earth system scientists in the Pacific.”  And 

besides, she suggested, weather professionals probably couldn’t explain the biogeochemistry. 

Three degrees, three continents. 

Beth received three science degrees from Colorado State University: a BSc in zoology, an 

MSc in soil sciences, and a PhD in ecology and environmental sciences.  Her research helped 

advance understanding of the coupled global carbon and nitrogen cycles.  (See Appendix D on 

                                                
i See “Nitric Acid From Volcanoes” (Mather et al., 2004) for a description of the role of volcanoes in the global 
nitrogen cycle as “an important biogeochemical process.” 
ii See the article by Victoria Woollaston (2015) for media coverage of the eruption and references to biogeochemical 
processes that Prof. Holland talked about. 
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page 249 for a brief primer on reactive nitrogen.)  Of particular significance, she led a research 

project that quantified nitrogen deposition in North America and Western Europe (Holland, 

Bobby, Sulzman, & Lamarque, 2005).  Since the mid-1990s, Beth has contributed to four IPCC 

assessment reports.i  In doing so, she has represented scientific communities in three countries: 

Germany, the United States, and Fiji.  In the late 1990s, Beth joined the Max Planck Institute for 

Biogeochemistry in Jena (former East Germany).  In the early 2000s, she led the launch of the 

Biogeosciences Program for the National Center for Atmospheric Research (NCAR) in Boulder, 

Colorado.  As her career evolved, she became increasingly engaged in science outreach and 

education efforts, especially with Native Americans and Indigenous people.  And that led her to 

the USP. 

Fitting pieces together. 

Today, Beth and I are talking through a video connection across the international dateline.  

For her in her USP classroom, it’s Saturday morning, January 17, 2015.  For me in Victoria, 

Canada, it’s Friday afternoon, the day before.  As our conversation gets underway, Beth returns 

to a different place and an earlier time. 

“I grew up,” she says, “in Albuquerque, New Mexico, and we spent a lot of time in the 

outdoors.”  Beth’s father was a scientist and engineer who loved being outside.  “Luckily, he 

didn’t mind his daughters traipsing about with him.”  And much of that traipsing involved ski 

expeditions through an undeveloped area in the Sangre de Cristo Mountains of New Mexico.  

“We went there every weekend.  That’s really where I learned to love the outdoors.”  And it gave 

her plenty of time to observe the ways her father perceived and thought about the wider world.  

                                                
i Prof. Holland contributed to the second, third, fourth, and fifth IPCC assessment reports.  She was a lead author for 
chapters by Allen-Diaz et al. (1996), Ehhalt et al. (2001), and Denman et al. (2007); and a contributing author for 
chapters by Prentice et al. (2001) and Ciais et al. (2013). 
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“Because he thought as an engineer thinks, that was how I learned to think as a scientist—

probably—and my brain was just programmed that way.” 

No matter where Beth is, her way of perceiving her surroundings feels a bit hardwired.  

She could be surrounded by the high-altitude desert and mountains around Albuquerque, or 

living at sea-level in Suva.  “What I do is driven by a curiosity about how all of the pieces 

interact.”  A scientific curiosity.  “I can’t not be a scientist,” she emphasizes.  “If I go out of my 

office and take my sea kayak and go out here to the sea that’s at my doorstep now, I’m always 

looking at it as a scientist.  Of course, I’ve got the experiential part of the kayaking.”  But there’s 

more to it than that.  “I’m looking at how the currents are flowing.  I’m looking at how my kayak 

interacts with that system, and that’s part of this more systems approach.”  And she’s learning 

about “living near oceans and living with the caprices of the ocean.” 

Still, her early exposure to higher, drier climes in the US made a formative mark.  “I 

always find,” she says, “that northern New Mexico and the Navajo Reservation are really an 

inspiration to me because life is simple enough and I can see enough of a vista to remember how 

all the pieces fit together to make things work.” 

Other early influences have had a similarly formative influence.  “I grew up in a 

household where math was valued.  In the seventh grade her grandfather, who was a principal at 

a high school in Western Kentucky, stayed at her family home for a month.  “What I remember is 

that one night—all of a sudden—he was able to make algebra make sense.”  From then on, she 

greeted every new math class as an exciting challenge.  The proofs in geometry fascinated her.  

Constructing vectors in trigonometry—and comprehending spheres—were a thrill.  “And then,” 

she beams, “calculus is magical in its own ways.” 



LEARNING FOR PLANETARY HABITABILITY 197 

Beth developed a knack for numbers.  And also a passion for learning different 

languages.  She picked up French at a young age and then a Rotary foreign exchange landed her 

in Chilé without knowing Spanish.  By necessity, she had to let go of French and learn to 

communicate with her Chilean hosts.  Beth continues to converse in Spanish.  “And having the 

basis of Spanish and French allows me to understand Italian and Portuguese.”  Now in Suva, 

Beth is immersed in a variety of Pacific cultures.  “I’m trying to master Fijian and Pidgin and all 

of the other languages that are extremely helpful here in the Pacific.  And having spent two years 

in Germany, I tried to learn some German.  So, you know, there are lots of bits and pieces of a 

number of languages floating around in my head.  And I think I can claim to speak English well.” 

We laugh. 

“You’re doing very well,” I agree.  “Would you,” I ask, “say that knowing other 

languages has helped you understand the Earth?” 

“Well, it allows me to talk to people from other cultures and understand their 

perspectives.  So learning other languages has been quite helpful for that.” 

Veisau tudei ni draki. 

Soon after Beth arrived in Suva, she visited a number of Pacific Island communities that 

are spread out across the region’s expansive oceanscape.  “We did sub-regional trainings 

throughout the Pacific,” she says.  These were climate change training and planning sessions.  

But she soon found a need to change her PowerPoint presentation.  “I learned that I couldn’t just 

show graphs from the last IPCC report as a way of describing climate change.”  She also learned 

an effective way to open up a climate change dialogue in the South Pacific. 

“There was a slide in my PowerPoint presentation that talked about the evolution of the 

Fiji language in describing climate change because for Fijians, there wasn’t an easy way to 
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describe climate change.”  Common translations to Fijian describe a shift in the state of the 

climate that later returns to the way it was.  It was an issue they wanted to overcome.  “We really 

had to grapple with that and come up with a term which is Veisau Tudei ni Draki.”  This term 

describes a permanent shift in the state of the climate system (C. Fung, 2013). 

Beth adjusted her talk to dialogue more about these issues.  “When I did that one of the 

women from Palau who had been grappling with how to describe climate change in her 

communities came to me.”  The woman is a filmmaker. 

“That was” the woman told Beth, “the first time I’ve ever heard a climate scientist talk 

about the use of language to describe climate change.  I want to interview you” 

“That was,” Beth says, “what gave me a sense that what I was trying to describe—the 

multi-dimensional nature of climate change—was really understood.” 

Connecting with big ideas. 

In the late 1970s when Beth graduated from high school, Earth science disciplines were 

not yet integrated into an Earth system science framework.  Still, Beth had begun to accumulate 

experiences, concepts, and tools to form a vision of how parts of the Earth’s ecosystems fit and 

function together.  She was observing and engaging with the natural and human worlds, and she 

was curious to learn more.  She enrolled at Pennsylvania State University for her freshman year 

with a clear sense of the direction she was heading.  “I knew that I was interested in the Earth 

system and how different species interact.  And at the time, one way to understand some aspects 

of the Earth system was to study ecology.”  So she took a broad ecology course that first year. 

The course she took excited her interest in the pioneering, quantitative, more holistic 

ecological theory of Howard T. Odum and Eugene Odum.  In the 1960s and early 1970s, the 

Odums had begun to harness the computational power of advancing computers.  They combined 
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systems thinking on ecological population dynamics with new mathematical techniques.  They 

were using equations to describe food webs, carbon cycles, and energy flows “to put them all 

together to see how the whole system behaved.” 

And Beth’s instructors took the theory they presented in the course and illustrated how 

researchers were applying it to work in the field.  “They talked about the Hubbard Brook 

Experiment, one of those benchmark ecosystem studies—experiments—that looked at the 

Odums’ theory, but applied it to forestry dynamics.”  The course marked an exciting moment in 

her scientific training—when a lot of big ideas began to intersect. 

“Remember,” she points out, “that was the time period when we had the International 

Geosphere-Biosphere Programme.  So, we knew enough about the importance of systems theory 

to divide the world into biomes and be studying and comparing all of those biomes globally.”  It 

was also a time when scientists had begun to use a lot of radioactive and isotopic tracers—

techniques that extended their ability to understand ecosystems and interactions among Earth 

systems.  “Those were the tools that we needed to be able to define the field of 

biogeochemistry.” 

The course had opened her eyes to a set of holistic, inter-disciplinary ways of thinking 

and researching to understand ecosystems across small and very broad scales.  “I knew from that 

course that this was the sort of ecology I wanted to do.” 

But Beth had a problem.  “Penn State had no ecology program.”  And there was another 

issue.  She wanted to return to the West.  So she chose Colorado State University even though it 

had no ecology program either.  “But at least it was west of the Mississippi River.”  There, the 

skiing was outstanding, and she obtained permission to complete her undergraduate degree, 

largely through research. 
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Beth joined the zoology program at Colorado State and was paired with a team of 

researchers focused on food webs in soils.  “That was led by Dr. David Coleman who became a 

leader in soil science.”  It was a good fit because Coleman’s group was influenced by the Odums’ 

thinking. 

“The food web approach had not been applied to soils before.  And so,” she says, “I was 

able to enter what became, I think, a really groundbreaking project.”  She got in at the ground 

floor and focused much of her research efforts on soil microbiology. 

“My first assigned research project was to count nematodes in soils.”  Nematodes are 

common roundwormsi that you might dig up in a garden.  Her starter project tied into a larger 

research study at the university that was investigating changes in the density of nematode 

populations as environmental conditions change.  This is a “nematode dynamics” study.  In 

particular, they were looking at how interactions between nematodes and the environment affect 

the evolution of CO2 emissions from the soil during the day and over time.  This makes it a “soil 

respiration” study.  Her nematode counts made just a small contribution to the university’s work 

to integrate the different dimensions of ecosystems into computer models. 

Soiled lessons. 

With her nematode counts done, Beth designed a soil respiration study of her own.  “My 

first real research project that I was responsible for was looking at dew formation and soil 

respiration.” 

“Because soil respiration is CO2 emissions from soil, which was my entry point for 

understanding all the dimensions of the carbon cycle in the global sense.”  At the time, scientists 

                                                
i Roundworms are the most numerous and diverse of all the animal groups.  They are present in almost every 
ecological niche on Earth (Kumar, Koutsovoulos, Kaur, & Blaxter, 2012). 
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knew that water was an important driver of soil microbial dynamics.  And they knew that water 

is a limiting factor in desert and semi-arid ecosystems.  So Beth designed a study to investigate 

the effect of dew on the activity of microorganisms in soils in desert and semi-desert 

environments.  This was the major research project she needed to complete for an undergraduate 

degree. 

In addition to measuring dew formation, she needed a way to quantify the overall 

presence of living organisms in the soil (microbial activity).  So, she measured total CO2 

emissions from the soil (soil respiration).  This is normally a straight forward procedure, but 

measuring dew formation at the same time led to a procedural hiccup.  “Trying to put containers 

over soil and have dew form naturally didn’t quite work.”  So she adjusted her methods.  Still, 

her data did not show a clear diurnal cycle.  And she needed to finish her project.  “From there I 

went to unearthing a very rudimentary gas chromatograph and teaching myself gas 

chromatography so I could answer the originally-posed question.  That kind of worked, but the 

results were not spectacular.  They were not convincing.”  Her study had not clearly detected 

dew formation. 

“You didn’t achieve what you set out to,” I acknowledge.  “But you kept going.  Can you 

talk about that?” 

“Setbacks are setbacks,” Beth responds.  “The beauty of science is that you often don’t 

learn what you set out to learn.  It is the surprises and the failures that teach you the most.”  That 

time, she gained practical experience in project design, instrumentation, and methods.  “I went 

on to use those same gas chromatography techniques in later studies of greenhouse gas 

emissions.” 



LEARNING FOR PLANETARY HABITABILITY 202 

It helped that she was picking up lessons and insights from innovative food web 

researchers like Dr. Coleman.  “That gave me a very good understanding of the fundamentals of 

carbon flow that I applied to soils.  That I applied to agricultural systems.”  Whether she was 

learning from research activities or from colleagues and mentors, those early experiences left her 

with important skills and insights that prepared her for research later at NCAR.  That’s where, 

she says, “I applied that same understanding to greenhouse gas emissions—to methane 

emissions, to carbon dioxide emissions—and to an understanding of the larger Earth system.” 

One project led to another and then another.  “I started with a few particles of soil and 

went from there to the globe and am now focused on oceans.”  No matter what part of the Earth 

system Beth is thinking about, she seems to keep bringing it back to ground level.  “Soils are 

essential to understanding biogeochemical cycles.” 

A question of land health. 

Beth became a Leopold Leadership Fellow in 2005.  The Leopold program is hosted at 

the Stanford Woods Institute for the Environment.i  Aldo Leopold is well known for his “land 

health” concept and now, I’m curious how Beth thinks about it.  I read a brief quotation from his 

essay, “Conservation: In Whole or In Part?” (Leopold, 1944/1991). 

“Land health,” Leopold wrote, “is the capacity for self-renewal in the soils, waters, 

plants, and animals that collectively comprise the land” (p. 318). 

“Can you tell me,” I ask, “about a project where you or other researchers learned to 

generate conditions that expanded the capacity of a natural system for self-renewal?” 

                                                
i Leopold Leadership Fellows receive specialized training in using knowledge to contribute effectively to efforts to 
solve society’s most pressing sustainability challenges. 
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“The first instance I can think of is no-till agriculture,” she says.  “If soils are managed by 

no-till agriculture, without the chemicals but with the organic methods of no-till agriculture, they 

have much more capacity for self-renewal.”  She goes on.  “Soils retain more carbon.  Soils 

retain more water.  Soils are able to grow subsequent plants that return more carbon to those soil 

systems and I think that that’s the critical piece.”  Scientists have observed the processes of 

decomposition and self-renewal in different soil systems.  And they’ve observed systems that 

have become largely depleted.  The challenge is to apply that knowledge to attain self-renewal 

on a global scale.  “We’ve found that it’s actually tricky to be able to build models of respiration 

globally.”  That means that sustaining self-renewal requires considerable attention to changing 

local conditions to ensure that soil systems remain balanced. 

Intersection at the Berlin Wall. 

In the 1980s when Beth was a PhD student, she attended some early meetings on global 

climate change that scientists were starting to organize.  At one meeting in 1988, Beth and Dr. 

Paul Crutzen conversed about the research they were each doing.  He talked of his investigations 

into ozone depletion.  She talked about herbivore impacts on nitrogen cycles and carbon 

availability in grasslands (Holland, 1988).  Crutzen was impressed.  “We need that to be applied 

to climate change,” he told her.  Thanks in part to that encouragement, Beth applied for a post-

doctoral position at NCAR to work on climate change issues.  “I was chosen as the first hire at 

NCAR that was focused on the biological aspects of the Earth system.” 

After Crutzen shared the 1995 Nobel Prize in Chemistry with two scientists for their 

work on the formation and depletion of atmospheric ozone, the German government created the 

Max Planck Institute for Biogeochemistry.  Crutzen helped define this institute “to study soils 
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and the interface between the terrestrial surface and the atmosphere in order to derive robust 

predictions of ecosystem carbon stocks” (Max Planck Institute for Biogeochemistry, 2007, p. 4). 

“And,” Beth says of Crutzen, “he wanted my then husband to be one of the directors and 

me to be one of the people working there.”  She joined the new institute as a C3 professor and 

group leader researching bio-atmospheric chemistry from 1998 to 2001 (p. 33). 

While living in Germany, Beth was taken aback by the narrow strip of land that divides 

the country.  She arrived nine years after the Berlin Wall had been pulled down.  “All along the 

fence that separated East and West Germany, it was a no man’s land with some still-active land 

mines.  But that meant it was less disturbed by human behavior.  You could also see that all of 

the cohorts of trees that were there were tied to the timing of the fall of the wall.”  And she 

noticed some cultural and environmental differences between the US and Europe.  “So, that’s 

where I really began to understand the importance of the interaction of humans with the Earth 

system.” 

In Western Europe especially, population density was higher and landscape decline was 

widespread.  Human impacts were more immediately visible to the people there.  “They could, as 

a society become much more quickly aware of what humans were doing.”i 

These observations informed Beth’s thinking and research on the global nitrogen cycle.  

“All of that learning that I did in Europe laid the groundwork for what became the key nitrogen 

deposition study.”  This is the ground-breaking project she led that quantified nitrogen budgets 

(emissions and depositions) for the US and Western Europe (Holland et al., 2005).  The study 

identified “large differences in the chemical climates of two major portions of the developed 

                                                
i Prof. Holland referred to acid rain as an example that illustrates the continental differences in perception and 
response to the problem.  On this point, she noted the partial responses (e.g. in the 1980s) that addressed sulfuric 
acid emissions and largely overlooked industrial emissions of reactive nitrogen (nitric acid). 
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world” (p. 53).  In Western Europe, emissions and depositions are roughly balanced.  In the US, 

emissions are about double the depositions.  The authors suggested that Western Europe may in 

effect be importing reactive nitrogen from the US. 

Multiple ways of knowing. 

All the while that Beth advanced in her career as a biogeochemical researcher, she 

remained involved in science communication and educational activities.  Early on, at the end of 

her freshman year, she took a summer job as a naturalist at the Todd Nature Reservei in Western 

Pennsylvania.  There, she taught kids at summer camp, led bird walks, counted birds in the early 

morning, and mapped botanical gardens and land uses.  Later, after joining NCAR, she helped 

create science research scholarships for under-represented minorities.  That work led her to help 

organize the NCAR conference in March 2008, “Planning for Seven Generations: Indigenous 

and Scientific Approaches to Climate Changes.” 

The conference combined Indigenous wisdom and scientific wisdom with the aim of 

building bridges between different ways of knowing.  “We heard Native American elders talking 

about their views of climate change, and talking about how they saw the world and how they saw 

it changing.”  As one of the scientists who spoke at the conference, Beth talked about the latest 

IPCC Assessment Report and changes that are happening. 

“And from that, I really understood that what we need—even more than just the systems 

understanding of the sciences—is a holistic approach to how we look at the Earth system.”  She 

left the conference with a fresh vision and new invitations to talk with Native American 

communities. 

                                                
i Formerly Todd Sanctuary. 
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Science for communities. 

“The Seven Generations conference really fueled my interest and thinking about how we 

return science to communities.”  The Earth is changing faster than it has in human experience. 

“But people who live in the villages and who depend on subsistence livelihoods understand their 

ecosystems better than many ecosystem scientists.”  They know the systems that affect their 

communities.  “So, I felt like we had to weave together that basis of wisdom with the climate 

science projections and find a way to begin to prepare for what will come in the next decades.”  

Weaving and dialoguing can do more to empower people than a description of problems 

elsewhere that makes them feel afraid. 

Solar minimum in the Hardrock District. 

A year after “Planning for Seven Generations,” Marie Gladue invited Beth to talk to 

elders in communities of the Hardrock District on the Navajo Reservation.  This is deep in the 

reservation, and it’s an area that’s been impacted both by climate change and the large Black 

Mesa-Kayenta coal mine.  She went with new satellite maps she had for reactive nitrogen and 

mostly, she talked about the IPCC’s (2007) Fourth Assessment Report. 

Marie Gladue arranged for Louise Benally to translate.  “So I would speak and Louise 

was doing an almost-simultaneous translation into Navajo because most of the audience was 

Navajo elders.” 

After the talk, an elderly Navajo woman got up.  Beth recounts the question she asked: 

“Many years ago, I heard this NPRi story about the sun.  And they were talking about how bright 

the sun shines.  Can you tell me how that fits into your talk about climate change?” 

                                                
i National Public Radio. 
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“So here was a woman who wasn’t necessarily even literate in English who heard a piece 

of scientific information on the radio and wondered how that piece of information fit into her 

evolving understanding of the Earth system.  Luckily, I happened to have a picture, a graph of 

the solar cycle and a depiction of the solar minimum.  So we were able to collaborate and 

identify what she had heard about the sun not shining as brightly.” 

The woman remembered the exact month and year she heard the radio story.  Together, 

they determined that a solar minimum was occurring at the time.  “Therefore, the sun could not 

be a reasonable explanation for why the climate was changing.”  Beth returned home fortified in 

her belief in the need to weave together these different ways of knowing. 

“Earth system science is not just about building computer models and writing 

mathematical equations and trying to understand it from our point of view.  It’s about 

collaborating and making sure that we understand the system from all of these different points of 

view.” 

What does that mean on the ground? 

“This is a time period,” Beth suggests, “when we need everybody to be understanding 

what’s going on with the Earth system.”  And she stresses the need for dialogue and 

collaboration “that doesn’t put science in an ivory tower or a black box and protect scientific 

learning from everybody else.” 

This message seems important. 

“In Canada or the US, we tend to have science be more separate from our daily lives.”  

As Westerners, she observes, we talk a lot of the difference between weather that’s happening 

now and climate over the long term.  But in the Pacific, few villages have electricity and people 

are more exposed to changes in their immediate environment.  Many people depend on the ocean 



LEARNING FOR PLANETARY HABITABILITY 208 

for their livelihood and they experience environmental cycles and changes more directly.  Beth 

points to one example. 

“They’re able to see the interaction of sea level rise with coastal erosion.”  She speaks of 

a community in Papua, New Guinea where people travel 13 kilometres by canoe to get fresh 

water for their village.  Those dependencies shape the way people think about environmental 

change.  And people in the Pacific don’t commonly distinguish weather from climate. 

When Beth engages Pacific Islanders in a dialogue on a climate science topic, she often 

starts with a specific piece of scientific knowledge.  She uses “0.8 degrees Centigrade of 

warming”i as an example.  “So, we have a number that defines how the Earth has warmed.”  She 

introduces the information in a way that involves people in the interpretation.  “What does that 

mean on the ground?” she asks.  Such framing opens up a discussion of observed changes they 

might link to temperature (such as rising oceans) and resulting impacts (such as coastal erosion).  

“That makes the understanding much more tangible.”  It enables participants to integrate prior 

experience and knowledge with a scientific explanation that may be new to them.  And it allows 

Beth to integrate their on-the-ground experience into her prior scientific experience and 

knowledge.ii 

1.5 to stay alive 

Ahead of the December 2015 Paris climate talks, broad international political support 

exists for a target to avoid an average global temperature increase of 2°C (Meinshausen et al., 

                                                
i “The globally averaged combined land and ocean surface temperature data, as calculated by a linear trend, show a 
warming of 0.85 [0.65 to 1.06] °C over the period 1880 to 2012” (IPCC, 2014a, p. 2). 
ii To explore ways of integrating different ways of knowing, see the remarks of Dr. Roberto Gonzalez-Plaza and Dr. 
Mimi Lam during the Planning for Seven Generations conference.  Gonzalez-Plaza suggested that attempts to meld 
Indigenous and scientific knowledge may be guided by a metaphor of meeting at the bottom.  Lam elaborated on 
what this means by suggesting that knowledge may be shared where common ground exists “rather than try to 
bridge the cognitive and cultural gaps between incompatible worldviews which can feel dangerous to our group 
psyches and senses of self” (as cited in Simonelli, 2008a, p. 20). 
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2009; Tanaka, Johansson, O’Neill, & Fuglestvedt, 2013).  The IPCC has identified a number of 

pathways to achieve this target (IPCC, 2014a).  All pathways require deep emissions reductions 

in the next few decades and by 2100, global emissions of CO2 and other long-lived greenhouse 

gases essentially need to drop to zero.i  This is my preamble for my next question.  But Beth 

interjects. 

“The emissions need to be negative by 2100 to have a prayer!” she declares. 

She repeats, “The emissions need to be negative before 2100 to have a prayer of meeting 

2 degrees.” 

“Remember,” she points out, “I work in the Pacific.” 

“Yes,” I acknowledge. 

“We don’t agree on 2 degrees.  The Alliance of Small Island States justifiably thinks 1.5 

degrees is a better target.”  She continues, “So these are questions that I talk about all the time 

now.  When I was in US, I didn’t talk about them quite as much except when I was helping to 

teach a class at the CU Law School.”ii 

In Fiji, part of her job is to support Pacific delegates in negotiations among Parties to the 

UNFCCC.  “We talk about what the IPCC results mean on a regular basis.  And I help translate 

that and help them to understand that.”  Right now there’s “a thousand gigatonnes of carbon 

dioxide to play with if we want to keep it below 2°C.”  To keep it below 1.5°C, “we’ve got two 

hundred and, I think, seventy four or seventy eight gigatonnes net carbon emissions.” 

                                                
i See IPCC (2014a, p. 20). 
ii Colorado Law at the University of Colorado, Boulder. 
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Beth and her team work with communities in 15 countries.i  “So,” she points out, “that’s 

15 votes in the UN.”  And when the leaders of those countries go to the UN climate meetings, 

each one talks about the impact of climate change on the places where they live.  Their stories 

are powerful and grounded in science.  “And when we’re talking about the coral atoll nations, 

when we’re taking about Kiribati,ii when we’re talking about the Republic of the Marshall 

Islands, Tuvalu, and possibly Nauru,” Beth continues, “we’re talking about what all of these 

leaders describe as an existential threat.”  These leaders are asking, “Will their countries, their 

cultures, their sovereign states exist by 2100?”  They voice questions like, “How many people 

have to remain on these islands to be able to retain voting rights in the UN?  How many people 

have to stay there to be able to have sovereign countries?”  Some countries are talking about 

which of their islands to sacrifice so they can build up the others.  Some are consulting with the 

Japanese to build floating islands.  Kiribati, she says, bought land in Fiji so they have a secure 

place to grow enough food. 

Island to island to island. 

“When I was living in Colorado,” Beth tells me, “I made sure I had enough solar panels 

on my roof so most of my electricity-generated emissions of CO2 were compensated for by the 

solar panels.”  Now in the Pacific, she doesn’t own a car.  “I have a bicycle.  I actually have three 

bicycles and a sea kayak.”  Close to home, she keeps her emissions low.  But travel over long 

distances remains a challenge. 

                                                
i Cook Islands, Federated States of Micronesia, Fiji, Kiribati, Nauru (joined April 2016), Niue, Palau, Papua New 
Guinea, Marshall Islands, Samoa, Solomon Islands, Timor-Leste, Tonga, Tuvalu, and Vanuatu (Prof. Elisabeth 
Holland, personal communication, April 9, 2017). 
ii Kiribati is pronounced ‘Kiri-bah’.  
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“My single biggest footprint,” she volunteers, “is my airline miles.”  Concerned about 

this, she talks about her collaboration with a number of professionals in Fiji to enable people to 

purchase offsets that benefit the Pacific in two ways.  First, they help “regrow forests that help 

maintain healthy coral reefs that increase CO2 absorption.”  And second, they raise funds “to 

invest in the most vulnerable communities that may be impacted by my flying to a UN climate 

conference like the one I went to in Lima.”  She wants to do what she can to improve the system.  

“I can’t just keep running around in my head and thinking, ‘Oh I’ve got a problem and I don’t 

know how I’m going to solve it.’  I try to collaborate to find solutions that actually are solutions, 

not just for me but for more people.” 

It’s an attitude that reflects the culture of her region.  “The talanoa and how we do 

problem solving is what we do here in the Pacific that’s different than anything I had experienced 

in the West outside of Native American communities.”  It is basic collaborative learning and a 

different way of being in the world.  “We need to have that collaborative learning be a part of 

building the whole future and our whole understanding of the Earth system.”  In Beth’s eyes, the 

IPCC plays a crucial role in this.  It does more than bring the scientific community together to 

produce a collective synthesis of what is known about the climate system.  “I think the IPCC is 

really important for some other reasons.” 

Countries with the resources for scientific research also have the highest emissions.  “So 

that means, without an IPCC process that includes everyone at the table, there’s a possibility that 

science could just become another colonizing force—because we’re imposing a Western 

scientific view on everything else.”  She does not view the IPCC process as perfect, but it 

enables scientists to develop a “collective, collaborative view.”  For her, preserving that process 

“is one of the ways we can make sure that science is used for wonder, for the sharing of 
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discovery, for the production of synthetic knowledge, for the production of integrative 

knowledge.”  It is a way to prevent science “from being a destructive, colonizing force.” 

Beth champions dialogue that brings multiple voices and perspectives to the fore.  This 

enables collaboration “from island to island, from me to you—me in Fiji to you in Canada how I 

collaborate with people living in Fiji, Kiribati, Solomon Islands—and how my students 

collaborate.”  From one to another and then another.  “And how we develop shared stories about 

how to live on this planet in a sustainable way.” 

Science, Beth points out, needs to be part of our shared stories, and the way we learn and 

experience the science can shape our stories in simple and powerful ways. 

“Whether it’s science in an individual laboratory or Earth system science, the beauty of 

science is about wonder.  It’s about sharing that wonder and sharing the joy of collaboration.  

When we connect science to joy and wonder, we will find solutions, and that’s the main thing 

that I’d like to share.” 
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3. Consolidation 

As an environmental educator, global citizen, community member, and parent, it is my 
responsibility to reflect on how people learn about global environmental change.  There 
are dozens of advocates who ring the bell to pay attention and take action.  The register of 
environmental threats is enough to intimidate anyone.  But the role of educator is 
subtle—not just to raise awareness, but to encourage perception and facilitate wonder.  
Learning about global environmental change is an extraordinary opportunity to study 
natural history, observe ecosystems, track weather and atmospheric conditions, or to 
follow the cycling of waters and energy through the land, air, and ocean.  In so doing, the 
full splendor of the biosphere is revealed. 

—Mitchell Thomashow (2002, p. 3) 

The interview chapters brought us in close to the personal lives and professional worlds 

of seven individual scientists who are engaged in a variety of Earth system research and learning 

activities.  Here, Part 3 connects some of the pieces and identifies a number of useful insights 

that are embedded in the text.  It starts by considering what it has been like to read the interview 

chapters.  Then it discusses the first research question: What is it like for scientific experts to 

have learned about the Earth system?  And the second:  How can non-experts use that 

knowledge to advance their own learning about the Earth?  Finally, Part 3 concludes with 

suggestions for researchers, educators, and individual citizens who may wish to further 

investigate, apply, or develop Earth learning opportunities and approaches. 

3.1. What Was It Like to Read About Scientists’ Experiences? 

Nothing we are going to say will be understood in a really effective way unless the reader 
feels personally involved and has a direct experience that goes beyond all mere 
description. 

—Humberto Maturana & Francisco Varela (1987/1998, p. 18) 

So, what was is like to read the interview chapters?  What were you feeling and thinking 

about as you read the scientists’ stories and learned of their research specializations and personal 
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cares?  What did you learn about these individuals, their science, or the Earth system that was 

new to you?  If you were to tell a friend or family member what it was like to learn about 

different aspects of the Earth system, what would you say?  To what extent could you say that 

reading about the scientists and their experiences gave you a personal Earth learning experience?  

Since you read the chapters, have you noticed any change in the way you perceive, think, talk, or 

feel about the Earth? 

There is nothing particularly special about these questions.  I suggest them simply to 

encourage reflection.  I also invite you to notice some ways that scientists’ stories may have 

affected your perceptions, feelings, and understanding. 

As researcher and writer, my reading experience is different from the person who has no 

prior exposure to the scientists and interview conversations.  However, I can share my 

experience of reading a comparable study, plus express my hope for the kind of reading 

experience that you had. 

Many months before I interviewed any scientists, I read the dissertation, Seeing Shifts: 

Ecologists’ Lived Experiences of Climate Change in Mountains of the American West, by 

Kimberly Langmaid (2009).  The purpose of her study relates to climate change communication 

rather than learning which is the focus of this study.  Langmaid found that the personal stories of 

the 20 prominent field scientists she interviewed humanized their science and gave her a new 

enthusiasm for scientific work and environmental education.  She expresses it this way: 

I now experience a deeper sense of understanding of and connection with Earth’s global 

systems and the long arcs of geological and evolutionary time that are both behind us and 

ahead of us.  I have a greater appreciation for the inherent complexity of understanding 
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climate change and the ways it impacts ecological and social systems.  I also feel a deep 

sense of appreciation for the ecologists that I interviewed. (p. 174) 

I sense that her writing authentically reflects her feelings but I cannot say that the excerpt 

reflects my experience of reading the stories of each scientist in her dissertation.  Roughly five or 

six pages are allocated to each scientists and, of course, she had much more material than the 

typical reader does.  As well, she did not suggest that non-specialists reading it would have an 

experience similar to hers, and I was a non-specialist reading her work.  I was thinking ahead 

about the thesis I would produce and I sensed my desire to know more about the 20 individuals 

she interviewed.  It is rare to find a study with stories of named scientists.  Reading Langmaid’s 

texts helped me to sense that I wanted the reader to get more out of the material.  I wanted to 

evoke a more personal and direct understanding of the scientists and their personal talents, 

interests, and perspectives.  I wanted readers to have as rich an experience as possible. 

As best I could, after interviewing seven scientists, I began stringing together their stories 

in their voices which speak of their experiences from throughout their lives.  The material is not 

broken down by some form of thematic data analysis, a practice that seems common in 

phenomenological studies, and is the approach taken in the Langmaid study.  I developed the 

chapters with the aim of building up a holistic account.82  That is, I presented stories and 

narratives that include scientific and personal context, bring the individuals’ purposes and 

motivations to the fore, and accentuate perceptions and events that hold meaning for them.  The 

resulting texts touch down at a number of points in their lives in an attempt to offer a longer, 

more life-situated view of their Earth system learning and research.  I wanted to connect their 

particular knowledge of the Earth to their personal process and experience through which the 

knowledge was acquired. 
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Long after conducting my interviews, I reread Langmaid’s post-research reflections 

(including the excerpt noted above), and was surprised to find that her described research 

experience fit my research experience.83  The perceptions and feelings she describes fit nicely 

with mine.  I also re-read some of her narratives that describe the ecologists’ experiences and 

found them more energized and animated than they seemed before.  Her text had not changed, 

but I had.  I had gained familiarity with the kinds of phenomena and issues that Earth scientists 

talk about.  I had begun to develop an inner framework that was guiding the way I perceive and 

make sense of material I encountered.  Before and after the interviews I conducted, my 

experience of the text was influenced by my prior experience and knowledge at the time. 

3.2. What Is It Like for the Scientists to Learn About the Earth System? 

Life is a succession of lessons which must be lived to be understood. 
—Ralph Waldo Emerson (1903, p. 250) 

Research question 1: “What is it like for Earth system scientists to learn about the Earth, 

live with that knowledge, and communicate it to others?” 

This “what is it like?” question is a phenomenological question that invites perceptions 

and understanding of human, lived experiences.  Originally, I set out to address the question with 

a focus on the Upper Left quadrant of the all quadrants Integral model (see Figure 1 on page 40). 

Interview chapters. 

This first question has largely been addressed by the production of the interview chapters.  

The texts in these chapters mix personal and professional experiences of seven scientists at 

particular times and places in their lives.  They reach back to some early events and influences 

that tell us something about the origins, arc, and evolution of their perceptions and learning.  
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They bring us into contact with their voices, circumstances, motivations, feelings, ideas, 

struggles, and achievements. 

The chapters shine a light on the human side of scientific, expert perception and learning 

about the Earth—dimensions often left in the shadows of the more obvious, objective aspects of 

scientific observation and reporting.  They introduce individual scientists as a member of a group 

working within a diverse, international community of Earth system researchers.  They include 

concerns these scientists have—as professionals and private citizens—about such things as 

human-caused Earth system changes, societal policy responses, and their own choices and 

actions.  The interview chapters offer a more holistic and close-up sense of the scientists’ 

experiences than, I think, could be provided by distilling the material into a compressed text 

written in the third person.  Nonetheless, this section shares some insights I acquired as I wrote 

the interview chapters and other parts of this thesis. 

Interconnected aspects of learning experiences. 

Part 1 discusses the all quadrants Integral model (page 40).  The opening to Part 2, 

describes my use of the model to help delineate and navigate four distinct yet interconnected 

aspects of scientists’ learning and research experiences.  It also presents a navigational tool 

(Figure 2, page 58) that may have assisted you while reading interview chapters.  For me, the 

tool yielded some interesting insights that I discuss here. 

Before starting this project, I had a conceptual understanding that, according to Integral 

theory, different aspects of reality (represented by four quadrants) are inseparable and occurring 

simultaneously (Esbjörn-Hargens, 2012, p. 3).  After engaging with the transcripts over a long 

period of time—frequently referring back to the model in my head—conceptual understanding 

shifted to a deeper, experience-based knowing. 
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The model and its explanation originated from another person external to me, yet it made 

sense and it did not take long for me to accept it.  Nonetheless, I had not thought deeply about 

what the concept means or how different aspects of reality evolve (and co-arise) simultaneously.  

Only recently have I noticed that Integral theory literature illustrates the concept with a 

hypothetical example.  Further, if you go back and look at Figure 1 (page 40), the discreteness of 

the four quadrants is plainly depicted in the diagram, but their simultaneity and inseparableness 

are not.  My original understanding was theoretical and relatively shallow. 

As I engaged with the experiential material and wrote the interview chapters, it became 

plainly apparent that each learning experience of each scientist incorporates aspects of reality 

from all four quadrants, not just one or two or three.  My recognition of this sparked a thought 

experiment.  I imagined what would happen if just one quadrant was removed from the 

scientists’ research and learning experiences.  In each instance, as far as I could imagine, the 

whole systemic Earth learning process would essentially fall apart.  A small fraction, if any, of 

the knowledge would remain.  It would not matter which quadrant is removed.  Further, I 

imagined removing just one type of activity from one quadrant (e.g. climate models or peer-

reviewed literature).  Again, the whole learning process seemed to crumble.  This suggested to 

me that it isn’t about the quadrants, per se; it’s about the interdependent, multi-faceted nature of 

the scientists’ Earth learning experiences. 

As a simple yet non-hypothetical illustration, consider the global signal that Professor 

Root helped identify from bird migration data.  Recall her description of the armies of citizen 

scientists who supplied experts with bird migration data.  As the observational data accrued over 

time and across continents, scientists slowly recognized a biological response to climate change 
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on a global scale.  In the list below, I have selected four of many activities that led to that 

knowledge of a global signal, one activity for each quadrant depicted in Figure 1: 

• Upper Right:  Armies of individual people observed bird migration dates over many 

decades 

• Bottom Right:  Scientists analyzed and correlated changes in the climate system with 

changes in bird migration 

• Bottom Left:  Members of an international research community assembled at  a 

conference to share their interpretation of their research data for different continents 

• Top Left:  Terry Root (and presumably Tim Sparks and others) each recognized for 

themselves a global signal from data for bird migrations and climate. 

Now imagine the removal of just one of these four selected activities (or quadrants) and 

try to conceptualize how the global signal would have been perceived.  I cannot see how that can 

be done.  The implication is that Earth learning processes may, indeed, be as multi-faceted and 

interdependent as Integral theory suggests. 

Having originally imagined that this study would focus on interior experiences, I now 

view that conceptualization as artificially narrow.  Scientists’ learning experiences involve 

physical phenomena, data, gadgets, and models that seem as crucial to the learning process as 

their reflections, aesthetic preferences, and research collaborations.  Each aspect can influence 

whether significant knowledge ultimately accrues. 

So, what is it like for the scientists to learn about the Earth?  I return to this question once 

again to suggest that an understanding of Earth learning from experiential material in this study 

necessarily incorporates both interior and exterior aspects of their experiences—and activities 

associated with each of the four quadrants (objective, interobjective, intersubjective, subjective). 
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This recognition provides a more precise, higher-resolution understanding of the inter-

connected nature of Earth learning activities that are interconnected and evolving together over 

time.  It counters my unstated assumptions and suggests that an understanding of Earth learning 

experiences may be diminished if some aspects of those experiences are excluded or minimized. 

Fortuitously, the interview chapters document all four aspects of scientists’ experiences.  

As I wrote them, I did not know how to separate out the exterior aspects and, in any case, I was 

actively attempting to take a holistic approach.  Further, the exterior aspects of their stories were 

interesting to me.  I did not attempt to exclude any part of the scientists’ experiences.  I was 

fascinated by the qualitative, experiential data and essentially followed it to see where it took me.  

In short, a theoretical concept (the all quadrants model) came to life through my research 

engagement with scientists’ experiences.  Rather than learning about something for the first time, 

I was deepening my knowledge.  And rather than retain it intellectually in my head, it feels more 

spread out in my body.84  I had more fully ingested the concept and assimilated it as part of my 

personal knowledge.  I had experienced the concept and can now say “I know it” in a way I did 

not before. 

Further, this internal shift left me with a realization that two ways of knowing can reside 

within me. It is not the first time I sense this more embodied way of knowing something, but it is 

the first time I’ve recognized the clarity, depth, and usefulness of embodied knowledge.  

Awareness of these ways of knowing has guided my thinking and reflections as I’ve considered 

the usefulness of the scientists’ lived experiences for non-specialists. 
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3.3. What Might Non-Experts Find Useful in This Study? 

We can probably still benefit from a better understanding of how climate scientists learn 
together. 

—Richard Norgaard (2004, p. 241) 

Research question 2:  “How may learning about scientists’ experiences of learning, living 

with, and communicating Earth system knowledge assist non-experts in their own learning and 

communications about the Earth system?” 

This section addresses the question in two directions.  First, it looks at the more 

procedural aspects of experts’ Earth learning practices and activities that may assist non-

specialists in their understanding of Earth learning.  Second, it steps back to identify more 

general benefits of using the holistic, experiential material to assist non-specialists in 

understanding unfamiliar and complex Earth system phenomena. 

Practices. 

This subsection introduces six Earth learning practices that stood out for me in the 

scientists’ stories, aspects of which were flagged at the start of Part 2.  These represent the 

practical, procedural aspects of scientists’ Earth system research and learning experiences:   

• Human and technological sensing 

• Angling for understanding 

• Global and long-term signals 

• Social learning 

• Quantification and models 

• Immersive Earth learning 
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The list is not comprehensive, and the following discussion may be regarded as 

introductory.  You may find additional practices and details that could be added to this 

subsection. 

The practices I am highlighting represent particular, individual practices that are 

embedded within broader communities.  The six practices I chose stood out as significant to me 

as a non-specialist wanting to understand the nature of Earth learning and ways that experts 

gather, perceive and interpret evidence.  In this subjection, I combine reflections with brief 

references to living examples that may assist non-specialists in recognizing what experts’ Earth 

learning can look like, and how it happens.  This consolidation of some of the material may 

further demonstrate the multi-faceted nature of the Earth learning process, and it may support 

correct perceptions and interpretations of Earth system information and data among non-

specialists.  As well, non-specialists may try to emulate some of the practices while developing 

Earth learning skills and knowledge, thus enabling them to know the Earth better without relying 

as exclusively on the conclusions and opinions of others. 

Human and technological sensing. 

As a pre-teen in Nova Scotia, I relied on my five-senses and limited knowledge to 

perceive the physical Earth, my place within it, and my limited physical influence.  My 

experience was rich yet incomplete. 

Scientists in this study do not rely on their five senses alone.  Rather, for example, they 

combine their immediate human senses with sensing technologies to observe and measure 

changes in the Earth system with added perceptibility and precision.  My acknowledging this 

should not be a surprise, and it is not intended as a revelation.  Yet it is a large and crucial aspect 

of how experts learn about the Earth that, I think, should be appreciated if the Earth learning 
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process is to be understood.  Further, brief, flat descriptions do not enable non-specialists to 

comprehend the particular ways that scientists use technologies to assist them in tracking 

planetary changes as they happen. 

The experiential material in the interview chapters exposes non-specialists to a variety of 

observations and measurements that scientists make with different instruments at many locations 

dotting the planet.  Rather than describe what scientists do, the interview chapters show what 

observations are made, how and where they are made, and how scientists interpret or use the 

information. 

As examples of direct observations, recall Richard’s observation of shell dissolution in 

acidifying seawater, Terry’s soul-piercing realization that the golden toad is gone from the 

Monteverde Cloud Forest Preserve, Lonnie’s observations of up to a hundred years of ice layers 

melting in a year, and Beth’s observations of uneven environmental impacts and attitudes on two 

continents.  On the technological front, consider Francis’s discussion of the global network of 

thermometers, Ralph’s description of the device he designed to improve the precision of 

measurements of changes in atmospheric oxygen content, Lonnie’s brief reference to isotopic 

analysis, and Ralph’s reference to mass isotope ratio spectrometers (“mass spectrometers”) that 

do the analysis.  All of these observational activities and devices—human and technological—

fall within the Earth system science framework for understanding how the Earth system works. 

I am left with a rich and enlarged mental inventory of examples of individuals, 

instruments, and networks meshing together to monitor and interpret the myriad Earth system 

changes as they unfold across wide-ranging time and spatial scales.  Experiences shared by the 

scientists have enriched my knowledge of their practices, instruments, perceptions, and 
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understanding.  My exposure to these aspects of their work leave me with a fuller appreciation of 

how they reach the conclusions they make about the state and functioning of the Earth system. 

Angling for understanding. 

It was heartening to hear Andy declare that he was more interested in understanding the 

broader principles and top-down aspects of how the Earth system works.  This is not something I 

have heard scientists talk about so hearing him say this affirmed my preferred way of thinking.  

Having read some of his work, I thought he might talk about this perspective and hoped he 

would.  So, his next statement was a surprise. 

“Some people like understanding things in detail and the quest to get behind mechanism.  

I enjoy that too.” 

He was talking about aggregating evidence from the bottom up and the sorts of 

mechanisms that guide the functioning of the system. 

“I really do,” he emphasized. 

Okay.  It may be rare to hear a scientist talk about broad principles.  But I have no 

recollection of a scientist speaking or writing about an inclusive embrace of top-down, bottom 

up, and mechanistic perspectives.  In simple terms, this is what Andy was talking about.  He was 

acknowledging that these perspectives—these different angles—can each enhance our 

understanding of a phenomenon under investigation. 

I immediately sensed that my perceptions and understanding of these matters were 

inadequate.  His thinking challenged my rather one-directional preference.  It also prompted me 

to notice the perspectives and approaches other scientists take to understand the phenomena they 

investigate. 
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It was easy to find examples of top down approaches (e.g. Ralph and measurements in 

the atmosphere), bottom up approaches (e.g. Terry and the aggregation of bird migration data 

over broad time and spatial scales) and thinking about mechanism (e.g. Andy and the 

confirmation that iron is a limiting factor for biomass in the oceans). 

It is also easy to see examples where two or three of these approaches are combined.  

Consider the Mauna Loa CO2 readings.  The seasonal fluctuations and annual increases provide a 

holistic perspective of global significance, yet Ralph also pursues insights that a top-down 

indicator cannot provide alone.  His precise measurements of oxygen changes in air enabled 

scientists to close the budget on the global carbon cycle.  This may be understood with bottom-

up data (e.g. aggregate fossil fuel consumption and emissions), top down measurements (e.g. 

atmospheric concentrations of greenhouse gases and changes in oxygen content), and 

mechanisms that influence system changes (e.g. seasonal fluxes in photosynthesis in Northern 

Hemisphere vegetation, plus global CO2 emissions from the human combustion of fossil fuels 

that exceed land and ocean sinks). 

For another example, consider the different investigative orientations that can be found 

together in the paper Terry read on the disappearance of the golden toad in Costa Rica’s 

Monteverde Cloud Forest (Pounds & Crump, 1994). 

Whether or not scientists speak of the orientation of their investigation, they do 

commonly discuss their data, the multiple data sources, and strength of each source.  Take, for 

example, Lonnie’s description of the evidence that tells him global warming is happening: 

It’s our temperature measurements.  It’s our tree ring records.  It’s our coral records.  It’s 

our marine records.  It’s what’s happening in the snow cover on the Earth.  It’s all the 
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evidence.  The fact that sea level is rising and accelerating all point in the same direction.  

It’s the balance of the evidence that is convincing. 

Lonnie did not delve into whether these records were obtained through a bottom-up or 

top-down investigation.  Neither of us explored that during the interview.  However, he pointed 

to the high value he ascribes to abiotic records from high altitudes.  In particular, he talked of 

underlying mechanisms that may affect the resolution and reliability of a particular type of data.  

That is, he noted the reduced resolution from records collected at lower latitudes that can be 

affected by weather inversions, and of the reduced reliability of biotic records that have some 

ability to relocate in response to environmental changes. 

Scientists do not continually verbalize detailed assessments of the evidence they use, but 

the interview chapters are sprinkled with scientists’ comments on data-related matters.  Francis 

spoke at length about different types of data, noting the types known to be the strongest (sea 

level rise, as one example).  It appears that scientists invest a lot of energy and attention to 

evaluate the range of data that is useful for understanding a particular phenomenon.  The data 

that helps them investigate Earth system phenomena from different angles are themselves 

investigated from different angles. 

Observational data provides an important basis for many scientific findings.  It is useful 

for non-specialists to be exposed to scientists’ data assessment and selection process.  For 

example, Francis’ classification and discussion of data issues can be mixed with examples from 

other interview chapters.  It may further assist non-specialists to consider examples of bottom up, 

top down, and mechanistic approaches the investigation of phenomena.  Learning about data 

may provide non-specialists additional insights to assess competing claims about the Earth 

system. 
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Global, long-term signals. 

In this study on Earth learning, the locus of attention is on the whole Earth system.  This 

entails periodic perception of, or thinking about, phenomena at the level of the Earth system.  At 

times when such phenomena are not the focus of attention, it is common to be mindful of 

implication, behaviour, or issues that relate to the whole Earth system level.  Material in the 

interview chapters demonstrates perceptions at the level of the Earth system through stories of 

discoveries or realizations of global signals for environmental change. 

As Ralph put it, “The whole world is kind of the easiest and in some ways the most 

important.”  He is talking of top-down measurements of CO2 in the atmosphere which can say a 

lot about the health of the planet without needing much data.  Terry shared a series of events that 

show how a great volume of data collected (from the bottom up) across longer time scales and 

broader spatial scales revealed a clear global signal.  Lonnie combined data from ice cores on 

high mountains 22,000 kilometres apart to identify broad-scale, high-resolution information 

about atmospheric conditions two centuries ago.  Francis spoke of global data sets (50 to 100 or 

more years) that scientists use to identify strong signals, and expressed frustration that instrument 

data sets are growing at only about one percent per year. 

Such examples illustrate the variation in volume and type of data involved in the 

detection of a particular global signal.  For top-down measurements, relatively less data may be 

required.  For bottom-up aggregations, scientist may determine that a much greater volume and 

distribution of data is needed. 

The scientists’ identification of broad indicators causes me to think of a recent stunt that 

lodged itself in my mind as the antithesis of scientific understanding of global environmental 

change.  In February 2015, U.S. Senator James Inhofe of Oklahoma lobbed a snowball inside the 
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Senate chamber to the presiding Senate president to contest the so-called “hysteria on global 

warming” (as cited in U.S. Congress, 2015, p. S1138).  Inhofe’s Senate speech references the 

snowball as a representation of a cold snap in the Washington DC area that, he suggested, called 

into question 130 years of global temperature data—scientific information indicating that global 

average temperatures for 2014 were the warmest on record since 1880.  His false conclusion was 

based on a single brief, event in a small part of the planet.  Learning how scientists perceive 

global signals may help people inoculate themselves (McGuire, 1964; Pfau et al., 1997) against 

claims that lack the support of scientifically-accepted methods. 

Social learning. 

In the interview chapters every story of a scientist’s discovery involves some crucial 

information, understanding, or motivation that links back to at least one other person.  As Lonnie 

said, “Be able to communicate and get along with people because none of us can do anything 

alone.”  It is a potent idea that takes on an inter-generational dimension in the chapters for Ralph 

and Andy. 

In Ralph’s case, we see coupled passions passed down from his paternal grandparents 

(music and science) to his father and then to Ralph.  (I did not prompt Ralph to talk about 

astronomy specifically, but he initiated references to the moon, Jupiter, and the moons of Jupiter.)  

For Andy, his science career and thinking were influenced by the insights of James Lovelock, 

which he shared with his students including the prominent scientist Tim Lenton. 

Inter-generational learning aside, Andy spoke about the tremendous value of discussing 

literature and sparking ideas in conversation with colleagues.  Richard spoke endearingly of 

colleagues he has worked with for decades, and of business and political leaders he’s worked 

with to address problems in marine environments that were impacting people’s livelihoods.  
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Francis described the process of synthesizing knowledge on attribution and detection as leaders 

teaching leaders to attain an assessment that would not be possible as individuals.  Despite 

political divisions that separate nations, Lonnie established personal relations and long-term trust 

with people of different countries and cultures to incrementally advance alpine glaciology into a 

collaborative, international research effort.  Beth immersed herself in different cultures and 

brought together different voices to collaborate on learning about climate change from 

communities on the front lines of global climate changes to international climate change 

institutions. 

These and other examples in the interview chapters illustrate the social, collaborative 

nature of Earth learning.  As further corroboration, Langmaid (2009) comments that ecologists in 

her study work in interdisciplinary teams and a number of networks (p. 178).  This is not to 

diminish the role of individual efforts that are also a big part of the scientists’ experiences and 

work.  Think, for example, of Lonnie’s tenacity to get to the Quelccaya ice cap, the Third Pole, 

and other alpine ice drilling sites between the Arctic and Antarctic Circles.  This study brings the 

individual experiences of seven scientists into focus, but it is also important to recognize the 

social context and nature of the Earth learning work they do.  This may prompt educators to 

design Earth learning environments that incorporate social and collaborative learning 

opportunities.  Further, we may regard Earth learning as something communities and societies do 

together.  Putting the onus on individuals to learn about the Earth on their own may not be very 

productive. 

So far, this discussion has put a spotlight on the activities of Earth learning.  It is also 

important to note that knowledge that has accumulated about the Earth system resides in human 

communities.  The accumulation of knowledge about the Earth system is a human phenomenon. 
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The introduction of this thesis characterized Earth learning as learning at the locus of the 

whole Earth system.  It implies that we may learn to understand the Earth through observations 

out in the wild.  This is not incorrect, but more needs to be said.  I have come to view Earth 

learning as a learning domain with a double locus.  One locus is at the level of the whole Earth 

system.  The other is at the level of the whole research community that is advancing knowledge 

of the system.  We can see scientists in this study engaged in double-locus activities.  Of course, 

there are the direct observations and interpretations of the Earth system itself.  At the same time, 

the scientists are each working within the Earth system science framework and community to 

listen, read, and learn about the Earth system, and also to present, evaluate, test, revise, store, and 

promulgate knowledge themselves.  In the way that Earth learning cannot occur without some 

direct interaction with the Earth system itself, I would suggest that it is near impossible to 

progress far in one’s Earth learning without some exposure to and experience with communities 

on the front lines of understanding Earth system phenomena, functioning, and changes.  For non-

specialists, this suggests that learning about the human, community aspects of Earth learning are 

more than a good idea with some potential benefits.  They may be seen as a crucial aspect of 

achieving a fuller understanding of the Earth system. 

Quantification and models. 

Beth referred to 0.8°C as “a number that defines how the Earth has warmed.”  That was 

January 2015 and since then, the global average surface temperature has risen.  Francis uses 

advanced statistics and models to calculate and investigate a “number of consequence.”  Ralph 

said that “Earth system science is about developing understanding of a complex system, and that 

complex system really can only be described in quantitative terms through fairly advanced 

mathematical equations.” 
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Scientists in this study use advanced mathematics and models to investigate, define, and 

test their knowledge with considerable precision while continually comparing results back to 

observed phenomena.  In some instances, they spoke of numbers that define the state of the Earth 

system at a particular time.  For example, Richard and Beth defined the level of warming as a 

0.8°C increase since the pre-industrial era.  Nonetheless, experiences shared by the seven 

quantitative researchers offer non-specialists a qualitative understanding of the Earth without 

needing to develop advanced math skills.  Math and complex models are crucial for the work of 

these scientists and the Earth system science framework, however, as this study demonstrates, 

non-specialists may develop understanding of some complex Earth system phenomena without 

making any mathematical calculations.  Direct engagement with the mathematics and modeling 

offers additional benefits, but that is optional for people who seek a rich, qualitative, evidence-

based understanding of the Earth. 

Immersive Earth learning. 

Part 2 of this thesis is labelled “Immersion.”  I chose the label after recognizing some 

overlap between my research learning experience and the intense, immersive experience that 

Francis described after he “parachuted” from a PhD statistics program in Halifax to a small 

enclave of climate scientists in Toronto.  He said his experience culminated with strange 

concepts somehow fusing into his brain, an outcome that may be attributed to the extra time and 

effort he invested to learn about the new world he found himself in. 

My research has not made me a climate scientist, but I would describe my experience as a 

rather intense, prolonged exposure to unfamiliar concepts and subjects.  I have even had some 

“What the hell is geostrophic wind?” moments of my own.  I mean, “What the hell is aragonite 

saturation state?”  With some work, my understanding of this important ocean system concept 
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developed.  Originally, I also had difficulty understanding the biogeochemistry label that seems 

ordinary among Earth system scientists.  Beth provided a rich example of biogeochemistry that 

helped me assimilate it beyond a conceptual level. 

So, the unfamiliarity, volume, and variety of material in the interview chapters can be 

disorientating.  I felt that way at times, yet my exposure to different scientific disciplines, 

specializations, and issues eventually left me with a fused mass of stories, information, and 

details for understanding people, communities, and processes that comprise the Earth system 

science framework.  I would say that I have had an extended Earth learning experience with one 

foot in the worlds of Earth system scientists. 

Despite jumping into this project, I did not think I was creating my own immersive 

experience, and I did not explore literature on learning by immersion.  I pushed hard to 

understand a large volume of unfamiliar material in specializations that were unfamiliar, and in 

this research context, I sense that I have benefited from an immersive form of learning.  

Immersion is not the only mode for learning about the Earth, although it may be a productive 

mode for motivated learners in the right circumstances. 

General benefits and potential. 

The preceding descriptions of six expert Earth learning practices should serve as a 

practical base from which to start recognizing the nature of Earth learning and developing skill in 

using and interpreting various types of information about the Earth system.  Here, we step back 

to consider the potential, general benefits of using holistic, experiential material as a pathway for 

non-specialists to develop a qualitative, introductory understanding of the complex Earth system. 
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Visceral learning experiences. 

As researcher, my exposure to the stories and perceptions of the seven senior scientists 

has expanded and enlivened my understanding of the Earth system.  I have accumulated 

perceptions of actual places, events, activities, perspectives, and practices in the lives of the 

scientists.  Within me, I now carry a more detailed and animated map of our planet, a map dotted 

with living individuals engaged in observations and interpretations across each continent, ocean, 

and various systems within the Earth system.  In a way, I have gained seven extra pairs of eyes 

that illuminate many aspects of the Earth that were previously dark or poorly lit.  And I have 

assimilated the thinking and perceptual examples of the seven experts to help guide my 

perceptions so I am more likely to notice significant phenomena and know something about why 

they are significant.  After much reflection on my overall learning experience and the knowledge 

that accumulated, I eventually realized that my Earth learning experience was not a conceptual 

learning experience.  Take aragonite saturation state (Ωarag) as an example. 

This is an important concept that I learned well enough to write about in Richard’s 

interview chapter.  That is, when I sent the first draft chapter to him for review, he nixed my 

description of the concept.  I made a fresh attempt and eventually achieved what I think is a 

decent result.  It was good enough for Richard although my somewhat improved understanding 

still feels conceptual, thin, and in my head.  I lack experience with basic chemistry and the way 

compounds interact in a solution, so I feel unable to gain a deeper understanding of the Ωarag 

concept unless I address that weakness. 

In contrast, the interview with Richard (plus some of the literature footnoted in the 

chapter) left me with a much fuller appreciation of the environments and stresses facing 

organisms beneath the surface of the world’s oceans.  I now recognize the ever-changing ocean 
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chemistry states that can vary significantly across latitudes, depths, ocean basins, time of year, 

and with different temperatures—plus some of the interconnections with marine organisms, 

human industries, and economic systems.  Prior to the interview, reports of different ocean 

stresses (e.g. coral bleaching the Great Barrier Reef) seemed more isolated.  I was content with 

the conceptual suggestion of Rockström et al. (2009) and Steffen, Richardson, et al. (2015) that a 

global average Ωarag of 2.75 in surface seawater marks a safe boundary for ocean acidification.  

What could possibly be wrong with such an apparently cautious marker?  But oceanographers 

like Richard comprehend the multi-faceted, dynamic nature of marine environments that are 

already affecting marine organisms and ecosystems and they don’t seem to agree that a single, 

safe global number can be determined.  I do not seek to insert myself in the middle of a debate 

among scientists that is outside my level of competence, but through my interview with Richard 

and some follow-up reading, I, too, have come to question how one number can be universally 

valid.  For this thesis, the point is that my still-incomplete understanding of the oceans has begun 

to shift from a simplistic, conceptual understanding to a more visceral sense of a complex, 

dynamic system that is undergoing profound changes here in the Pacific Northwest and 

elsewhere in the world’s oceans.  Safety boundaries aside, the oceans are probably going to be 

more habitable for marine organisms if stabilization is achieved soon for ocean acidification, 

ocean warming, and outflows of nitrogen, phosphorus, and other stress-enhancing pollutants. 

For the most part, my learning through this research project has given me a deepened, 

more embodied85 comprehension of how the ocean system works, how other parts of the Earth 

system work, and how experts understand what they know.  Rather than accumulate concepts and 

facts about the Earth, I have assimilated a number of learning experiences and perceptions 
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through the shared experiences of seasoned experts.  I have not simply learned new subject 

matter, I have learned in a way I had not previously given much attention. 

A wide pipe. 

The previous discussion suggests that learning about the Earth through relevant lived 

experience material may be useful for a transfer from experts to non-specialists of qualitative, 

more embodied knowledge of complex Earth system phenomena.  Previously, this thesis 

discussed the information-rich nature of the scientists’ Earth learning experiences.  This can be 

visualized as a set of interrelated aspects of an experience that are distributed across the four 

quadrants of the all quadrants model.  Sharing these experiences, from one person to another, 

may be visualized as a wide conduit.  A wide pipe.  If a simple fact were being shared, a thin tube 

may be all that is required. 

My exposure to scientists’ experiences brought me into contact with a rich set of 

contextual information that is wrapped around the learning and knowledge of Earth system 

phenomena within the scientists’ specialization.  A lot of information has been transferred and 

organized in the interview chapters.  As a wide pipe, capacity exists to convey holistic, 

experiential material as stories and narratives rich in detail.  Each interview incorporates 

information about Earth system phenomena as well as the human process and context through 

which a scientist acquired the knowledge.  The Earth system content comes packaged within a 

human context that does not require expertise to relate to and comprehend.  Potentially, the 

conveyance of experiential material through a wide pipeline sets the stage for non-specialists to 

gain an introductory, qualitative understanding of complex phenomena with minimal prior 

knowledge.  Establishing such benefits for individuals bodes well for efforts to facilitate Earth 

learning on a broader scale.  It may be relatively less useful and less efficient for the transfer of 
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powerful conceptual understanding and mathematical skills that scientists may learn at 

university. 

3.4. Suggestions 

In this period, while we have the resources and wealth, we must invest in education.  If 
we do so correctly now, in 50 years when we ship off the last barrel of petrol, we will not 
be sad.  I promise you, my brothers and sisters, we will be celebrating. 

—General Shaikh Mohammad Bin Zayed Al Nahyan, Crown Prince of 
Abu Dhabi and Deputy Supreme Commander of the 

 UAE Armed Forces (as cited in Nazzal, 2015) 

Give Earth learning a chance.  Try it out.  Experiment with it in some varied settings, 

modes, and programs.  Listen to what others say and share your experiences.  Conduct informal 

and formal evaluations.  Do more and better research with methods that are similar or different 

from those used here.  Help bring Earth learning to life. 

These are some of my general suggestions for educators, researchers, and citizens who 

see the potential usefulness of taking some aspects of this study beyond an exploration with 

preliminary findings.  More specific suggestions follow. 

Tracing discoveries. 

The interview chapters string together scientists’ stories to produce a life-situated 

narrative.  The result is a set of seven long, holistic texts that serve the exploratory purposes of 

this study.  They offer a long view of how Earth learning can happen.  They reenact a series of 

personal realizations and first-time discoveries that serve as an important through line for the 

accumulating narrative. 

Others may produce similar, holistic texts to facilitate learning about a significant, past 

discovery.  I would suggest that such texts recreate the circumstances that lead to the discovery, 
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and also include the motivations, questions, knowledge, and observations of the discoverer.  This 

invites the reader to perceive and think about a phenomenon as the discoverer did.  Two brief 

examples follow. 

Recall the view that Terry Root had of large areas of the ground while flying with her 

father and family.  It instilled a vision of the land that influenced her perceptions of terrestrial 

biology on scales larger than most scientists were looking at.  Over time, she encountered 

biologists, literature, and situations that confirmed the usefulness of studying phenomena on 

these broader spatial scales.  A series of unplanned events pulled her toward data that spanned 

broader spatial scales and longer time scales.  The process unfolded over decades, involved many 

people, and culminated in a study that identified a link between human-induced climate change 

and changes in the behaviour of plants and animals.  It is a long story that traces the human 

learning process and eventually leads to a significant discovery of a global signal for global 

environmental change.  Subject to further evaluation and testing, developing such materials for 

learning about significant past discoveries may have pedagogical value. 

As a second example, I have selected an audiobook I found highly-engaging and 

insightful: The Invention of Nature: Alexander von Humboldt’s New World, by Andrea Wulf 

(2015).  This historical biography traces the discoveries of the peripatetic Alexander von 

Humboldt two centuries ago while traversing long distances across oceans and continents.  His 

unusually long explorations were marked by ongoing scientific observation, measurement, 

collaboration that enabled him to eventually recognize similar patterns in faraway places based 

on climate and location (e.g. altitude and latitude).  Despite his initial focus on individual 

organisms, he came to perceive their interconnectedness as a single, global web of life.  Through 

her research, Wulf further presents acknowledgements by Charles Darwin, Henry David 
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Thoreau, John Muir, and other historical figures that von Humboldt’s observations and 

perceptions enabled them to complete the works they became famous for. 

For Europeans in Von Humboldt’s time, he presented a radically new way of seeing and 

thinking about the Earth.  To illustrate, here is a passage that recounts his ah-ha moment in 1802 

near the summit of Chimborazo in the Andes Mountains following an excruciatingly-difficult 

ascent to 19,413 feet above sea level.  Von Humboldt was in his early thirties and, then and there, 

he first envisioned the interconnectedness of life on Earth: 

Looking down Chimborazo’s slopes and the mountain ranges in the distance, everything 

that Humboldt had seen in the previous years came together.  His brother Wilhelm had 

long believed that Alexander’s mind was made “to connect ideas, to detect chains of 

things.”  As he stood that day on Chimborazo, Humboldt absorbed what lay in front of 

him while his mind reached back to all the plants, rock formations and measurements that 

he had seen and taken on the slopes of the Alps, the Pyrenees and in Tenerife.  

Everything that he had ever observed fell into place.  Nature, Humboldt realized, was a 

web of life and a global force.  He was, a colleague later said, the first to understand that 

everything was interwoven as with “a thousand threads.”  This new idea of nature was to 

change the way people understood the world.  (Wulf, 2015, ch. 8, 5:38-6:35)86 

This passage is especially rich after reading the long story leading up to Von Humboldt’s 

mountain-top epiphany.  Material in the audiobook provides a fine example of how many 

observations over long periods—even at ground level—can reveal important insights about the 

whole Earth system.  I found that the human story and context paces and contextualizes 

information as a foundation or scaffolding that supports the accumulation of more advanced 

understanding as the story progresses.  Somewhat like my use of Dave Keeling’s autobiography 
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in Ralph’s interview chapter, this example illustrates the potential usefulness of experiential 

material for the facilitation of learning about the interconnections of different aspects of the 

Earth system. 

Toward a Fourth R. 

Within North America’s educational system, students learn the Three Rs (basic literacies 

in reading, writing, and arithmetic) plus higher-literacy skills.  However, literacy skills are not 

developed specifically for learning about the complex, Earth system.  Earlier, I suggested that 

Earth learning may be considered a Fourth R.  We may also regard it as a null curriculum 

(Eisner, 2002), a sort of Missing R with consequential implications. 

In the interview chapters, Andy and Beth spoke directly to the need for widespread 

learning about the Earth system.  Andy spoke of the potential to use knowledge of the Earth 

system to fashion an authentically-sustainable, high-energy, high-recycling Earth system 

lifestyle.  Beth spoke of the need to integrate Indigenous knowledge and local wisdom with 

scientific knowledge in a collaborative way.  In keeping with these perspectives, the following 

two suggestions may help some forms and modes of Earth system learning gain traction on a 

broader scale. 

Earth system education framework. 

Francis Bretherton (1988) and his NASA colleagues helped lay the foundation for 

establishing Earth system science as a framework to integrate many mature science disciplines.  

They did this to advance the scientific understanding of the Earth as a whole system, shed light 

on its “future habitability” (p. 22), and “preserve the Earth for human habitation” (p. 12). 

How I wish I had been in a school that has a purpose like that.  Perhaps I will have 

grandchildren someday and perhaps they will attend a school that incorporates the Earth’s 
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habitability into its purpose and mission.  Towards such a vision, the framework that integrated 

the scientific community in the 1980s and 1990s may serve as a model for integrating curricular 

subjects that prepare children to work, live in, and influence a society that sustains an alignment 

with a stabilizing, life-sustaining planetary system.  Such an approach might be considered 

further to United Nations (1992) educational provisions of the UNFCCC (Article 6).  Or, perhaps 

it might be spurred by bottom up initiatives. 

Meeting at the bottom. 

Beth’s interview chapter introduced examples for integrating Western, scientific ways of 

knowing and Indigenous ways of knowing—through collaboration on local perceptions of sea 

level rise (South Pacific) and the effect of solar activity on global average temperature (Navajo 

Hardrock District).  After the interviews, I read about the 2008 Planning for Seven Generations 

conference that Beth talked about.87  In particular, I took note of a conference ah-ha moment that 

Simonelli (2008a) recorded. 

Participants had been discussing ways of bridging different ways of knowing and being.  

During a break, Dr. Roberto Gonzalez-Plaza, a molecular biologist and Indigenous educator, said 

there may be a better metaphor than bridging.  He spoke of a place where people may meet—

meeting at the bottom—a place where commonalities may be experienced in simple, human 

terms.  Dr. Mimi Lam, a fisheries researcher and colleague of Dr. Gonzalez-Plaza, suggested that 

meeting at the bottom may be understood as an approach that does not “try to bridge the 

cognitive and cultural gaps between incompatible worldviews, which can feel dangerous to our 

group psyches and senses of self” (p. 20).  She described the place as points of “affective 

convergence rather than divergent viewpoints” (p. 20). 
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To me, the idea is compelling and seemingly compatible with this study’s approach to 

facilitating a personal, humanized Earth learning experience—through the lived experiences of 

experts in scientific knowledge.  The study was designed and carried out in a Western context 

without intending to venture into broader terrain with other cultures and worldviews.  

Nonetheless, it demonstrates the potential for connecting Earth learning activities (aided by the 

wide pipe of sharing lived experiences) with an integration of multiple ways of knowing (aided 

by a meeting at the bottom). 

Research and evaluations involving experiential material. 

The design of this exploratory study does not include a plan to test or evaluate the content 

or use of material in the thesis.  Educators and researchers specializing in geo-sciences literacies 

or environmental learning, for example, may wish to test or evaluate the experiential material in 

this thesis.  Further, research may be undertaken to review material in this study in light of 

pathways for biospheric perception and perceiving global environmental change that Mitchell 

Thomashow (2002, 2010) has written about.  To assist with any such undertakings, I offer the 

following characterization of the lived experience material in this study as (a) specifically 

oriented to participants’ acquisition, communication, and living with knowledge of the Earth 

system (“Earth learning”), (b) life situated with events distributed across the majority of 

participants’ lifetimes, (c) holistic in the sense that it incorporates personal interests, motivations, 

meanings, cares, and perceptions of participants, and (d) integrated in terms of its incorporating 

the objective, inter-objective, inter-subjective, and subjective aspects of realities. 
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Conclusion 

The second law of thermodynamics tells us that in the real world, disorder always 
increases.  Yet simple observation tells us that, in the real world, life creates order 
everywhere: the Universe is winding up, not down.  

—Ken Wilber (2000, p. x) 

Reflecting back on the day in the 1970s when I perceived my lack of physical influence 

in the world—one of many days I spent in the field near my home in Nova Scotia—I would say 

that my boyhood impression was accurate yet incomplete. 

I was correct to sense that the Earth is well established, changing every minute, 

incredibly big and powerful, and physically more influential than me. 

But I was blind to the aggregate, global impact of people’s activities that were 

accumulating over time.  I was unable to perceive or know of the rising CO2 levels and declining 

O2 content in the air I was breathing.  And I knew nothing of the as-yet unnamed, human-caused 

Great Acceleration that had begun forcing planetary changes that include the start of shell 

dissolution for half the pteropods along the United States’ West Coast, a disturbance in the 

climate of Costa Rica’s Monteverde Cloud Forest Preserve that golden toads had depended on to 

live, and melting of a hundred years of accumulated snowfall in just one year on a number of tall 

mountaintops around the world.  I did not know of human-caused changes that would provide 

reason for leaders of some island states to question whether their countries can continue as 

members of the United Nations—or effectively be submerged by a rising ocean.  Or that 

continued, collective delays in learning to recycle civilization’s energy waste probably puts our 

planet at risk of a rapid devolution to a state that is much less habitable or perhaps completely 

uninhabitable for the only complex, intelligent life known to exist in the Universe. 
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I did not recognize these things as a boy in the 1970s or as a teenager in the 1980s.  But I 

began to notice the reported, accumulating hits to the environment, and I wanted to believe that 

the 1990s was in fact the environmental turnaround decade.  I wanted to believe the official 

statements that sustainable development would be achieved by 2000 and beyond.  Now, deep in 

the 2010s, I applaud the latest, highly ambitious targets to stabilize global average temperature.  

But actual environmental problems continue to worsen at record high levels on a global scale 

with no firm plans or commitments capable of stabilizing atmospheric greenhouse gases or 

global average temperature by any set date.  So far, within my lifetime, it seems that my species 

has managed to sustain a rather dynamic, slippery status quo.  I’m sorry to be a downer but I 

think John Foster (2008) is correct when he describes humanity’s sustainability targets as a 

sustainability mirage that effectively “recede as we try to advance towards them” (p. 55). 

In looking back, I see that I have grown up at a time when people did not know how to 

learn about the Earth as a society.  It has largely been an area of specialization, not a focus for 

school teacher’s professional development.  I do not think my society and our global population 

can continue much longer without, somehow, learning to learn about the Earth system.  I have 

embarked on an exploratory study that provides live, detailed examples of what Earth learning 

can look like.  The experiential material in this thesis illustrates some of the thinking, practices, 

habits, and perceptions of some experts that may offer insight into the procedures of Earth 

learning.  It helps illuminate the multi-faceted nature and inherently human dimensions of Earth 

learning.  It points to Earth system knowledge as a human phenomenon that develops and resides 

in human communities.  Further, the study experiments with the presentation of holistic, lived 

experience material as a promising pathway by which non-specialists may achieve an 

introductory, qualitative, yet holistic understanding of the Earth system. 
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I come to this study from the vantage point of a person who wants to learn what I have 

not been taught.  I am blown away by what I have learned, how I have learned it, and my sense 

of knowing the Earth in a more full and enlivened way.  The senior scientists you have gotten to 

know—Richard, Francis, Andy, Terry, Ralph, Lonnie, Beth, and also Joe—have been generous in 

sharing their experiences, knowledge, and time.  Their stories have opened me to an incredible 

learning experience, and I hope yours has been comparable. 

Despite a lack of an educator’s sensibility, I also hope that enough useful material has 

been provided for others to work with, use, fill in gaps, and help advance Earth learning in some 

workable form so it may become widely accessible and beneficial to non-specialists.  Learning 

about the Earth cannot instantly resolve or transform global environmental problems that are 

increasingly stressing the biosphere and people today.  This study has not, for example, 

investigated the potential of Earth learning on environmental behaviour.  Nonetheless, I believe 

more strongly than ever that widespread learning can help unleash an innate human ingenuity of 

individuals for bringing human energy and material flows into alignment with the planetary life 

systems that sustain habitability for diverse, complex, intelligent life. 

This type of belief may be viewed in binary terms as right or wrong, supportable or 

unsupportable, but humanity faces a divergent set of environmental (and learning) challenges 

that demands more than a simple yes or no.  When Willi Dansgaard gave his professional, 

informed assessment that Quelccaya was too high for humans and that technology did not exist 

to drill ice cores, he was correct.  Still, Hassan Virji evidently had faith in the potential of people 

when he said, appropriately I think, “We won’t know unless we try.”  
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Appendix A: Interview Details 

Table 1 
 
Research Participants and Interview Details 

Date Participant PhD Participant Location Medium Minutes 

Oct. 8, 2014 Dr. Feely 1974 Lake Adney, MN, US Cell Phone 68 

Nov. 17, 2014 Dr. Zwiers 1980 Victoria, BC, Canada In Person 128 

Nov. 27, 2014 Dr. Watson 1978 Exeter, Devon, UK Videoconference 114 

Dec. 4, 2014 Dr. Root 1987 San Francisco, CA, US Videoconference 111 

Dec 14, 2014 Dr. Keeling 1988 La Jolla, CA, US Videoconference 125 

Dec. 22, 2014 Dr. Thompson 1976 Columbus, OH, US Videoconference 141 

Jan. 17, 2015 Dr. Holland 1988 Suva, Rewa, Fiji Videoconference 109 

Notes.  Other than the in-person interview, I was at my home in Victoria, BC, Canada for each interview. 
 Videoconference interviews were held using a BlueJeans account set up through Royal Roads University. 
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Appendix B: 1988 Letter to the Editor 

 

 

Figure 3.  1988 McGee letter to the editor.  “Letter of the Day: We Must Deal With 
Environmental Issues” by McGee (1988, p. A9) is reproduced from The Ottawa Citizen. 
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Appendix C: 2007 CO2 Graphic  

 

 

  

Figure 4.  Original 2007 CO2 graphic posted at themostimportantnumber.org.  The 
graphic was first posted when the one-page website launched December 17, 2007.  
The graphic displays the latest monthly mean concentration of CO2 in the atmosphere 
as measured by NOAA at the Mauna Loa Observatory in Hawaii.  The website credited 
NOAA as the data source.  McGee used Photoshop software to produce the graphic 
without training in graphic design. 
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Appendix D: Reactive Nitrogen  

“The reactive nitrogen issue,” Professor Holland said, “is an interesting and 

multidimensional one, and it’s not as easy to explain as the carbon cycle.”  I prepared this primer 

on reactive nitrogen and the global nitrogen cycle based on the cited articles. 

Two types of nitrogen exist.  First, nitrogen gas (N2) is very abundant and inert.  This 

form constitutes most of the Earth’s atmosphere.  Second, reactive nitrogen compounds (Nr) are 

much more limited in availability and more readily used by plants and animals to live. 

Humans and other life forms need nitrogen, carbon, phosphorus, oxygen, and sulfur.  

James Galloway et al. (2003), label nitrogen as the most ironic of all the elements that sustain 

life.  It makes up 78% of the Earth’s atmosphere but the triple-bond of N2 molecules are very 

difficult to break.  That makes it “the element least readily available to sustain life” (p. 341). 

However, life forms evolved so they can fix relatively inert nitrogen and produce a usable 

protein.  As humans, we get most of the nitrogen we need by eating plants, not by breathing air 

loaded with nitrogen.  Since 1900, synthetic nitrogen fertilizers helped enable food production to 

feed four times the population with only 30% more land area for agricultural (De Vries, Kros, 

Kroeze, & Seitzinger, 2013).  At present, human-caused emissions of reactive nitrogen 

compounds (Nr) are accelerating (Galloway et al., 2008).  And 83% of the nitrogen used to 

produce food is lost to soils, freshwaters and the atmosphere (Fowler et al., 2013).  Excess 

reactive nitrogen “slowly erodes the resilience of important Earth subsystems” (De Vries et al., 

2013; Rockström et al., 2009, p. 474; Steffen, Richardson, et al., 2015). 

Humanity’s output of nitrogen is double the long-run, sustainable level.  “Societal needs 

for the use of Nr for food,” Fowler et al. (2013) write, “is that they have been satisfied by 

inefficient nitrogen use in agriculture, compromising other ecosystem services” (p. 11). 
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Notes 

1 Learning refers to “the acquisition of knowledge” (J. S. Brown & Duguid, 2000, p. 124).  Keep in mind that 
learning experiences of individuals are enmeshed in a broader context of social learning activities (p. 137). 
2 I refer to locus as the level of the system at which problems and their resolution are located.  This usage of the term 
is compatible with its usage by Rittel and Webber (1973) in their seminal article on wicked problems.  In this thesis, 
the locus of learning is the whole Earth system, the highest level at which human environmental problems are 
manifest.  Earth learning does not require that one fix their attention to one level in the system; rather, I would 
suggest that it requires occasional attention and an ongoing mindfulness. 
3 Determining the boundaries of the “Earth system” can be more challenging than one expects.  Authors of the 
NASA report, Earth System Science: A Closer View (Bretherton, 1988) includes systems falling within the 
mesopause of the atmosphere, about 80 to 90 km above the Earth’s surface.  The report excludes the Earth’s 
ionospheric and magnetosphere, and excludes solar-terrestrial studies other than a chapter on the sun as a “critical 
driver” of the Earth system (p. 19). 
4 I went to grade school in Nova Scotia, Manitoba, and Ontario (completing grade 13).  At the University of Ottawa, 
I obtained a Certificate in Business Administration and completed courses in political science.  Prior to graduate 
studies at Royal Roads University, I took two courses in environmental studies at the University of Victoria, British 
Columbia. 
5 I have been employed by the Government of British Columbia since 1992.  I am a long-time Manager of Policy, 
Programs, and Communications for an independent tribunal, the Passenger Transportation Board, which is part of 
the Ministry of Transportation and Infrastructure.  The Board makes licensing decisions on applications from 
business owners seeking to operate taxis, limousines, shuttle vans, and inter-city buses.  Roadrunner, the Ministry’s 
staff newsletter, includes a very nice article about CO2Now.org, the website I was maintaining at the time (Malek, 
2009). 
6 Prior to November 13, 2015, I operated CO2 websites at themostimportantnumber.org (2007-2008) and 
CO2Now.org (2008-2015). 
7 My family switched to an electric lawnmower and started buying wind offsets for the electricity our home 
electricity.  As well, I run CO2.Earth on servers powered directly by solar panels.  One person told me my site 
inspired him to replace an old oil furnace with a high efficiency (oil-burning) model. 
8 The research project suggested by Thomashow (2002) implies that biospheric perception and learning may not be 
well charted for non-specialists. 
9 Bretherton (1988) describes the study of Earth system science as an “inherently international”(p. 3) effort that 
integrates multi-disciplinary methods (p. 12) to deepen the scientific understanding of complex, “internally and 
externally driven systems” (p. 15) over timescales from decades to billions of years (p. 15). 
10 Dr. Richard Feely is also an Affiliate Full Professor at the University of Washington. 
11 See “How to Format an Epigraph” (on the APA Style blog) by Hume-Pratuch (2013). 
12 This reference to a null research agenda is a nod to the null curriculum (Eisner, 2002) concept which points to 
implications of how a subject is treated in a curriculum, even if it is excluded. 
13 Wilber (2000) writes “transcends and includes” to describe the hierarchy that is embedded in nested systems (p. 
40). 
14 Environmental learning has been described broadly as “learning which accrues or is derived from an engagement 
with the environment or environmental ideas and thus can be the outcome from formal or non-formal educational 
programmes in schools, and/or communities, from designated ‘environmental education’ or ‘education for 
sustainable development’ interventions or from personal or incidental learning where no teacher or instructor was 
involved” (Gough & Scott, 2003, p. 14). 
15 “Climate science literacy is an understanding of your influence on climate and climate’s influence on you and 
society” (U.S. Global Change Research Program, 2009, p. 3). 

                                                

https://web.archive.org/web/*/http:/themostimportantnumber.org
https://web.archive.org/web/*/http:/co2now.org
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16 Wysession et al. (2012) refer to efforts to develop a broader Earth system science literacy framework (p. 96). 
17 Of potential interest, an unrelated novice-expert study by Hsu, Lin, Wu, Lee, and Hwang (2012) makes findings 
that incorporate three levels of learning:  novice learners (grade 10) used phenomena-based reasoning, advanced 
novices (talented students in grades 11 and 12) used relational-based reasoning, and experts used model-based 
reasoning. 
18 In particular, the Prof. Terry Root’s interview chapter may be a good starting place to explore the three levels of 
biospheric perception as presented by Thomashow (2002). 
19 I have been a member (mainly as an observer) of the CLEAN network listserv since about 2012, around the time I 
started graduate school. 
20 On December 12, 2013, I discovered a PowerPoint presentation online that Dr. Daniel Edelson used at a workshop 
to talk about climate change education.  Edelson is Vice President for Education at the National Geographic Society.  
Slide number 9 contained a message that seemed important but which I did not accept right away:  “Since it is not 
possible to teach climate in isolation from other Earth systems…Teach Earth systems in a way that achieves climate 
literacy” The PowerPoint is no longer accessible online.  However, I printed Slide 9 and Scotch-taped it to my office 
wall for a few months.  I don’t recall the turning point, but Edelson’s idea eventually converted my thinking and I 
haven’t looked back.  Later I found proceedings for the 2011 workshop that records Edelson’s presentation. 
21 I have encountered a handful of examples where habitability refers to the extent of life on Earth (rather than the 
existence of life on an exoplanet) and I note most of them here.  NASA’s report, Earth System Science: A Closer 
View, refers to Earth system science research goals “to shed light upon its future habitability” (Bretherton, 1988, p. 
22) and “to preserve the Earth for human habitation” (p. 12).  Before proposing the disciplinary integration of Earth 
system sciences, NASA developed a similar concept it named global habitability (Tilford & Page, 1984).  In How to 
Build a Habitable Planet, Langmuir and Broecker (2012) describe scientific knowledge of Earth’s history and 
conditions that enabled its habitability.  Environmental educator David Orr (2013) laments that efforts to reform 
education have been driven primarily to prepare young people to compete in the global economy.  “But,” he says, 
“there are better reasons to reform education which have to do with the rapid decline in the habitability of the Earth” 
(13:08).  Underscoring this point, scientists Hansen, Sato, Russell, and Kharecha (2013) are similarly, if not more 
bluntly, apprehensive.  They warn that burning all fossil fuel reserves “would make most of the planet uninhabitable 
by humans” (p. 1).  They note that humanity has yet to alter its energy course despite “strong evidence about the 
dangers of human-made climate change” (p. 25). 
22 Studies relating to planetary habitability are commonly associated with astrobiology and the study of exoplanets, 
sometimes with the Earth as the benchmark for a habitable planet.  From within this domain, Javaux and Dehant 
(2010) describe habitability as “the set of the necessary conditions for an active life to exist, even if it does not exist” 
(p. 383).  This description implies that habitability is simply the potential for life to exist.  It draws attention to 
conditions like planet size, sun size, and a planet’s time in the habitable zone.  It has usefulness to the study of 
exoplanets.  In this thesis, I am interested in preserving conditions that sustain habitability for diverse, complex, 
intelligent life that is known to exist.  See Grinspoon (2017) for discussion of these concepts. 
23 This statement is based on many references in the works by James Lovelock.  For example, he has written that the 
Earth system self-regulates its climate and chemistry “so as to sustain habitability” (Lovelock, 2009, p. 129). 
24 I have no post-secondary training in the physical and natural sciences.  In a small way, listening to the audiobooks 
gave me a somewhat more-nuanced understanding of scientific work, and improved my sense of readiness for the 
interviews. 
25 The course is: “Planetary boundaries and human opportunities: The quest for safe and just development on a 
resilient planet.”  It opened November 17, 2014, and closed February 2, 2015.  I completed the coursework with a 
mark above 90% and, for that, I received a Certificate of Proficiency with a “Champion of the Biosphere” 
designation.  (I thought that was cool.)  Much of the course is preserved in a playlist of 59 videos that Richard James 
MacCowan created on YouTube on February 14, 2015.  I would recommend video 55, PB MOOC | 8.2.1 | 
Reflections on Taking Action in the Anthropocene (Final) as it features personal reflections and experiences of 
course instructors that are similar to material featured in this study. 
26 Abbott and Wilson (2014, p. 11) further suggest that lived experience cannot be tied to a particular framework and 
that insights from lived experience can stand their own ground as knowledge that complements scientific 
knowledge. 

https://www.youtube.com/playlist?list=PLZu-fILukxs3-sPEWDvZsYU5-0diYfdj5
https://www.youtube.com/watch?v=xckc0ivYhhc&index=55&list=PLZu-fILukxs3-sPEWDvZsYU5-0diYfdj5
https://www.youtube.com/watch?v=xckc0ivYhhc&index=55&list=PLZu-fILukxs3-sPEWDvZsYU5-0diYfdj5
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27 The relational orientation means that autoethnographical research comes with ethical responsibilities before, 
during, and after a project.  Responsibilities relate to researchers themselves, participants, and readers (Adams et al., 
2014, p. 25). 
28 Kull (2004, 2005, 2009/2015). 
29 Two-hour interviews may be unconventional.  However, it worked well for this study.  It enabled me to access a 
rich collection of experiential material.  I did not receive pushback from scientists who agreed to participate, 
although it may have been a factor for those who declined.  The format gave scientists and me ample time to explore 
a variety of experiences in depth.  Given the busy schedules of scientists, a single two-hour interview seemed more 
convenient and easier to arrange than, say, two one-hour interviews. 
30 Scientists’ feedback was focused on details (e.g. events, names, places, scientific concepts).  I would guess that 
scientists’ time to review and comment on the chapters was in the order of two to three hours. 
31 I asked scientists to publish their names because the subject matter—Earth learning—has public relevance and I 
believe it may heighten readers’ sense of closeness to actual learning experiences of seasoned Earth learning 
practitioners.  Further, given the many specific details scientists have shared, it would be impossible to publish 
details that scientists have shared and still expect that others would not recognize the individual scientist.  
Alternatively, stripping out possible-identifying information would, I think, significantly dilute the value this study 
offers readers, educators, and researchers.  Although names are published in this study, I kept the identity of 
scientists confidential until my thesis was accepted by Royal Roads University. 
32 In my research proposal, I set out an interview target of five to seven scientists.  I truly wanted to interview seven, 
each with a different mix of specializations.  Seven is a small enough number to start to get to know scientists 
individually without their experiences mushing together. 
33 The IPCC shared the 2007 Nobel Peace Prize with Al Gore “for their efforts to build up and disseminate greater 
knowledge about man-made climate change, and to lay the foundations for the measures that are needed to 
counteract such change” (Norwegian Nobel Committee, 2007). 
34 These contributions and achievements were not considered when scientists were selected. 
35 A total of nine men and five women were asked to participate.  Half accepted (five men and two women).  Of 
those who declined and volunteered an explanation, time-related reasons were the most common.  Among those who 
declined, I include one scientist who originally accepted but missed a scheduled interview.  We subsequently agreed 
that time constraints precluded participation. 
36 Location was not a selection criterion.  However, I am happy to have been able to interview a Canadian senior 
scientist, especially in my home city of Victoria.  In part, the international distribution of participants reflects the 
earlier limitations on my understanding of what an Earth system scientist is.  That is, my limited understanding 
reduced the number of individuals I identified as candidates. 
37 I realized that Prof. Root participated in the Langmaid (2009) study after I first emailed my request for her to 
participate in this study.  I read Langmaid’s study months before I conducted interviews. 
38 To start each interview, I invited scientists to recall a time or place or event when he or she first took an interest in 
science, nature, mathematics, or the outdoors.  This question was truncated in the first senior scientist interview.  
The question is intentionally broad and enabled scientists to set the initial direction of the interview.  At the end of 
each interview, I invited scientists to expand or comment on anything that was discussed or missed.  This open-
ended, wrap-up question tended to yield fresh material that deepened my understanding of matters that hold 
significance or importance to scientists. 
39 In the first hour, I prompted scientists to recall past events and focused on listening without concern about which 
of my prepared questions would be addressed.  At the one hour mark, while continuing to listen, I took stock of 
prepared questions that remained to be addressed and was more active than I had been in influencing the terrain that 
the discussion covered.  I fell into this pattern in the second interview when, by necessity, much of the material and 
experiences that Prof. Zwiers shared were unfamiliar and unanticipated. 
40 In this study, received and reported causal statements on scientific matters that scientists made because they are 
experts qualified to make causal statements, and because this study seeks to understand how scientists communicate 
what they know. 
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41 A goal of the FANI method is to “facilitate the production of the interviewee’s meaning frame, or gestalt” 
(Hollway & Jefferson, 2008, p. 307).  Interviewees make their own associations (of particular events and times in 
their lives with particular concerns, emotions, or preoccupations) that may be “more unconsciously revealing than 
the meanings we might introduce” as researchers (p. 309).  Many of the FANI techniques seem effective and suited 
to lived experience research interviews.  However, the method is normally used to address psychosocial research 
questions that were not asked or pursued in this study.  Also, the FANI method uses second interviews which I did 
not do for practical (not methodological) reasons. 
42 The NDA was used to maintain participant confidentiality prior to the thesis publication. 
43 Despite a very busy schedule—working with climate models by day and researching papers on a number of 
evenings—Dr. Melton kindly welcomed me to his Victoria home for the interview. 
44 Phenomenology is commonly associated with philosophers such as Edmund Husserl, Martin Heidegger, and 
Maurice Merleau-Ponty.  As a research tradition, phenomenological methods do not impose a rigid structure.  
“Phenomenology has been called a method without techniques” (van Manen, 1990, p. 131).  It is “more a carefully 
cultivated thoughtfulness” (p. 131). 
45 Max van Manen (1990) suggests interpretive steps before writing.  I found pages 21 to 27 (limits of 
“phenomenological human science” and 129 to 133 (“textual reflection”) by Van Manen to be helpful as a guide for 
interpreting lived experiences.  Further, he describes the writing process as part of the interpretive process –a messy, 
complex process of “writing (re-thinking, re-flecting, re-cognizing)” (p. 131) and “going back and forth between the 
parts and the whole” (pp. 131-132). 
46 Interview chapters were much longer than I expected, and I am grateful that scientists agreed to review the texts 
even though they were much longer than I said they would be. 
47 I worked on each chapter by (a) digesting material (working with the transcripts to develop an outline), (b) 
producing first drafts, and (c) many rounds of edits, some major or radical.  Work in the final rounds was undertaken 
with a view to the flow and organization of material within each chapter as a whole.  Care was taken to refine the 
writing so it engages readers, reflects scientists’ personal experiences and matters of significance, and communicates 
concepts in a way that is scientifically correct and understandable by non-scientists.  Each phase was very 
challenging and time consuming.  Obstacles included a need to develop an ability to write in a new and different 
styles, and the need to understand a number of unfamiliar science concepts in order to appreciate the experiences 
that scientists shared. 
48 Max van Manen (1990) urges researchers to approach lived experience material like an artist producing “a 
linguistic description that is both holistic and analytical, evocative and precise, unique and universal, powerful and 
sensitive” (p. 39).  This is the ideal I pursued. 
49 Kimberly Langmaid (2009) carried out a thematic analysis of lived experience material gathered from 20 
ecologists.  She identified themes and descriptions aiming to approach climate change communication “in more 
personal and place-based ways than are traditionally found in scientist’s own peer-reviewed literature” (p. 3).  Based 
on the themes, she identified individual exemplars and, for each scientist, wrote a theme-focused text of about five 
pages or slightly longer. 
50 All participants are quantitative researchers.  Matters relating to qualitative research were not raised by 
participants in this study.  However, some ecologists in the Langmaid (2009) study express concern that quantitative 
research is over-emphasized in their field. 
51 Integral theory literature commonly refers to the all quadrants, all levels (AQAL) view (or model) of reality.  In 
this study, I have used and discussed only the all quadrants aspects which represents two of three dimensions of the 
AQAL model.  The vertical or depth dimension of AQAL’s all levels view has been omitted.  I believe that the 
basic, all quadrants view (which I refer to as the all quadrants Integral model) adds significant, useful insight that 
adds value to this study on learning about Earth learning.  I do not think that including a discussion of the all levels 
aspects of AQAL would be directly relevant and useful for readers of this particular study.  To explore the Integral 
theory and the AQAL model more fully, I would suggest the review of literature on Ken Wilber’s Integral theory 
(Esbjörn-Hargens, 2006; Esbjörn-Hargens & Zimmerman, 2009; Wilber, 2000) that is cited elsewhere in this thesis. 
52 Details I remember of those places is affirmed by the grainy, satellite view in Google Earth.  I can pinpoint the 
spot where I lay in the field and identify my family’s house at the time, a short walk up the toboggan hill and then up 
the street.  The satellite image is helpful yet flat and motionless.  It misses details, sensations, feelings, and colours 
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that I recall now.  And yet, combining my memory and the Google Earth view provides a more complete (and still 
imperfect recollection) of that moment in my life. 
53 From September 1982 to June 1983, I was a volunteer in Canada’s Katimavik program for youth.  During the 
program, I lived and worked in Oshawa, Ontario; Dieppe, New Brunswick, and Naramata, British Columbia.  After 
the program, I worked in orchards in Kaleden and Kelowna, British Columbia. 
54 A paper I distributed at a Liberal Party of Canada policy reform conference in Montebello, Quebec, promoted 
sustainable development, and an excerpt was published in De Novo magazine (McGee, 1990, p. 4).  My enthusiastic 
embrace of sustainable development reflected my keen support for solutions to environmental problems, not a deep 
understanding of the sustainable development concept. In my late twenties, I presumed that somehow the United 
Nations would succeed in its sustainable development efforts and could not imagine how it could fail.  Now I look at 
the 17 new sustainable development goals for 2030 and the 169 related targets (United Nations, 2015) and wonder 
how any of them can be achieved (and sustained) without even a plan capable of stabilizing the concentrations of 
greenhouse gases in the atmosphere. 
55 The motion picture, An Inconvenient Truth, was produced by Davis Guggenheim (2006). 
56 The original website launched December 17, 2007 at themostimportantnumber.org.  It expanded and moved to 
CO2Now.org on September 1, 2008.  It was upgraded, overhauled, and moved to CO2.Earth on November 13, 2015. 
57 Mauna Loa CO2 is the longest, continuous record of high precision measurements of CO2 concentrations in the 
atmosphere.  The CO2 monitoring program at the Mauna Loa Observatory was started in March 1958 by Dr. David 
Charles Keeling of the Scripps Institution of Oceanography.  Independently of Scripps, NOAA has monitored CO2 
at Mauna Loa since 1974.  NOAA operates the facility at Mauna Loa Observatory. 
58 Posting mean values for the same month in the two most recent years sidesteps seasonal variations in CO2.  
According to Google’s Internet Archive, August 11, 2011 is the first recorded appearance of this same-month 
comparison on the NOAA CO2 trends website. 
59 I obtained the article by Tans and Bolin (2006) and the book by Volk (2008) after the start of my graduate studies. 
60 Most countries of the world—as Parties to the UNFCCC—share an ultimate objective to achieve the “stabilization 
of greenhouse gas concentrations in the atmosphere at a level that would prevent dangerous anthropogenic 
interference with the climate system.  Such a level should be achieved within a time frame sufficient to allow 
ecosystems to adapt naturally to climate change, to ensure that food production is not threatened and to enable 
economic development to proceed in a sustainable manner” (United Nations, 1992, Article 2). 
61 To stabilize the concentration of CO2 in the atmosphere, global emissions must essentially reach zero (Knutti & 
Rogelj, 2015; Matthews & Caldeira, 2008; Meehl et al., 2007).  This basic concept is articulated in different ways in 
different reports.  For example, it is noted in the IPCC’s recent Summary for Policy Makers (IPCC, 2014a, pp. 20-
21, 81-98), targets are framed as absolute carbon budgets (e.g. Meinshausen et al., 2009) and G7 leaders affirmed 
the goal of decarbonizing the global economy by the end of this century (Press and Information Office, 2015; 
Morgan & Westphal, 2015). 
62 This can be explored in the scientific literature as the airborne fraction of anthropogenic CO2 emissions. For 
example, a paper by Knorr (2009) discusses changes in the airborne fraction over time. 
63 I also began to write and talk about the deep emissions cuts that scientists describe as a pre-requisite for 
atmospheric stabilization.  It was something I experimented with when circumstances seemed right.  For example, in 
2010, I attended a Web of Change retreat that connects “visionary leaders working at the intersection of technology 
and social change” (Turtlebox Productions, 2010).  It brought together a diverse group of talented people, mostly 
from across the United States, who identify with socially-progressive causes.  Even though climate change was a 
major topic in the discussions, my stark references to quantified, scientific information fell flat.  I had no training in 
environmental communications (as other participants seemed to).  In other settings, I tried talking about deep 
emissions cuts after climate change came up in the conversation.  “That’s not going to happen!” one business leader 
responded when I suggested that getting to zero CO2 emissions is inevitable.  That thread of our conversation came 
to a polite yet rapid halt. 
64 For an authoritative assessment, see the article in Nature by Bert Bolin (1998) which quantifies emissions and 
concentrations associated with the Kyoto Protocol.  Bolin indicates that the targets fall far short of stabilization.  He 
concludes that significant additional effort is needed to achieve the ultimate objective of the UNFCCC to stabilize 
the concentration of greenhouse gases and avoid dangerous, human-induced interference with the climate system. 

https://web.archive.org/web/*/http:/themostimportantnumber.org
https://web.archive.org/web/*/http:/co2now.org
https://web.archive.org/web/*/https:/www.co2.earth
http://scrippsco2.ucsd.edu/
https://www.esrl.noaa.gov/gmd/ccgg/trends/
https://www.esrl.noaa.gov/gmd/ccgg/trends/
https://www.esrl.noaa.gov/gmd/obop/mlo/
https://web.archive.org/web/20110811001243/http:/www.esrl.noaa.gov/gmd/ccgg/trends/
https://www.esrl.noaa.gov/gmd/ccgg/trends/
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65 Kevin Anderson (2015b) published comments on the Paris climate negotiations in 2015 that has remarkable 
similarities to the assessment of Bert Bolin (1998) after the Kyoto negotiations. 
66 April 2017 projections are based on Nationally Determined Contributions (of Parties to the UNFCCC) that had 
been made as of April 7, 2016. 
67 I highlight pledges based ‘strictly’ on actual pledges because the resulting projections more clearly represent the 
current status of humanity’s collective response to climate change. 
68 Also see Rockström et al. (2009) and Steffen, Richardson, et al. (2015). 
69 In late April 2008, I emailed the UNFCCC Secretariat in Bonn, Germany, to ask what atmospheric targets the 
UNFCCC has adopted.  The reply confirmed my hunch that no target exists for any greenhouse gas.  I received an 
explanation that Parties to the UNFCCC had agreed to targets on quantified emission limitation and reduction 
commitments (QELROs) under the Kyoto Protocol.  Here is an excerpt of an email reply from the UNFCCC 
Secretariat: “Under the UN Framework Convention on Climate Change there is no greenhouse gas stabilization 
target specifically outlined, nor are there target peaks for CO2 or any other known greenhouse gas. With this in 
mind, not having peak targets set, there is also no target for post-peak stabilization” (F. C. Silveira, personal 
communication, April 28, 2008).  I also learned that the Parties to the UNFCCC are not talking about atmospheric 
targets.  It was explained that they chose to pursue atmospheric stabilization (the goal) by way of emissions 
mitigation (emissions limitation, reduction commitments, and sinks) “and not the other way around.” 
70 In 2012, I wrote to Canada’s Minister of Environment, the Honourable Peter Kent, to ask if my country has a 
stabilization target for CO2 or other greenhouse gases in the atmosphere.  Without specifying an atmospheric target, 
Minister Kent affirmed Canada’s commitment as a party to the UNFCCC and the agreement to stabilize the 
concentration of greenhouse gases in the atmosphere, the Copenhagen Accord (UNFCCC, 2009) and Cancun 
Agreements (UNFCCC, 2011).  This included the global goal of holding temperature increases below 2°C above 
pre-industrials levels (Peter Kent, personal communication, June 12, 2012). 
71 Based on a meta-analysis of other projections, Rogelj et al. (2016) project that the stabilization of global 
emissions will hold until 2030 and that global average warming will increase 2.6°C to 3.1°C above pre-industrial 
levels by 2100. 
72 I started graduate studies believing I was already a systems thinker.  I knew of some systems, such as computers, 
and I thought systematically about how they work.  This was naïve and systematic thinking, not systems thinking.  I 
was uninformed on matters like what constitutes a system, how systems function and behave, and how they self-
organize and self-repair.  I was unaware of how energy and information flows are important to a system.  I had not 
recognized the self-organizing and self-maintaining behaviours of systems. 
73 Ken Wilber (2000) is one of a number of systems thinkers, and he describes reality as comprising holons.  A 
holon is a whole that is part of other wholes.  “A whole atom is part of a whole molecule; a whole molecules is part 
of a whole cell; a whole cell is part of a whole organism” (p.52).  The pattern continues up to ecosystems and the 
biosphere and so forth (p. 25).  Each level in the holarchy—as a nested growth hierarchy—transcends and includes 
the holons it incorporates.  My introductory foray into this work helped me perceive organizing patterns and 
structures that I was unaware of previously. 
74 In Thinking in Systems, Donella Meadows (2008) sheds light on the kinds of structures and purposes that guide 
and define particular systems.  She introduces ways of learning to know a whole system, a process that includes 
learning about the defining characteristics of a system.  I was drawn to her ideas on learning about systems, the 
identification of leverage points that may be used to influence systemic change, and archetypal systems traps and 
potential ways to escape them.  She offers no simple cure-all, although learning—observing the behaviour of 
systems and learning about it in the process—is baked into the approaches she suggests.  For example, she 
recommends “policies that design learning into the management process” (p. 177). 
75 Ken Wilber (2000) combines a number of systems concepts within Integral theory to articulate an inclusive, 
integral vision that attempts to include matter, body, mind, soul, and spirit.  The scope of these domains is expansive 
and my explorations have been confined to more basic concepts.  In the methodology section, I mentioned his all 
quadrants Integral model which is a part of his AQAL (all quadrants, all levels) model that can assist with one’s 
conceptual organization of multiple domains of knowledge. 
76 In A Guide for the Perplexed, E.F. Schumacher (1977/2004) maps different Levels of Being and Fields of 
Knowledge.  He describes the nature of convergent problems that are visible, logical, measurable, answerable, 



LEARNING FOR PLANETARY HABITABILITY 293 

                                                                                                                                                       
solvable, ordered, and inanimate.  Such problems are precisely definable and different from divergent problems that 
involve choices such as how we live, how we make collective decisions, and how people are educated.  Decisions on 
such matters present problems for which there is no set solution.  They are “divergent problems which have to be 
understood and transcended” (p. 140). 
77 Rittel and Webber (1973) describe tame problems as those that can be addressed with objective science.  But 
wicked problems (referring to their tricky and tenacious characteristics) tend to arise in open systems in which 
societal planning and public policy problems defy a definitive description.  No simple prescription is offered.  
Rather, they point to a need to learn about a problem’s context, unique nature, and its level and locus within the 
broader system. 
78 Drawing from research on wicked problems, Valerie A. Brown (2010) proposes a collective social learning (a 
model incorporating ideals, facts, ideas, and actions) for collective decision-making that integrates what is known 
and engages participants in social learning.  Outcomes are necessarily transformative.  “Since wicked problems are 
generated by the society in which they are set,” Brown writes, “their resolution will necessarily involve changes in 
the society that produced them” (p. 62). 
79 For readers intrigued by the circular nature of learning, I offer the following reference and initial comment.  In 
Western culture we generally do not pay attention to the sources of our knowledge (in the broad sense) or how our 
knowledge of the world is rooted in our experiences of it (Maturana & Varela, 1987/1998, p. 24).  And so, it seems 
rather amusing to me that, with this project, I am researching researchers to learn about learning.  Maturana and 
Varela suggest that the circular and social nature of human learning is not something we recognize easily, and that it 
is probably a blind spot in our culture.  Just thinking about these matters, they suggest, can leave us with a “slightly 
dizzy sensation due to the circularity entailed in using the instrument of analysis to analyze the instrument of 
analysis” (p. 24).  I sense a dizziness just contemplating these matters but have not explored them to point where I 
can firmly go beyond an acknowledgement that there is something curious and unexplained about the circularity of 
learning.  That said, see the work by Stephen Sterling that is discussed in the next note. 
80 In Sustainable Education: Re-visioning Learning and Change, Stephen Sterling (2001) explicates different levels 
of learning and change.  First order learning, he points out, emphasizes transmission without examining underlying 
values.  And second-order learning is critically-reflective.  That is, assumptions that influence first-order learning 
are openly examined.  “This,” Sterling writes, “is sometimes called ‘learning about learning’ or ‘thinking about 
thinking’”  (p. 15).  Second order learning is intentional, it gives rise to new perspectives, and it is transformative for 
individuals and society.  One way to help advance second-order learning, he suggests, is for cultural and educational 
systems to facilitate deep change—“to transform in order to be transformative” (p. 15). 
81 In part, my vision for this this project was inspired by Edward Clark (1997) and his systems-oriented work on 
integrated and collaborative curricula.  I come to this study as a person at ground level wanting to learn about the 
Earth.  Graduate studies helped prepare me through exposure to a number of useful concepts, theories, and 
frameworks about learning, education, and curriculum.  But one book resonated with my “inner learner” more than 
any other: Designing and Implementing an Integrated Curriculum: A Student-Centered Approach by Dr. Ed Clark 
(1997).  One chapter was required reading in a systems thinking course and, wanting to learn more, I bought a copy 
of the book.  The book is based on material Clark taught at teaching workshops in the 1990s—materials that 
teachers used to integrate learning across subject disciplines and contexts (e.g. time, subjective experience, learning, 
ecosystem) to facilitate an integrative, student-centered, student influenced curriculum.  His ideas are grounded in 
systems thinking which Clark calls a “natural way of thinking” (p. 28).  And they are rooted in a view that integrates 
thinking and learning processes that, at a deeper, structural level, are “essentially mirror images of each other” (p. 
28).  Clark dedicates his book to the memory of his son and brother who “would have flourished in the kind of 
school I describe” (p. iv).  It strikes me that the school Clark envisions is one where a great many people may 
thrive—including teachers and people in the communities that the school serves. 
82 Robert Louis Flood (2005) writes, “...valid knowledge and meaningful understanding come from building up 
whole pictures of phenomena, not by breaking them into parts.  How to go about building up whole pictures of 
social phenomena is a big question that has led to much controversy in social systems thinking.” (p. 117).  I 
discovered this reference after I wrote the interview chapters. 
83 In conducting this research study, I am left with a vision of the Earth dotted with intelligent, caring, inquisitive, 
highly-trained people spread out across its surface—the seven scientists and their colleagues—on every ocean and 
every continent.  I see them making observations along the bottoms of oceans and at the tops of some of the highest 
mountains, from one pole to the other.  Instead of an imagined, rather abstract picture in my mind of networks of 
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instruments and scientific activities, my mind easily zooms to any one of many dozens of specific places where 
people are making observations in a variety of ways under different circumstances.  The vision is furnished with a 
rich collection of stories of adventure, perception, discovery, failure, invention, and innovation.  I am amazed at the 
aliveness and humanness of the activities, especially compared to the start of the project when I had no exposure to 
the experiences of Earth system scientists and little clarity about what they do. 
84 I recognized the embodied nature of my learning late in this study and did not explore the literature prior to 
concluding this study.  Nonetheless, Randy Olson, a Harvard-educated marine biologist turned filmmaker, provides 
a non-academic description of his four organs theory for connecting with a mass audience (head, heart, gut, lower 
organs).  See the first chapter of his 2009 book, Don’t Be Such a Scientist. 
85 Having become more consciously experienced in noticing difference between knowledge that is more conceptual 
and knowledge that is more visceral or embodied, it is now easy to notice differences in previously-acquired 
knowledge.  I will share one post-realization example from the Biosphere and Sustainability course I took at Royal 
Roads University in summer 2013.  The first assignment combined lessons on (a) the cyclical sequence of 
interactions among the four ecosystem functions of exploitation, conservation, creative destruction, and renewal 
(Holling, 1986; Holling, Gunderson, & Ludwig, 2002) and (b) multi-sensory, place-based perceptual ecology 
(Thomashow, 2002, pp. 74-81).  The work included a walk through the university grounds to perceive and map 
sensory experiences of a variety of ecosystems, each at different functional stages.  For example, an open field at the 
exploitative stage was hot, dry, and loud (crickets, chirping birds) with seeds visible everywhere; and in contrast, a 
mature Douglas Fir forest ecosystem was relatively cool, moist, and quiet—and apparently locked in the 
conservation stage.  Rather than learning the model in an abstract manner, the experiential learning left me with a 
more visceral and memorable basis for understanding and knowing it. 
86 Chapter 8 of the audiobook is chapter 7 of book. 
87 See UCAR (2008), Simonelli (2008a), and Simonelli (2008b) for online conference information and two feature 
articles (respectively) for the Planning for Seven Generations conference held in Boulder, Colorado, on March 19-
21, 2008. 


	Creative Commons Statement
	Abstract
	Table of Contents
	List of Figures
	List of Tables
	Acknowledgements
	Dedication
	Introduction
	My Learning
	Interviews
	Senior Scientists
	Learning Through Experiences
	Thesis Organization
	Epigraphs and Supplementary Information

	1. Preparation
	1.1. Literature Review
	Education and learning.
	Science and Earth system science.

	1.2. Research Methodology
	Research questions.
	Autoethnographic orientation.
	Participants and interviews.
	Practice interview.
	Phenomenological, holistic texts.
	Aspects of experience.

	1.3. My Learning Trajectory
	In a large, open field.
	Levelling up.


	2. Immersion
	2.1. Richard Feely and Life in the Oceans
	A calling from afar.
	Big chemical changes ahead.
	The world’s largest ocean.
	First to see.
	Initial public attention.
	Saving an industry.
	Seafood for thought.
	Marine organisms.
	Beneath the surface.

	2.2. Terry Root and “All the Species”
	Call me Terry.
	Stopping for spoonbills.
	Flying against the wind.
	Career migration.
	Gift of perspective.
	Finding a new flock.
	Field visits.
	Golden years.
	On a lark.
	Signals from species.
	It’s not as bad as I said.
	You guys can.

	2.3. Ralph Keeling and Background Air
	Ralph’s Keeling’s lab.
	Waves.
	A musical atmosphere.
	Dave Keeling’s curve.
	Seeing fundamentals.
	Reflections from Oeschger’s lab.
	Six significant figures.
	Seeing glacial change.
	Metabolic metaphors.
	Earth by numbers.
	Bending the curve.
	Long on observation.

	2.4. Francis Zwiers and Climate Numbers
	Climate system statistician?
	Chasing a signal.
	Climate immersion.
	A discovery from afar.
	Loose ends.
	Sourcing data.
	Rich model output.
	Detection and attribution.
	Numbers of consequence.
	Teaching one another.
	Energy for learning.
	So what do we do now?

	2.5. Lonnie Thompson and Ancient, Tropical Ice
	Aerial job search.
	Quelccaya ice.
	Decades later.
	Data dustup in DC.
	Memory of a God.
	Fighting the cardiologist.
	Paddling for life.
	Global signals.
	The Third Pole.
	Get along with people.

	2.6. Andrew Watson and Intelligent Observers
	Almost an astronomer.
	On the open ocean.
	Lovelock’s telescope.
	Far out science.
	Perceptual orientations.
	Joy of mechanism.
	“Peopleworld.”
	High energy sustainability.

	2.7. Elisabeth Holland and Science for Sharing
	Biogeochemistry at the kava bowl.
	Three degrees, three continents.
	Fitting pieces together.
	Veisau tudei ni draki.
	Connecting with big ideas.
	Soiled lessons.
	A question of land health.
	Intersection at the Berlin Wall.
	Multiple ways of knowing.
	Science for communities.
	Solar minimum in the Hardrock District.
	What does that mean on the ground?
	1.5 to stay alive
	Island to island to island.


	3. Consolidation
	3.1. What Was It Like to Read About Scientists’ Experiences?
	3.2. What Is It Like for the Scientists to Learn About the Earth System?
	Interview chapters.
	Interconnected aspects of learning experiences.

	3.3. What Might Non-Experts Find Useful in This Study?
	Practices.
	Human and technological sensing.
	Angling for understanding.
	Global, long-term signals.
	Social learning.
	Quantification and models.
	Immersive Earth learning.

	General benefits and potential.
	Visceral learning experiences.
	A wide pipe.


	3.4. Suggestions
	Tracing discoveries.
	Toward a Fourth R.
	Earth system education framework.
	Meeting at the bottom.

	Research and evaluations involving experiential material.


	Conclusion
	Appendices
	Appendix A: Interview Details
	Appendix B: 1988 Letter to the Editor
	Appendix C: 2007 CO2 Graphic
	Appendix D: Reactive Nitrogen

	References
	Notes

