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ABSTRACT

Meteorology, the science of weather, faces a technoscientific crisis in the twenty-first
century. Although our understanding of the atmosphere continues to increase and weather
forecasts continue to improve in accuracy, it is apparent that such scientific advances do not
necessarily result in more lives saved or economic damage mitigated. Lives, livelihoods, and
economies increasingly depend on weather forecasts, and while meteorology matures as a
science alongside the technologies of remote sensing and numerical weather prediction, the
discipline—as with the majority of modern physical sciences—remains entrenched in the
assumption that technoscientific problems require only quantitative, empirical solutions. Yet,
recent disasters like Hurricane Sandy and Super Typhoon Haiyan have demonstrated that the
quantitative achievements of near-perfect forecasts are overshadowed by the complex challenges
of communication, infrastructure, and decision-making, whereby the value and utility of a
weather forecast differ not only in degree but also in kind. Through the lens of political and
social theory and philosophy, this dissertation analyzes and critiques the positivistic
epistemological basis upon which the institutions and methods of weather analysis and
forecasting are built and proposes a new framework of transdisciplinarity that rethinks the
physical-social dualities that have constrained the field of meteorology since its inception and
have subsequently limited its potential to improve the human condition. Its public-facing
character, widespread socioeconomic impact, and culture of amateur participation render the
field of meteorology unique among the sciences yet also representative of the challenges that
confront the science-society interface. Thus, from this meteorological crisis emerges an

opportunity to reorient our broader scientific pursuits toward a new epistemology—a new way of



scientifically thinking and doing—that more effectively unifies the objective and subjective

elements of learning about our natural world to benefit the societies from whence they came.
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INTRODUCTION

What is science? It is not often that a modern scientist, who has trained solely in the
quantitative methods and empirical logic of the scientific method and spent a lifetime
specializing in a particular discipline, takes a step back with an eye toward philosophy and asks:
What is the purpose of science? Does generating knowledge only for the sake of knowledge have
value? Or does the production of knowledge obligate the scientist to strive to improve the human
condition? If the latter, then does simply generating more data through the scientific method and
deriving scientific services from said data necessarily translate to the public good? These
ontological questions of scientific ethics should give even the most seasoned scientist pause,
striking at the core of what it means to be a scientist.

Scientists are often drawn to their disciplines with an innate passion and desire to
understand the natural world. Many harbor a romantic and optimistic view of science as a
journey of human understanding toward an objective truth that exists beyond the messiness of
societal concerns like politics and economics. However, one need only turn on the cable news for
a few minutes to become overwhelmed by the complexities and vicissitudes of the so-called
“science wars,” which have increasingly infiltrated popular discourse in recent decades. From the
concerted effort of cigarette companies to cast doubt upon the scientific link between smoking
and cancer, to the proliferation of climate change denial through the politicization of climate
science, to conspiracies regarding vaccines causing autism to perpetuating global control during
the Covid-19 pandemic—the latter half of the twentieth century into the twenty-first century is

defined by a bitter entanglement and unhealthy antagonism between science and politics, one



where even the reality of facts seem to be muddied in what some scholars have termed the “post-
truth” age.!

It may seem at first that the toxic discourse of the “science wars” is merely an issue of
partisan politics, but although the antagonism between the right-wing and left-wing factions of
the body politic are certainly a contributing factor, the modern controversies surrounding issues
of science are rooted in the increasingly deep divides between the physical sciences and the
social sciences and humanities. We have come to a point where each side either misunderstands
or no longer believes in the value of engaging with the other, preferring instead to back ourselves
into familiar corners of technical or disciplinary specialty. Rather than acknowledging that we
still have much to learn from each other, we convince ourselves that solutions to the complex
problems at the interface between science and society require only more of our own theories and
methods, according to whatever is accepted by our respective disciplines at this point in time.
Modern physical scientists are trained to quantitatively analyze data, and they often cling to the
strong belief that simply gathering more data or making more accurate predictions will solve the
ills of society. “Just get the numbers and facts correct,” they say, “and people will be convinced
to take proper action.” Some go so far as to say, “Issues of politics will resolve themselves once
we figure out the truth!” On the other hand, many modern social scientists and philosophers
trained to critique the structures, norms, and the status quo of society, see science as merely
another human construct. “Our understanding of the natural world is as conditioned as human
thought,” they say, “and differences in values and issues of perspective and trust render all
human activity political.” Some go so far as to say, “there is no objective reality beyond that

which we have accepted to be true!” With such fundamentally different epistemological and

! Lee Mclntyre, Post-Truth (Cambridge, MA: The MIT Press, 2018).



ontological views toward the world and our place in it, the antagonism between these
communities renders hope futile for meaningful solutions to the problems of science in society.

For decades, questions concerning the nature and impact of science and technology have
formed the bedrock of Science and Technology Studies (STS), an interdisciplinary field of study
that examines the dynamic interface between the physical and social realms of knowledge
production and application. Drawing from disciplines as diverse as history, sociology,
anthropology, philosophy, politics, and policy, STS examines the processes and consequences of
science, technology, and engineering. In doing so, STS walks through methodological terrain as
complex as the world it seeks to understand. Today, in the modern era of hyper-politicization of
our “post-truth” world, questions of science’s place in society carries a greater sense of urgency.?
The recent “science wars” have demonstrated that science in society has gained an outsized role
in not only illustrating the nuanced complexities and uncertainties of the scientific process but
also actively driving political and social discourse.

For climatologists, it is tempting to think that better climate models will solve the climate
change dilemma. For medical professionals, it is tempting to think that a better understanding of
the SARS-CoV-2 virus during a global pandemic will solve the problem of vaccine hesitancy.
For political scientists, it is tempting to think that better understanding our mutually-assured
destruction will solve the problem of nuclear proliferation. For meteorologists, it is tempting to

think that more accurate forecasts will result in better community preparedness ahead of

2 Many complex issues exist at the science-society interface. For example, on the one hand, modern science
demands professional specialization, even though it risks limiting its scope of impact through its exclusive “ivory
tower” mentality; on the other hand, empowering the public to participate in the dissemination of scientific
knowledge risks the loss of authoritative and universally-recognized sources of factual information, which has
resulted in greatly diminished public trust in expertise. Given social media’s horizontalization of expertise, how can
modern science navigate the uncertain waters between the extremes of disciplinary exclusivity and scientific
egalitarianism? What are the consequences of either extreme? These questions and others similar to these are of
great interest to STS scholars trying to make sense of science in the modern popular discourse.



hazardous weather. In all of these cases, the underlying belief is that more data and more science
will ultimately establish a sense of urgency that will compel people to agree to a particular
solution or course of action. But we see time and time again that merely applying more science
to problems that are inherently not scientific may end up exacerbating political controversies,
rather than solving them.? Issues of #rust and of values are not issues of science, so simply
advocating for more science or for better science communication—while important—are
insufficient to “solve” the complex issues at the science-society interface. So how do we make
sense of this conundrum? Where do we go from here? What is the future of science in society?
This dissertation examines one scientific discipline in particular, meteorology—the
physical science of the Earth’s atmosphere—as a case study within which to explore the
aforementioned ethical and epistemological questions and from which to extrapolate lessons
learned to other scientific disciplines at large and derive alternative futures for the science-
society interface. Meteorology faces a crisis in the twenty-first century that is illustrative of the
sociopolitical forces at play as science confronts present and future challenges at the intersection
of scholarly inquiry and societal application. Lives, livelihoods, and economies increasingly
depend on our understanding of weather systems and our ability to predict the weather, and many
institutions of weather prediction are oriented around the mission of saving lives and mitigating
economic damage. However, the field of meteorology, as with the majority of modern physical
sciences, remains entrenched in the assumption that technoscientific problems require only
quantitative, empirical solutions. A common and pervasive assumption across the field can be

summarized as such: If only we do more theoretical research, collect more observational data,

3 Daniel Sarewitz, “How Science Makes Environmental Controversies Worse,” Environmental Science & Policy,
Science, Policy, and Politics: Learning from Controversy Over The Skeptical Environmentalist, 7, no. 5 (October 1,
2004): 385-403, https://doi.org/10.1016/j.envsci.2004.06.001.



or improve our numerical weather prediction models, our weather forecasts will become more
accurate, and therefore, more lives will be saved. Yet, as recent disasters like Hurricane Sandy
and Super Typhoon Haiyan have demonstrated, the quantitative achievements of near-perfect
forecasts are overshadowed by the complexities of communication, infrastructure, and decision-
making challenges. Those particular storms were remarkably well forecasted by modern
meteorological standards, and yet, they wrought severe socioeconomic and political disruptions
to millions of people around the world, much of which could be considered preventable. These
and other recent storms like Hurricane Katrina—one of the deadliest hurricanes in U.S. history,
even though it was another particularly well-forecasted storm—have clearly demonstrated that
such disastrous events are not merely “natural” disasters, but are disasters born out of a
disconnect between the scientific success of weather prediction and the challenges of managing
the societal response. In other words, the mission to save lives and mitigate economic damage is
not merely a problem of insufficient quantifiable weather data; rather, the fundamental value and
utility of a weather forecast are called into question, whereby the qualities of a weather forecast
differ not only in degree but also in kind.

What makes a weather forecast valuable to a decision-maker? Is saving lives and
mitigating economic damage just a matter of reducing statistical accuracy? Or are other
parameters such as forecast consistency of equal or even greater value, depending on the
circumstance? And what roles do the real but unquantifiable aspects of weather forecasting, like
trust and clarity play in the decision-making process? By raising these difficult but necessary
questions, this dissertation stages an encounter between the positivistic approach of
meteorological science and the complex network of associations that drives the politics of

meteorological events and institutions. This “clash of civilizations” has manifested in isolated
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attempts at interdisciplinary research, but a systematic analysis of this tension across the field of
meteorology has yet to be conducted. This dissertation reveals why this encounter is so difficult
but necessary if the objective of meteorology—to save lives and mitigate economic damage—is
ever to be achieved and proposes a new epistemology that more effectively unifies the
technological and human challenges of hazardous weather.

Before beginning our inquiry into the meteorological challenges at the interface of
science and society, one should rightly ask: Why meteorology? Why can the science of weather
and the technological infrastructure and human capital surrounding the industry of weather
prediction serve as a proper domain for us to examine the science-society interface at large?
What makes meteorology a unique but representative science for this inquiry? There are three
primary reasons why analyzing the challenges within the field of meteorology can serve as a
gateway to understanding the greater purpose of science in society:

1. Of all the natural sciences, meteorology is perhaps the most public facing, guaranteed
to have its own spot in local evening news stations around the world. In fact,
consequences of the science of meteorology are so prevalent in our daily lives that we
take our modern ability to predict the weather for granted, even though such an ability
was elusive through the vast majority of human history. As Andrew Blum writes in
The Weather Machine, “The weather is the foundation of our daily lives. It’s a staple
of small talk, the app on our smartphones and often the first thing we check each
morning. Yet behind these quotidian interactions is one of the most expansive
machines human beings have ever constructed—a triumph of science, technology and

global cooperation.” Blum goes so far as to say, “The ability to forecast the weather is

11



among humanity’s greatest adaptations to life on earth.”* This pervasiveness of
meteorology in our daily lives has an important consequence—it implies that the
science of weather prediction has a broad interface with countless touchpoints across
all sectors of society, forming a vast social membrane between scientific knowledge
and public life. Furthermore, because of these deep connections with society, both
research and operational meteorologists have the benefit of receiving immediate
feedback on the accuracy, consistency, and clarity of a weather forecast by simply
watching the real world unfold and hearing from the consumers of weather
information.

Few sciences have as great a socioeconomic impact as the science of weather
prediction, with multibillion-dollar industries ranging from agriculture to
transportation routinely falling at the mercy of the skies. A recent study quantified the
impact of day-to-day weather variability on United States economic output relative to
GDP as approaching $500 billion, not including extreme events and anomalies such
as major weather disasters,> with 279 documented billion-dollar disasters since 1980
imposing an additional cost of $1.825 trillion.® Furthermore, the socioeconomic
impact of weather disasters will continue to increase as vulnerable populations grow
with increasing exposure to hazardous weather, the extremes of which will be

exacerbated by anthropogenic climate change.

4 Andrew Blum, The Weather Machine: A Journey Inside the Forecast, 1st ed. (Ecco, 2019), 7.

5 Jeffrey K. Lazo et al., “U.S. Economic Sensitivity to Weather Variability,” Bulletin of the American
Meteorological Society 92, no. 6 (February 28, 2011): 710, https://doi.org/10.1175/2011BAMS2928.1.

¢ “NOAA National Centers for Environmental Information (NCEI) U.S. Billion-Dollar Weather and Climate
Disasters (2020),” 2020, https://doi.org/10.25921/STKW-7TW73.
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3. Meteorology is a science that thrives on the contributions of amateur hobbyists and
weather enthusiasts. Since the earliest days of weather prediction, the field has relied
upon the regular weather observations logged in the backyards of amateur
meteorologists around the world. Nowadays, a springtime tornado outbreak will see
hundreds if not thousands of amateur storm chasers swarming the Great Plains in
search of the perfect photograph of a striated supercell thunderstorm, and some
hurricane forecasters have attained a cult-like following among weather nerds who
frequent online forums and blogs to discuss—and sometimes question—forecasts
from official agencies. This vibrant culture of amateur participation in meteorology
can help us think through the futures of any science that seeks to properly interact
with the various publics that sustain it.

Thus, given its pervasiveness and prevalence, its widespread socioeconomic impact, and its
broad and deep participatory culture, the field of meteorology is a science that is
methodologically and technologically unique in its own right but is also representative of the
many challenges that constrain the science-society interface.

Given the wide scope of this dissertation—whereby the telos of my research is the field
of meteorology itself, rather than some exclusively niche area of study contained solely within
either the atmospheric or social sciences—I approach my questions through a diverse research
methodology, to include complexity, historical, and ethnographic methods. Chapter 1 opens with
Hurricane Sandy, which posed a unique challenge to hurricane forecasters as a hybrid cyclone
that did not neatly fit into established scientific and operational categorizations. This storm
subsequently challenged the norms of operational forecasting, thereby illustrating the limits of

positivistic thinking within meteorology. The rest of the chapter is devoted primarily to
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describing what I mean by the “crisis” facing the field of meteorology, borrowing from the
seminal work of Thomas Kuhn, an American philosopher of science. Upon a brief survey of the
most relevant theories and concepts within STS, I then propose complexity as a research method
in understanding the technoscientific landscape of the field of meteorology. I demonstrate the
value of thinking critically at the widespread albeit misplaced assumption that societal benefit
solely and necessarily emerges from the empiricism of the scientific method, and I introduce
complexity theory and Actor-Network-Theory as methods of inquiry that can help us better
understand the network of associations that makes a weather forecast possible—the research
meteorologists, the weather forecasters, the technological infrastructure, the media broadcasters,
the consumers of weather information, etc. As Blum points out:
The weather machine is a wonder we treat as a banality. We look to it every day, turn its
outputs into small talk and make judgments about its performance. It marks a high point
of science and technology’s aspirations for society, but like a lot of things these days, its
complex inner workings are not only mysterious but hidden beneath a veneer of
simplicity. The forecast is more accurate and more necessary than ever before, while its
provenance is harder to discern. We have constructed a tool that we haven’t yet learned to
trust.’
It is with this spirit of inquiry—into a machine that we have so masterfully constructed but do
not yet fully understand—that this dissertation is written, approaching the “weather machine,”
formally called the weather enterprise, as a case study within which to explore the ethical and
epistemological questions of scientific inquiry and from which to distill a normative ideal for
science at large.
Chapter 2 uses an ethnographic and historical lens to explore the unique causes and

conditions that enabled meteorology to develop not only as a science, but also as a public-facing

necessity that has become deeply engrained within the American psyche and the global

7 Blum, The Weather Machine, 6.
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economy. In this chapter, I trace the evolution of the field of meteorology, from the early days of
weather observations during Colonial America through the maturation of conceptual atmospheric
models in the twentieth century. I tell this story with a focus on the controversies that drove the
emergence of meteorology as an American science, from the infamous “Storm War” of the
nineteenth century, to the cultural and epistemic tensions that exist between amateur
observationalists and professional theorists, between operational practice and academic research,
and between military and civilian weather forecasting. Through this analysis, I not only establish
how meteorology is methodologically and technologically unique among sciences, but also
demonstrate that its many touchpoints with American institutions and popular culture render the
field ripe for better understanding how the relationship between science and society has evolved.
A fundamental principle of science is the concept of causality, that order in the universe
follows a stream of causes, conditions, and effects. Before the future of any system such as the
weather can be predicted, one must ascertain the initial state of that system through observation.
The diagnostic problem of meteorological observation and weather analysis and the
technological infrastructure that is required to sustain it is the subject of Chapter 3. The weather
enterprise is a major player in the international domain, with global economies being dependent
upon weather forecasts, and conversely, with the institutions of weather observation and
prediction being dependent upon international data sharing. Long before the advent of advanced
supercomputers, one of the world’s greatest scientific achievements was the establishment of a
global network of coordinated weather observations. This network required data sharing
agreements between nations, and because storms recognize no geopolitical boundaries, even
adversarial nations have had to learn to work together scientifically to derive a mutual benefit

from global weather observations. After review the various in-situ and remote sensing
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technologies that allow meteorologists to observe the weather, I explore the utility of subjective,
hand-drawn map analysis methods in this modern era of objective computer analyses. I then
focus on the problem of tropical cyclones, given their high-impact and relatively discrete nature,
and center my analysis on the operational challenges of diagnosing tropical cyclone position,
intensity, and wind field. I focus on the problem of spatiotemporality and the unique combination
of subjective and objective techniques that are required in the tropical cyclone analysis process.
Thus, Chapter 3 interrogates the value of subjective versus objective weather analysis techniques
within the diagnostic context of the human-technology interface of meteorological observations.
Once the initial state of a system is properly diagnosed, then—and only then—can a
prediction of the future state of the system be made. Within the meteorological context, Chapter
4 extends the analysis of the previous chapter to the international technopolitical domain of
weather forecasting. Similar to weather observing, weather forecasting on the international stage
is fraught with geopolitical challenges, but it carries even greater socioeconomic implications.
With the inherent uncertainties associated with predicting the future come significant
consequences for technology-driven international competition and high-stakes decision-making.
After a brief overview of the forecast process, I delve into technology of numerical weather
prediction (NWP), which is arguably the most transformative aspect of modern weather
forecasting. I evaluate the technology of NWP as a scientific and strategic technology and situate
it within the context of international relations. Once again focusing on the problem of tropical
cyclones, I explore the international challenges of forecasting a destructive weather phenomenon
that respects no geopolitical boundaries and consider the prospects for international cooperation.

In the process, I consider the value of a weather forecast within the prognostic context of the
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human-machine collective and critique the notion that a better forecast is merely a more accurate
one.

I conclude our sojourn through the weather enterprise in Chapter 5 with a forward-
looking discussion of how a new transdisciplinary epistemology can benefit the technoscience of
meteorology and the sciences at large. I evaluate the duality between the sciences and the
humanities, which C.P. Snow called the “the two cultures” problem,® and borrow from the crisis
of understanding that arose from quantum theory to establish the concept of non-duality as a
means by which to approach this new transdisciplinarity. In advocating for this transdisciplinary
future, I demonstrate how establishing a dialogue between methods of inquiry from seemingly
incommensurate disciplines like physics and philosophy can potentially help us break research
plateaus, such as the challenge of improving tropical cyclone intensity forecasting. Upon
establishing the conceptual framework of a non-dualistic transdisciplinarity, I explore the two
emergent areas of in the broader technoscience of meteorology—public-private sector weather
forecasting and emergency management—as avenues in which matters of concern will be
concentrated in the near future.

As a whole, this dissertation not only serves as a broad survey of the greatest challenges
facing the field of meteorology at the interface between physical and social science, but also
critiques the status quo across a weather enterprise that wrongly assumes that solutions to
technoscientific problems can be found through empirical methods or quantitative data alone and
offers an alternative, normative ethos that enables the weather enterprise to simultaneously
embrace and unravel the dualistic controversies and tensions at the science-society interface. The

lessons learned through this analysis are intended to be generalizable to other scientific

8 C. P. Snow, The Two Cultures (Cambridge, UK: Cambridge University Press, 1998).

17



controversies wherein a tension exists between the epistemological norms of the science and the
societal benefit that said science hopes to achieve. This expository case study of the weather
enterprise illustrates the need for research methods grounded in complexity-oriented analyses
that fully capture the science-society assemblage.

By broadly examining the weather enterprise through the lens of political, social, and
philosophical inquiry, it is my hope that this dissertation will eventually be published as a book
intended for a wide audience that spans researchers and practitioners across the atmospheric,
social, and political sciences. To the meteorologist, I wish to communicate that weather
prediction is not just a matter of minimizing statistical error at all costs, but that what constitutes
a “good” forecast is also an exercise in value judgments and communication. To the social and
behavioral scientist who is already engaged in the work of liaising with meteorologists, I wish to
illustrate the benefits of a sociological approach that emphasizes relations and associations,
rather than merely quantifying actors and objects and placing them within a “social context.” To
the political scientist or scholar of science and technology, I wish to demonstrate that social
theories and philosophical approaches can address the complexities of a physical science
discipline, the methodology of which can potentially be applied to other seemingly intractable
problems of technoscientific governance, from issues as wide ranging as climate change to
public health.

Finally, I offer a word of caution for the casual reader of this work. My critique against
logical positivism in both the physical science of meteorology and the recent efforts to integrate
the social and behavioral sciences is not to say that positivistic, empirical research methods are
of no value. I acknowledge that meteorological and social research grounded in the methodology

of positivism has been fruitful for well over a century, bringing us vast improvements in our
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understanding of the physics of the atmosphere and our ability to predict hazardous weather at
longer and longer lead times. Our classical understanding of the physics of the atmosphere and
the dynamics of social systems can and should continue to produce new knowledge and
actionable results to save lives and mitigate economic damage in the face of hazardous weather.
However, this dissertation illustrates that without a paradigm shift toward seeing the “forest
through the trees,” our progress as researchers will be limited when confronting challenges that
take the form of major controversies or uncertainties at the intersection of science and society.
Any field, particularly one as complex, dynamic, and nonlinear as the field of meteorology,
demands us as investigators direct our attention to the associations between actors, groups, and
objects, rather than merely identifying and studying the various “nodes” of the associations as
artificially discrete and independent parts of a larger whole. This mere shift in attention would
open doors to a whole new realm of exciting transdisciplinary research for generations to come.

With this successful paradigm shift, we avoid the post hoc fallacy of claiming that
computational methods of weather prediction are always and exclusively betfer than interpretive
methods, we reconcile the value of the artistic elements of weather prediction in the age of
technological primacy, we view those in the path of hazardous weather as participants in the
weather enterprise rather than as anonymous actors to whom we must “compel” action ahead of
a warning for sheltering or evacuation, and we better understand the ways in which risk is
politicized in the face of differing values. In short, we expand the conditions of possibility from
which a new era of scientific inquiry arises—a new way of thinking where neither the sciences
take precedence over the humanities, nor the humanities take precedence over the sciences. Thus,
we open up an entirely new way of integrating the social and behavioral sciences into the

weather enterprise that is more effective and more enduring, and along the way, we transcend the
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artificial science-humanity duality that has constrained the societal pursuits of knowledge since

the end of the Scientific Revolution.
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CHAPTER 1

Storms of Complexity

“Science as something already in existence, already completed, is the most objective, impersonal
thing that we humans know. Science as something coming into being, as a goal, is just as
subjectively, psychologically conditioned as are all other human endeavors.”

~ Albert Einstein

1.1 Hurricane Sandy: A Technoscientific Superstorm

It was early October 2012. In the skies over Sub-Saharan Africa, a cluster of showers and
thunderstorms slowly migrated from east to west across the wind-swept Sahel. This tropical
disturbance in the otherwise tranquil and steady trade winds exited the west coast of Africa on 11
October and began its long journey across the Atlantic Ocean. Its track followed the ancient trade
routes from Africa to the Americas, advected along by the easterly trade winds that have for
centuries set the pace of the tropics during the summer and fall months of the Northern
Hemisphere, ticking away like a steady, dependable clock. The technical term for this tropical
disturbance is called an African Easterly Wave, being comprised of and embedded in a wave-like
perturbation in the easterly trade winds, originating over the African continent. By 18 October,
the easterly wave had reached the eastern Caribbean Sea, a region that meteorologists have long
known to be a “hurricane graveyard,” but the dynamics of which were only recently explained in

my previous research.’ The easterly wave passed through the Windward Islands with little

® Owen H. Shieh and Stephen J. Colucci, “Local Minimum of Tropical Cyclogenesis in the Eastern Caribbean,”
Bulletin of the American Meteorological Society 91, no. 2 (February 1, 2010): 185-96,
https://doi.org/10.1175/2009BAMS2822.1.
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impact, bringing with it only a brief shift in wind direction associated with benign rain
showers.°

By 21 October, the easterly wave had entered into the central Caribbean south of
Jamaica. With favorable atmospheric and oceanic conditions, consisting of warm sea surface
temperatures, low vertical wind shear,*! and good upper-atmospheric divergence,? this easterly
wave began to organize into a storm system with higher winds, lower pressures, and heavier
thunderstorms. A day later, on 22 October, with the storm finally developing a closed low-level
circulation,!® the National Hurricane Center in Miami, Florida declared the formation of a
tropical depression in the southwestern Caribbean Sea, approximately 305 nautical miles south-
southwest of Kingston, Jamaica,** and only six hours later, the system officially became a
tropical storm and given the name Sandy.

Once a tropical cyclone develops, the spark is lit on the atmospheric engine, and the
storm is likely to intensify as long as atmospheric and oceanic conditions are supportive. The air
just above the ocean surface spirals counter-clockwise inward toward the low-pressure center,

and the area of convergence causes air to “pile up” and rise upward in the storm. Rising air

10 Eric S. Blake et al., “Tropical Cyclone Report: Hurricane Sandy” (Miami: National Hurricane Center, February
12, 2013), 1, https://www.nhc.noaa.gov/data/tcr/AL182012 Sandy.pdf.

! Vertical wind shear is defined as the vector difference between an upper and lower layer of the atmosphere. In
other words, it is the change in wind velocity (speed and direction) with height. Tropical cyclones generally despise
vertical wind shear, so low values are more favorable for tropical cyclone development.

12 In additional to low vertical wind shear, tropical cyclones also require the presence of diverging air aloft. Air that
flows away from a point in the upper-atmosphere better sustains upward-flowing air beneath it, which in turn
supports low pressure at the surface. This is known colloquially as the “chimney effect,” and it is the driving
mechanism behind the majority of storms.

13 A defining characteristic of a tropical cyclone is the presence of a closed low-level, or near-surface, circulation.
This means that the atmospheric pressures near sea level are low enough that, when combined with forces exerted by
the rotation of the earth, air begins to spiral into the storm center in a closed circulation, rather than a partial
circulation like an open wave.

14 Blake et al., “Tropical Cyclone Report: Hurricane Sandy,” 2.
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adiabatically cools® and water vapor condenses, releasing latent heat in the process, which
causes the surrounding air to warm, rendering it yet more unstable, thereby causing it to rise
further into the storm. Above the storm, the region of upper-atmospheric divergence serves as an
efficient exhaust mechanism, allowing the evacuation of air mass away from the center of the
storm, thereby lowering the surface atmospheric pressure even more. As the rising air accelerates
toward the exhaust mechanism, more surrounding air must spiral in to fill its space, drawing in
warmth and moisture from the ocean, which then releases yet more latent heat during the
condensation process, and the positive feedback cycle continues. Kerry Emanuel, Professor of
Earth, Atmospheric, and Planetary Science at the Massachusetts Institute of Technology, likens a
tropical cyclone to the Carnot heat engine,® calling it “among the most coherent and persistent
structures that inhabit the otherwise chaotic atmosphere of our planet. However terrible its
effects, one cannot help but admire the intricate beauty of its architecture.”’

By 24 October, Sandy had intensified to a Category 1 hurricane, making a brief landfall
along the southeastern coast of Jamaica. Thereafter, it rapidly intensified over the warm waters
of the Cayman Trench to a Category 3 hurricane before making landfall again in eastern Cuba on
25 October.!® After its passage across Cuba, its interaction with land and increased vertical wind
shear temporarily weakened Sandy. But as it moved through the Bahamas, its wind field began

to grow dramatically, partly due to influences from the non-tropical, mid-latitude dynamics

15 An adiabatic process is known in thermodynamics as a process whereby no heat is exchanged across the boundary
of a system. So an adiabatic air parcel, as it rises (and therefore increases in volume and decreases in pressure) must
necessary become cooler in temperature. The same process is observed when the can of an aerosol container
becomes cold to the touch after some of the pressure is released.

16 Kerry Emanuel, Divine Wind: The History and Science of Hurricanes, 1st ed. (New York: Oxford University
Press, 2005), 54-61.

17 Emanuel, 16.

18 These categories are in reference to the Saffir-Simpson Hurricane Wind Scale, the official but controversial
method of categorizing hurricanes. I will explore this scale in greater depth in Chapter 3.
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associated with a cold front across the eastern United States. Tropical cyclones that parallel the
Eastern Seaboard more often than not move harmlessly out to sea, their tracks “recurving” across
the North Atlantic and becoming only a hazard to mariners. However, in the case of Sandy, track
forecasts grew ominous early in its life cycle. Even before the storm made its first landfalls in
Jamaica and Cuba, the numerical weather prediction model operated by the European Center for
Medium-Range Weather Forecasting (ECMWF) was the first to suggest that Sandy may
eventually take a last-minute left turn, making a direct impact on the northeastern United States.
This model projection was made nearly a week in advance and was praised as a remarkably
accurate prediction, with the Global Forecast System (GFS), the premier operational numerical
model of the United States, lagging significantly behind the ECMWF and suggesting that the
storm will track harmlessly out across the North Atlantic.'® This landmark event spurred years of
competition between the numerical weather prediction enterprises of the United States and
Europe,?® which I will explore further in Chapter 4. But regardless of the source of model data,
the fact that forecasters knew there was a threat to the northeastern United States—Ilong before
Sandy had even reached its initial peak intensity—represented a tremendous feat of science and
engineering that would not have even registered in the minds of meteorologists even just a
decade prior. This achievement was not only a culmination of centuries of knowledge production
into the workings of the atmosphere, but also the product of a complex network of technological
infrastructure built around the promise of unlocking the mysteries of the most elusive force of

nature that humanity has ever known—the weather. Yet, this excellent forecast nearly a week in

19 Nick P. Bassill, “Accuracy of Early GFS and ECMWF Sandy (2012) Track Forecasts: Evidence for a Dependence
on Cumulus Parameterization,” Geophysical Research Letters 41, no. 9 (2014): 3274-81,
https://doi.org/10.1002/2014GL059839.

20 Willie Drye, “Will U.S. Hurricane Forecasting Models Catch Up to Europe’s?,” National Geographic News,
October 27, 2013, https://www.nationalgeographic.com/news/2013/10/131027-hurricane-prediction-superstorm-
sandy-anniversary-weather-science-technology-european-model/.
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advance still could not compensate for the complex uncertainties that dampened efforts to
mitigate the socioeconomic damage wrought by Sandy. This storm demonstrated that a good
forecast may not necessarily save lives and mitigate economic damage.

After traveling on a northeastward trajectory for several days, Sandy turned northward on
29 October and encountered a high-pressure system to its north, which subsequently forced it to
take a sharp left hook and accelerate toward the northwest, taking aim at the Tri-State Area. In its
last day prior to landfall, Sandy traversed through cooler waters and interacted with a winter air
mass across the continental United States, becoming a hybrid storm system with characteristics
of both a hurricane and a mid-latitude cyclone.?! Hurricanes are tropical cyclones with maximum
sustained winds of at least 64 knots (74 mph), and according to the National Hurricane Center, a
tropical cyclone is defined as a “warm-core non-frontal synoptic-scale cyclone, originating over
tropical or subtropical waters, with organized deep convection and a closed surface wind
circulation about a well-defined center.”?? This scientific definition is crucial, for if just one of
those characteristics of a tropical cyclone is absent—even if wind speeds exceed hurricane
force— a storm will not be officially considered a hurricane. With the case of Sandy, its
interaction with a mid-latitude storm system?? resulted in the loss of its warm core, so the

National Hurricane Center officially designated the storm as becoming post-tropical just hours

2! Hurricanes are considered tropical cyclones, which are defined as a storm with maximum sustained wind speeds
of at last 64 knots with a “warm core.” This

22 National Hurricane Center, “Glossary of NHC Terms,” accessed December 26, 2020,
https://www.nhc.noaa.gov/aboutgloss.shtml.

23 Mid-1latitude cyclones, also known as extratropical cyclones, are a frequent occurrence across the mid-latitude
regions of the world. Consisting of warm fronts and cold fronts, they derive their energy from horizontal
temperature gradients arising from the clash of differing air masses, in contrast to tropical cyclones, which originate
over warm oceans and derive their energy from the tropical ocean-atmosphere interface. Mid-latitude cyclones peak
in intensity during the winter, so the late-season timing of Sandy contributed to the hybrid nature of its interaction
with a mid-latitude cyclone.
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before landfall.?* What may seem like a minor issue of scientific semantics actually resulted in
major public safety and socioeconomic implications, as we shall soon see.

Sandy made landfall on the evening of 29 October near Atlantic City, New Jersey,?®
resulting in a total of 233 fatalities across the United States and the Caribbean?® (44 of which
were in New York City?’), over $50 billion in damage—second only to Katrina—and leaving 8.5
million customers without power at a time of year in the northeastern United States when having
access to reliable indoor heating becomes a legitimate public safety concern.?® Haunting images
of Manhattan rendered dark by blackouts were broadcast around the world. Water flooded into
metro stations and submerged entire neighborhoods. Hospitals were evacuated in the midst of the
storm, subjecting vulnerable populations to the elements. The New York Stock Exchange was
forced to close for more than a day, the first time since the Great Blizzard of 1888.2° The “City
that Never Sleeps” was brought to its knees, beaten down and knocked unconscious by a force of
nature that was accurately forecast, but still evaded all scientific attempts to conceptualize and
categorize, thereby crippling efforts to mitigate the damage wrought by the storm. So what
happened? Why did a near-perfect forecast—the cultivation of decades of hard-won science—
fail us so dramatically?

Hurricane (or Post-Tropical Storm) Sandy challenged prevailing notions of how the
science of weather systems and the method by which we communicate forecasts should interface

with operational procedures and policy considerations. Sandy’s most peculiar characteristic was

24 Blake et al., “Tropical Cyclone Report: Hurricane Sandy,” 3-4.

25 Blake et al., 3.

26 Michalis Diakakis et al., “Hurricane Sandy Mortality in the Caribbean and Continental North America,” Disaster
Prevention and Management, February 2, 2015, https://doi.org/10.1108/DPM-05-2014-0082.

27 “Impact of Hurricane Sandy,” NYC Community Development Block Grant Disaster Recovery, accessed
December 26, 2020, https://www 1 .nyc.gov/site/cdbgdr/about/ About%20Hurricane%20Sandy.page.

28 Blake et al., “Tropical Cyclone Report: Hurricane Sandy,” 1-4, 14-15.

29 Kathryn Miles, Superstorm: Nine Days Inside Hurricane Sandy (New York: Dutton, 2014), 3.
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not the intensity of its maximum sustained winds; after all, it was only a Category 1 on the
Saffir-Simpson Hurricane Wind Scale. Rather, the disaster stemmed from a combination of three
factors: (1) the unusual left turn with a direct impact on a region of the United States not
accustomed to regular hurricane landfalls, (2) the timing of landfall occurring late in the
hurricane season, and (3) the complex hybrid structure of the cyclone. As Sandy moved north
along the U.S. East Coast and gradually lost its tropical characteristics, its wind field
dramatically expanded, becoming a storm system that shared both the intense convective
structure of a warm-core tropical cyclone and the broad wind field of a cold-core mid-latitude
cyclone with frontal zones.*° This unusual combination resulted in a “perfect storm” of sorts,
making it difficult to scientifically classify in a spatiotemporal sense, with consequential
implications for risk communication and all the emergency management decisions that were
made in the days leading up to the storm.
On Saturday, October 27, 2012—two days before the landfall of Sandy—New York
Mayor Michael Bloomberg stated at a press conference:
...we are not ordering any evacuations as of this time for any parts of the city.
We’re making that decision based on the nature of this storm. Although we’re
expecting a large surge of water, it is not expected to be a tropical storm or
hurricane-type surge. With this storm, we’ll likely see a slow pileup of water
rather than a sudden surge, which is what you would expect from a hurricane, and
which we saw with Irene 14 months ago. So it will be less dangerous—but make
no mistake about it, there will be a lot of water and low-lying areas will
experience flooding.?!

The implication of this statement was that because Sandy was no longer considered a

“hurricane,” its impacts would be less severe—which was a grave mistake. The physics of air-

30 Heavy snow was reported in the Appalachians as Sandy was making landfall, which is unusual for hurricanes.
31 “Mayor Bloomberg Updates New Yorkers on City Preparations for Hurricane Sandy and Steps New Yorkers
Should Take to Prepare,” News from the Blue Room, October 27, 2012,
http://www.nyc.gov/html/om/html/2012b/pr376-12-static.html.
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sea interaction dictate that for any given intensity of wind, the larger the wind field the larger the
resultant storm surge. Sandy’s “post-tropical” nature actually enhanced the storm surge threat,
but because the word “hurricane” is more often associated with “danger” in public discourse, the
term “post-tropical” failed to properly convey the actual risk to the residents of the most
populous metropolis of the United States. The subsequent storm surge of 12.65 feet recorded at
Kings Point and a storm tide of 14.06 feet at the Battery resulted in major inundation of urban
areas in and around New York City.3? The irony of this was that even though the forecast was
extremely accurate, the miscommunication in the discourse ahead of Sandy’s landfall led to a
delayed response and contributed to the magnitude of the disaster, with vulnerable populations
not given enough time to evacuate.

The National Hurricane Center (NHC) faced a difficult dilemma and was confronted by a
yet more difficult decision: Purposely issue hurricane warnings to alert the public to the
impending danger and risk losing scientific credibility because Sandy was not expected to
remain a truly “warm-core” system at landfall; or, adhere to the strict scientific definition of a
hurricane (i.e., a “warm-core” tropical cyclone) and abstain from issuing hurricane warnings,
thereby emphasizing the “post-tropical” nature of the storm and preserving their scientific
integrity. The National Hurricane Center ultimately chose the latter, and “A final decision was
made on Friday, October 26, to have local [National Weather Service] Weather Forecast Offices
(WFO) issue non-tropical watches and warnings versus having NHC issue hurricane
watches/warnings north of Duck, NC,” but the official post-storm Service Assessment
determined that “Despite efforts to publicize this decision, the Service Assessment Team found

that as Sandy approached the coast, not all [emergency managers] were aware of how the

32 Blake et al., “Tropical Cyclone Report: Hurricane Sandy,” 8-9.
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information flow would change once the storm became post-tropical.””*® Thus, there was
confusion among numerous stakeholders when Sandy approached landfall but with no active
hurricane warnings. Some members of the news media created the term “superstorm” to attempt
to capture the magnitude of the event, but such a term had no scientific meaning. The
consequences of the official classification of Sandy reached across all sectors of the affected
communities, from the insurance sector to municipal first responders tasked with assisting those
in immediate danger. Insurance coverage was impacted by the fact that Sandy was not officially
considered a “hurricane” even though the impacts certainly did reach that threshold.

In Kathryn Miles’ account of Sandy, she writes: “Meteorologists and scientists, officials
and emergency mangers stood baffled: What was this thing? By the time many of them decided,
it was too late to issue warnings, too late to persuade millions of people their lives were in
danger.”3* Although Miles was correct in alluding to the tension between Sandy’s storm
classification and the warning process, her characterization of this conflict as being a problem
that puzzled meteorologists is off base. I assert that this was not a problem of not knowing.
Meteorologists knew exactly what type of storm Sandy was becoming. Albeit rare, tropical/mid-
latitude hybrid cyclones are known to exist. In fact, the 2000 major blockbuster movie 7The
Perfect Storm directed by Wolfgang Petersen about the ill-fated fishing boat Andrea Gail, was
based on the story of exactly this type of hybrid cyclone, which occurred in 1991 in the same
month of October off of the coast of New England. Rather, the problem emerged within the
interface between our scientific understanding of hybrid cyclones and the entire network of

emergency preparedness and societal response operations that were built around the discrete,

33 Sandy Service Assessment Team, “Service Assessment: Hurricane/Post-Tropical Cyclone Sandy, October 22-29,
2012” (Washington: National Oceanic and Atmospheric Administration, May 2013), 2,
https://www.weather.gov/media/publications/assessments/Sandy13.pdf.

34 Miles, Superstorm, 2-3.
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scientific—and arguably, artificial—classifications of cyclone types. In short, Sandy tore through
this intricate membrane between science and society, breaking standard operating procedures
across the weather enterprise, and revealing the flaws of a scientific process that largely evolved
independently of the societal actors and actants that have a stake in applying the science of storm
classifications to mitigation. This was more than just the localized failure of science
communication. This was an emergent failure across the entire system of nodes and relations that
were built around how hurricanes are observed, defined, categorized, predicted, broadcasted,
warned upon, prepared for, responded to, and recovered from. Each one of these actions do not
exist in a silo, but they are often treated as such in our increasingly specialized world of scientific
research and emergency operations.

In the months after Sandy, the National Hurricane Center and the weather enterprise
engaged in a vigorous debate about what could have been done to better prepare for the disaster.
Double-digit losses of life in one of the world’s most technologically advanced city with a near-
perfect forecast a week in advance represents a significant problem for a system that is designed
to save lives. Some suggested that the National Hurricane Center, being the foremost authority
on hurricanes, should absolutely adhere to the science regardless of impact, that any deviation
therefrom would dilute their objectivity and authority. Others suggested that because the
National Hurricane Center was a taxpayer-funded agency that provided the public service of
hurricane forecasting, strict adherence to scientific definitions should be secondary to proper
messaging of hurricane hazards. On 4 April 2013, the National Hurricane Center announced a
new policy to address similar post-tropical storms in the future. Starting on 1 June 2013, watches

and warnings were allowed “to be issued or remain in effect after a tropical cyclone becomes
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post-tropical, when such a storm poses a significant threat to life and property.”> Furthermore,
forecasters were empowered to continue advisories on post-tropical cyclones if they are deemed
necessary. This policy shift was not a trivial process, given the changes with their operational
product suite and advisory generation procedures that were required, and this represented an
attempt to more heavily weigh the need for proper messaging ahead of future Sandy-like storms.
However, this change in policy amounts to a quick fix for a much larger, systemic problem that
involves a network of actors, the solution of which will require a holistic view of the entire
weather enterprise.

The entire network of scientific, technological, and social conditions and actors that
resulted in the complex challenge of Hurricane Sandy is a prime example of what French
philosopher and sociologist Bruno Latour calls a technoscience, a term he coined “to describe all
the elements tied to the scientific contents no matter how dirty, unexpected or foreign they seem,
and the expression ‘science and technology,” in quotation marks, to designate what is kept of
technoscience once all the trials of responsibility have been settled.””*® Latour points out that on
the one hand, it may appear that “Science and technology is the cause that allows projects to be
carried out,” but on the other, “When the projects are carried out, science and technology will
appear as the driving force behind them.”®” In other words, what appears as “science and
technology” is not a definitive standalone entity. To fully understand and capture problems and
gaps that may emerge when science and technology does not achieve its intended purpose—as in

the case of Sandy—it behooves researchers to interrogate not just the individual nodes of the

35 “NOAA Broadens Definition of Hurricane and Tropical Storm Watches and Warnings,” NHC Public Affairs,
April 4, 2013, https://www.nhc.noaa.gov/news/20130404 pa_postTropicalChanges.pdf.

36 Bruno Latour, Science in Action: How to Follow Scientists and Engineers Through Society (Cambridge, MA:
Harvard University Press, 1987), 174.

37 Latour, 175.
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network but to study the “messy” network as a whole. Thus, it would be insufficient to think that
just throwing more science at the problem (e.g., investing in only improving the accuracy of
hurricane forecasts) would make much of a difference for future post-tropical cyclones like
Sandy. The problem of Sandy was an emergent one, not localized on one specific node of the
network; therefore, the solution cannot be found in one specific location either. I will return to
this case of Sandy throughout the dissertation as we explore the weather enterprise through the
lens of technoscience. Along the way, we will discover that many other “problems” of science
and technology are actually technoscientific challenges that will require a more holistic approach

to inquiry.

1.2 Challenging the Mythical Ideal of Science

Before we can fully interrogate the science-society interface in as complex a
technoscientific event as Hurricane Sandy, we must first identify what science is. This is
certainly no easy task, given how much science has evolved since the primacy of the Aristotelian
worldview over 2,000 years ago. Perhaps a good starting point is capturing the current public
discourse about science. The rise of celebrity-scientists in recent decades have done much to
shape the public scientific discourse, or at the very least, to capture a simplified soundbite of
what science seems to be in the eyes of the general public. In a 2013 Tweet, Neil deGrasse Tyson
famously proclaimed, “The good thing about Science is that it’s true whether or not you believe
in it.”®® Bill Nye (“the Science Guy”) shared a similar sentiment, asserting that “The passion and

beauty and joy of science is that we humans have invented a process to understand the universe

38 Neil deGrasse Tyson, “The Good Thing about Science Is That It’s True Whether or Not You Believe in It.,”
Tweet, @neiltyson (blog), June 14, 2013, https://twitter.com/neiltyson/status/345551599382446081.
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in a way that is true for everyone. We are finding universal truths.”*® Even comedian Ricky
Gervais weighed in during an interview on The Late Show with Stephen Colbert in the midst of a
debate between science and religion, stating that “Science is constantly proved all the time. You
see, if we take something like any fiction and any holy book and any other fiction and destroyed
it, in a thousand years’ time, that wouldn’t come back just as it was. Whereas if you take every
science book and every fact, and destroyed them all, in a thousand years, they’d all be back,
because all the same tests would be the same result.”

In observing the public discourse, we see several repeated themes about science emerge.
First and foremost, science is supposedly objective, independent of belief, and is a means by
which we better understand reality or truth. Science is something that can be proved, regardless
of faith, and this proof comes from controlled experiments that—via the scientific method of
reproducible hypothesis testing—reveal to us the natural workings of the universe. Some go
further, and in an unabashedly hubristic proclamation of scientism, claim that science is the
solution or even the panacea for all human challenges now and in the future. But are these
conceptions of science true in themselves? How can we know that objective truth exists or is
even knowable? Can observed truths truly be divorced from the subject doing the observing? Is it
even possible for science to exist independently of social and political influences? If not, how
can the scientific process be considered truly objective? At first glance, these questions may be a
bit unsettling to many scientists who consider themselves staunch realists on a quest to reveal the
hidden mysteries of the universe through empiricism, but they reflect the philosophical,

sociological, and political conditions within which science itself is situated. Without a proper

39 Associated Press, “TV Host Decries U.S. Failure to Value Science, Math Education,” The Star-Ledger, December
10, 2000.

40 The Late Show with Stephen Colbert, Ricky Gervais And Stephen Go Head-To-Head On Religion, 2017,
https://www.youtube.com/watch?v=P5ZOwNK6n9U.
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account of such conditions, the aforementioned conception of science would amount to more of a
myth than a true representation of science. Yet, as popular media and culture have demonstrated,
this mythic*! view of science is pervasive and is still widely embraced by scientists at large, to
include many meteorologists.

The discipline of Science and Technology Studies (STS) primarily emerged and matured
during the latter half of the 20" Century, providing a groundwork to better understand the
sociological and discursive activities of science and technology, as well as the social conditions
and impacts of the applications of science and technology. Although a full accounting of the
history and evolution of STS is beyond the scope of this dissertation, I highlight the work of a
few key thinkers who have established various frameworks or worldviews from which we can
examine the place of science in this study of challenges confronting the weather enterprise.

By far the most influential philosophical approach to science that emerged since the
Scientific Revolution of the 17" and 18" Centuries was logical empiricism or logical positivism,
which was established in the 1930s by the Vienna Circle, a group of scientists and philosophers
who met regularly at the University of Vienna. The main premise of positivism is that knowledge
only comes from experience, and that scientific knowledge is a product of logical analysis.
Therefore, “the meaning of a scientific theory (and anything else) is exhausted by empirical and
logical considerations of what would verify or falsify it. A scientific theory, then, is a condensed

summary of possible observations.”*? Positivism has grounded the majority of scientific pursuits

4 My use of the term “myth” in describing the common view of science is not meant to be derogatory. Rather, I
consider the scientific ideals such as objectivity, reproducibility, and empiricism to be myths in the sense that they
are ideals toward which many scientists strive, even though the actual state of science may fall short. In other words,
this myth is an ideal toward which many scientists asymptotically approach but never arrive; and as with the great
myths of literary history, it possesses the power to compel action, regardless of the extent to which that myth
accurately portrays reality.

42 Sergio Sismondo, 4n Introduction to Science and Technology Studies, 2nd ed. (West Sussex, United Kingdom:
Wiley-Blackwell, 2010), 2.

34



of this past century, resulting in many advances in the natural as well as social sciences. Because
positivism is rooted in sensory experience and empirical observation, many scientists would
consider themselves realists, in that they believe that scientific theories approach absolute truth
or reality, with the predictive power of theory supporting such a claim. A few decades later, a
closely related conceptual framework called falsificationism was articulated by Karl Popper,*
who determined that scientific theories are necessarily falsifiable, thereby distinguishing them
from pseudo-scientific theories that are known to be more easily “explained away” with various
reasons when predictions do not verify. Thus, according to Popper, “scientific theories are
imaginative creations, and there is no method for creating them. They are free-floating, their
meaning not tied to observations as for the positivists. However, there is a strict method for
evaluating them.”**

The philosophical frameworks established by positivism, realism, and falsificationism
laid the groundwork for the mythical ideal of science that persists to this day. However,
philosophical gaps exist in these frameworks, which eventually inspired sociologists and STS
scholars to more deeply critique the prevailing assumptions and characterizations of science. The
18" Century Scottish philosopher David Hume raised the problem of induction by questioning
whether the assumption of the “uniformity of nature” was valid. In other words, just because »
cases of something are true does not necessarily entail the same for the n+/ case, for it is easy to
identify exceptions to any rule of continuity. Just because the sun has risen every 24 hours does
not mean it will rise again tomorrow at the same time, and surely not when one considers the fact

that the length of the day is relative to a specific observer—it is a function of latitude and of

43 Karl Popper, Conjectures and Refutations: The Growth of Scientific Knowledge (London: Routledge & Kegan
Paul, 1963).
4 Sismondo, An Introduction to Science and Technology Studies, 4.
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seasons.* For every inductive statement, there are countless contingencies and “what if”
scenarios. Thus, the problem of induction is insoluble and cannot be rationally justified, and yet,
induction is precisely what drives the work of modern science.

Popper’s falsificationism can be seen as an attempt to transcend this philosophical
conundrum by presenting science as a problem of deduction, rather than induction,*® but that also
introduces other complications. In practice, the vast majority of scientific theories would not
hold up to Popper’s strict view on falsification. If a theoretical prediction were wrong, scientists
more often than not will find reasons for explaining the incorrect prediction, rather than
immediately throwing out the theory. This is because for every theory, there exists an entire
network of assumptions, beliefs, and limitations. Therefore, the verification of a prediction often
tests not the theory, but the entire bundle of auxiliary hypotheses associated with that theory.
This conundrum is called the Duhem-Quine thesis, which in effect states that “tests of a
hypothesis are typically not tests of the individual hypothesis, but rather are tests of groups or
collections of beliefs.”*” So when a prediction based on a scientific theory is wrong, it is often
easier—and perhaps more justified—to adjust a small portion of the web of beliefs, rather than to
throw out the entire theory. As Sergio Sismondo writes:

When Newton’s predictions of the path of the moon failed to match the data he
had, he did not abandon his theory of gravity, his laws of motion, or any of the
calculating devices he has employed. Instead, he assumed that there was something

wrong with the observations, and he fudged his data. While fudging might seem
unacceptable, we can appreciate his impulse: in his view, the theory, the laws, and the

45 A straightforward example of the use of induction in weather forecasting is what meteorologists call “persistence
forecasting.” It is the assumption of the continuity of a certain type of weather given recent trends. For example, if
has rained the last several days, a persistence forecast would be for rain to continue tomorrow. Likewise, if it has
been sunny for the last several days, a persistence forecast would be skies to remain clear tomorrow. The persistence
forecast is the simplest type of forecast but one that may contain potentially large errors, given that the assumption
of the uniformity of nature is fundamentally flawed.

46 Samir Okasha, Philosophy of Science: A Very Short Introduction, 2nd ed. (Oxford, United Kingdom: Oxford
University Press, 2016), 22.

47 Richard DeWitt, Worldviews: An Introduction to the History and Philosophy of Science, 3rd ed. (Hoboken:
Wiley-Blackwell, 2018), 44.
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mathematics were all stronger than the data! Later physicists agreed. The problem lay in

the optical assumptions originally used in interpreting the data, and when those were

changed Newton’s theory made excellent predictions.*®
A meteorological example of the Duhem-Quine thesis would be the use of parcel theory, which
simplifies air motions into infinitesimally small air parcels whereby pressure perturbations can
be neglected with the assumption that “the parcel does not disturb the surrounding air when it is
displaced.”* The advance of parcel theory revolutionized the way meteorologists apply
thermodynamics to atmospheric fluid motions, enabling the calculation of buoyancy and static
stability, which are crucial in the prediction of atmospheric convection such as thunderstorms.
But given the prevailing assumptions of parcel theory, meteorologists also know its limitations.
When a thunderstorm prediction fails, parcel theory is often not to blame; rather, the failure may
be due to sparse observational networks, incorrect model parameterizations, or any other factors
that are related but exterior to the theory itself.

Commensurate with the implication of the Duhem-Quine thesis is the fact that scientific
theories are generally underdetermined by the data. Because theories can often withstand
evidence to the contrary, theories are therefore unable to be absolutely determined given a
certain set of data. For any given set of data (e.g., dots on a scatterplot), an infinite number of
theoretical paths are possible to explain that data (e.g., dots on a scatterplot that can be connected
by line segments in an infinite number of ways). Although underdetermination is an accepted
fact associated with the problem of induction, it has given rise to a variety of more controversial
postmodernist worldviews. Since the 1960s, many STS scholars have embraced the framework

of social constructivism. As a counterpoint to realism, social constructivists argue that scientific

48 Sismondo, An Introduction to Science and Technology Studies, 5.
49 Paul Markowski and Yvette Richardson, Mesoscale Meteorology in Midlatitudes, 1st ed. (West Sussex, United
Kingdom: Wiley-Blackwell, 2010), 41.
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theories, knowledge, and technology are but social constructs that arise as a product of social
conditions, rather than a reflection of an objective truth.>® A flurry of research in the last few
decades have further subdivided social constructivism into different “flavors,” each with varying
degrees of controversy, from the construction of social realities to that of things, phenomena,
theories, and kinds.>* Arguably the most extreme perspective is that of neo-Kantian
constructivism, which states that objects in nature themselves are socially constructed. Thus,
scientific knowledge is considered “true” or “real” only insofar as scientists agree through
consensus that they are true: “Mind, in this case a social version of mind, is prior to nature; the
way it classifies and otherwise describes the world becomes literally true.”>?> However revolting
this perspective may be to staunch realists for violating fundamental assumptions of cause and
effect, it is not too farfetched to at least acknowledge that because what we know of the world
arrives through sensory perception—and because sensory perceptions are themselves subjective
and contingent upon the observer—that what we know to be “true” may actually be
representations of objects rather than the true objects themselves.>® Thus, those who believe neo-
Kantian constructivism is metaphysically wrong can perhaps acknowledge that the framework
can still be a valuable tool to methodologically interrogate the contingencies of knowledge

production that may have otherwise been invisible to scientists.

50 Peter L. Berger and Thomas Luckmann, The Social Construction of Reality: A Treatise in the Sociology of
Knowledge (New York: Anchor, 1967).

51 Sismondo, 4n Introduction to Science and Technology Studies, 57-71.

32 Sismondo, 68.

53 Interestingly, one can draw metaphorical parallels between this neo-Kantian constructivist framework with the
recent developments in quantum theory of modern physics. One of the main discoveries of quantum theory is the
breakdown of subject-object duality, with Schrédinger’s Cat serving as a thought problem intended to demonstrate
the superposition of potential realities until an observation is made. Thus, a major consequence of the development
of quantum theory is the overturning of centuries’ old assumptions of causality that have grounded classical
Newtonian mechanics.
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Perhaps the most influential work that caused a seismic shift in our understanding of
science and technology was Thomas Kuhn’s The Structure of Scientific Revolutions, first
published in 1962.>* Considered by many to be a landmark but controversial work that
contributed to the genesis of the social construction movement—much to the chagrin of Kuhn
himself—this work challenged the prevailing notion that science was merely “the constellation
of facts, theories, and methods collected in current texts” whereby “Scientific development
becomes the piecemeal process by which these items have been added, singly and in
combination, to the ever growing stockpile that constitutes scientific technique and
knowledge.”® This prevailing notion of a linear progression of science, marked by the slow and
steady buildup of objective knowledge in the ever-improving human struggle away from
ignorance toward absolute truth, was captured by Vannevar Bush, the founder of the National
Science Foundation. In his 1945 report to President Truman, entitled Science—The Endless
Frontier,>® Bush articulated a vision wherein the linear development of scientific knowledge via
the scientific method alone, performed in isolation, can produce an endless multitude of societal
applications, that basic research in the natural sciences is the panacea that will cure the ills of
society into the future.

Kuhn critiqued the linear model of scientific progression by pointing out that science
progresses as a matter of cycles, consisting predominantly of long, steady periods of normal
science, punctuated by revolutions. During periods of normal science, a particular scientific
paradigm reigns supreme, and the vast majority of scientists are engaged not in discoveries, but

in the activity of puzzle-solving, whereby scientists conduct experiments in an attempt to fit

54 Thomas S. Kuhn, The Structure of Scientific Revolutions, 4th ed. (Chicago: University of Chicago Press, 2012).
33 Kuhn, 2.

56 Vannevar Bush, “Science the Endless Frontier” (Washington: United States Government Printing Office, July
1945), https://nsf.gov/od/lpa/nsf50/vbush1945 . htm.
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pieces of data into a prevailing paradigm, rather than developing theories to fit the data as what
the positivistic ideal would dictate. When individual pieces of data or puzzle pieces that do not
fit a particular paradigm—which he calls anomalies—accumulates, a crisis of normal science
emerges, subsequently leading to a revolution and a paradigm shift that results in seemingly
incommensurable periods of normal science occurring under differing paradigms. But rather than
characterizing each revolution as a necessary step toward objective truth, Kuhn suggests that
“We may, to be more precise, have to relinquish the notion, explicit or implicit, that changes of
paradigm carry scientists and those who learn from them closer and closer to the truth.”>” Many

scholars misinterpreted this to mean that scientific progress was therefore only an illusion—a
construct—devoid of any essential purpose or meaning. Thus, it is important to call attention to
Kuhn’s subtle clarification of the above statement:

The developmental process described in this essay has been a process of evolution from
primitive beginnings—a process whose successive stages are characterized by an
increasingly detailed and refined understanding of nature. But nothing that has been or
will be said makes it a process of evolution toward anything. Inevitably that lacuna will
have disturbed many readers. We are all deeply accustomed to seeing science as the one
enterprise that draws constantly nearer to some goal set by nature in advance.

But need there be any such goal? Can we not account for both science’s existence
and its success in terms of evolution from the community’s state of knowledge at any
given time? Does it really help to imagine that there is some one full, objective, true
account of nature and that the proper measure of scientific achievement is the extent to
which it brings us closer to that ultimate goal? If we can learn to substitute evolution-
from-what-we-do-know for evolution-toward-what-we-wish-to-know, a number of
vexing problems may vanish in the process. Somewhere in this maze, for example, must
lie the problem of induction.”®

By analogy, the Kuhnian model of science progresses much like Darwin’s theory of evolution,
enabling and empowering scientists to solve increasingly complex problems with increasing

sophistication even if the evolutionary process itself may be devoid of an ultimate purpose.

57 Kuhn, The Structure of Scientific Revolutions, 169.
58 Kuhn, 169-70.
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Rather than viewing this as a statement of scientific nihilism—and setting aside the ongoing
debate that rages on between postmodernism and realism that arose out of this work, a
phenomenon that Kuhn himself abhorred—it frees us to explore the scientific process as one of a
complex intermingling of causes and conditions, controversies, and complex interactions that
characterize the oft-messy relationships between actors, technologies, and circumstances. As
Latour described at length in his 1987 work, Science in Action: How to Follow Scientists and
Engineers through Society, although science in hindsight may seem to chart a clean-cut path
toward truth, science in foresight that is still in the process of unfolding often reveals many
controversies, contingencies, and uncertainties.>® Focusing our research on that scientific
process, rather than the scientific ends, can reveal insights that may otherwise be overlooked,
such as the co-production of science and social order.®® Furthermore, it allows us to resist the
temptation of placing science upon the altar of Panacea, which may have unintended
consequences, since “the more that we rely on technology to resolve not just practical but ethical
problems, the more vulnerable we will be to the threats that demand broader social, political and

collective responses.”®?

1.3 The Limits of Logical Positivism in Socio-Meteorology
Because of the impact of hazardous weather to vulnerable urban environments and ever-
increasing coastal populations, there has been a growing demand for research into the “societal

impact” of weather systems and of weather forecasts. The U.S. National Weather Service has

3 Latour, Science in Action.

60 Sheila Jasanoff, Designs on Nature: Science and Democracy in Europe and the United States (Princeton, NJ:
Princeton University Press, 2005).

61 Nicholas Agar and Stuart Whatley, “Technology Will Not Save Us,” CNN Opinion, December 7, 2020,
https://www.cnn.com/2020/12/07/opinions/technology-progress-covid-vaccine-agar-whatley/index.html.
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even expressed its interest in hiring more social scientists, and the American Meteorological
Society Annual Meeting has seen an uptick in interest in sessions that address the “societal
applications” of weather forecasts.®? Even the Weather Research and Forecasting Innovation Act
of 2017, which was introduced by Representative Frank Lucas (R-OK) and signed into law in
April 2017, included several mentions of integrating “social and behavioral sciences” into the
work of NOAA.®® A recent report from the National Academies Press recognized that “it is
essential to bring to bear expertise in the social and behavioral sciences (SBS)—including
disciplines such as anthropology, communication, demography, economics, geography, political
science, psychology, and sociology—to understand how people’s knowledge, experiences,
perceptions, and attitudes shape their responses to weather risks and to understand how human
cognitive and social dynamics affect the forecast process itself.”®* The question, of course, is
“how?”

The growing effort to bring social science into conversation with the domain of
atmospheric science shows promise in expanding the scope of understanding of the human
relationship with meteorological phenomena and forecast operations. However, this effort is
currently limited to methods premised on the aforementioned positivistic epistemology, which in
practice, is a research methodology that assumes that knowledge is discrete and additive and that
a successful deconstruction of the various parts or components of a system through specialization

can eventually lead us to a better understanding of the system as a whole. In other words, given

62 American Meteorological Society, “14th Symposium on Societal Applications: Policy, Research and Practice,”
2019 AMS Annual Meeting, accessed April 9, 2019,
https://annual.ametsoc.org/index.cfm/2019/programs/conferences-and-symposia/ 1 4th-symposium-on-societal-
applications-policy-research-and-practice/.

8 Frank Lucas, “Text - H.R.353 - 115th Congress (2017-2018): Weather Research and Forecasting Innovation Act
of 2017,” webpage, April 18, 2017, https://www.congress.gov/bill/115th-congress/house-bill/353/text.

64 “Integrating Social and Behavioral Sciences Within the Weather Enterprise” (Washington, DC: National
Academies Press, November 1, 2017), 1, https://doi.org/10.17226/24865.
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that A + B+ C + D =E, if we simply study A, B, C, and D individually and understand those
parts more fully, we necessarily arrive at a more complete understanding of E. This philosophical
framework of positivism underpins the empirical scientific method. Through specialization,
scientists interrogate specific subsets of the natural world, answering questions relevant only to
their specific discipline, in the hopes that the individual pieces of knowledge will eventually fit
together and translate to a more holistic understanding of our natural world. Within the context
of the weather enterprise, the traditional scientific method promises that if we simply study the
physics of atmospheric phenomena and the specific social forces within which those phenomena
reside, we will necessarily arrive at a fuller understanding of weather and society as a whole.
Ironically, this assumption essentially contradicts the complex and chaotic nature of not only the
weather-human interface, but also the atmosphere itself and humanity at large, where the concept
of emergence reigns supreme.

Eve Gruntfest, perhaps the most well-known social scientist working within the field of
meteorology, recently published the first book about social science integration directed at
meteorologists, Weather and Society: Toward Integrated Approaches,®® based upon a series of
“methods” workshops called “Weather and Society * Integrated Studies” (WAS*IS), funded by
the U.S. Weather Research Program from 2005 to 2012. In her book, she introduces the social
science “methodologies” (or rather, methods) of surveys, direct observations, participatory action
research, and focus groups®® as part of an effort to introduce the meteorologist to “the emerging
field of socio-meteorology.”®” She then claims: “Like physical scientists, social scientists rely on

the scientific method. As all scientists do, they use observation, develop and apply theories,

85 Eve Gruntfest, Weather and Society: Toward Integrated Approaches, 1st ed. (Hoboken, NJ: Wiley-Blackwell,
2018).
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7 Gruntfest, 5.
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make hypotheses, collect data to test their hypotheses, analyze their data, develop findings based
on their data analysis, and then draw conclusions.”®® By making this assertion, Gruntfest
attempts to justify to physical scientists the value and legitimacy of social science, but in doing
so, she inadvertently orphans the greatest tool that social science can bring to bear on
meteorology, namely, the qualitative analyses of the relations that connect the various nodes
across the entire technological and human network that form the fabric of the field of
meteorology, from which the weather enterprise emerges.

Although Gruntfest makes a clear and cogent case for the proper application of social
science—not just physical scientists mentioning “societal impacts” in their research and then
claiming that to be a contribution of social science—it falls short of addressing the value of what
Bruno Latour calls the “sociology of associations,” in contrast to the more traditional “sociology
of the social.”®® Gruntfest’s work primarily advocates for the integration of “socio-
meteorology”—an extension of the methodology of positivism—which would be synonymous
with what Latour critiques as the sociology of the social, which is a traditional social science
framework whereby one assumes that “there exists a social ‘context’ in which non-social
activities take place.”’® However, if one were to make a second proposition and take “as the
major puzzle to be solved what the first takes as its solution, namely the existence of specific
social ties revealing the hidden presence of some specific social forces,””* then the telos of
research shifts from placing the science of meteorology within a “social context” to

understanding the relationality and the tracing of associations between the various elements or

%8 Gruntfest, 15-16.

% Bruno Latour, Reassembling the Social: An Introduction to Actor-Network-Theory, 1st ed. (Oxford: Oxford
University Press, 2007), 9.
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nodes across the field of meteorology (e.g., individual meteorologists, NWP technology,
meteorological institutions, weather forecasts, consumers of forecasts, the weather itself) that
comprise the various networks of which the meteorologists and their actions and products are a
part.

My critique of logical positivism in both the physical science of meteorology and the
recent efforts to integrate the social and behavioral sciences is not to say that positivistic research
methods are of no value. I acknowledge that meteorological and social research grounded in the
methodology of positivism has been fruitful for over a century, with vast improvements in our
understanding of the physics of the atmosphere and our ability to predict and communicate
hazardous weather at longer and longer lead times. Our classical approaches to understanding the
physics of the atmosphere and the dynamics of social systems can and should continue to
produce new knowledge and actionable results to save lives against the threat of hazardous
weather. But without a paradigm shift toward embracing complexity in our research methods to
deliberately see the “forest through the trees,” progress will be limited when confronting
challenges that take the form of major controversies or uncertainties.

Any field, particularly one as complex and nonlinear as the field of meteorology,
demands us as investigators to direct our attention to the associations between actors, groups,
events, and objects, rather than merely studying the various nodes of the associations. To borrow
from the language of mathematics and physics, scientific advances grounded in a positivistic
methodology—to include Gruntfest’s definition of socio-meteorology—are a necessary but
insufficient condition for the generation of new knowledge, particularly when the complex
challenges on the weather-human interface demand that attention be placed on relations that

transcend operational fields and academic disciplines.
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1.4 Complexity as a Research Method

Complexity theory or complex systems theory describes the broad discipline that includes
dynamical systems theory or the study of nonlinear dynamics, with mathematical and conceptual
applications to physics, chemistry, biology, and all of the related applied sciences. One of the
key questions that motivates complexity theory is: How does order emerge out of disorder? In
other words, how does self-organization occur over time? These questions are particularly
puzzling in the physical realm, where the natural tendency of the universe is to become more
disorderly with time, as described by the Second Law of Thermodynamics: “There exists a
useful thermodynamic variable called entropy (S). A natural process that starts in one
equilibrium state and ends in another will go in the direction that causes the entropy of the
system plus the environment to increase for an irreversible process and to remain constant for a

reversible process.”’? However, complexity theory has also been applied to the so-called “social

realm”’3

not traditionally studied by physical scientists, of which Actor-Network-Theory is an
example, and which I will discuss in the next subsection.

One of the foremost thinkers in complexity theory was Ilya Prigogine, a Russian physical
chemist who won the Nobel Prize in Chemistry in 1977 for his work in irreversible
thermodynamics. His primary achievement leading to that recognition was his work on
dissipative structures, which is a concept that is useful not only to complexity theory in the
physical sense but also in the social sense. Setting aside the mathematical derivation and

focusing on the conceptual framework, a dissipative structure is a phenomenon that is

characterized by a state of non-equilibrium, maintaining a higher level of organization, energy,

72 “Second Law of Thermodynamics,” NASA Glenn Research Center, accessed August 17, 2019,
https://www.grc.nasa.gov/WWW/k-12/airplane/thermo2.html.
3 This term is heavily critiqued by Latour, but I apply this here as a typical use of this term by physical scientists.
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or complexity by “dissipating” potential energy in some form, much like a river that organizes
and flows in a direction that corresponds to the gradient from higher to lower elevations as a
result of the dissipation of gravitation potential energy.”* We know from the Second Law of
Thermodynamics that the change in entropy—a quantity of disorder—must increase for

irreversible systems:

AQ
AS=—>0
T >

where S is entropy, Q is heat transfer, and T is the temperature. If a system were isolated, this
would imply an ever-increasing state of disorder such that entropy continues to increase.
However, for an open system where matter and energy can be exchanged with the environment,
this equation can be expressed as follows:

AS = (AS; + AS,) >0
where the total change in entropy is expressed as the sum of the change in entropy internal to the
system (AS;) and the change in entropy due to energy exchange external to the system (AS,), all
of which must be greater than zero. Reframed in this way, we see that the Second Law of
Thermodynamics requires only that the internal entropy change be positive (AS; > 0), thus
allowing for the external entropy change to be negative (AS, < 0), implying that order can
indeed temporarily arise in a system—exceeding the rate of increasing internal disorder—if the
conditions are right regarding energy exchange exterior to the system.”® Thus, we arrive at Erwin
Schrodinger’s negentropy—or “negative entropy”—concept in his description of life as a way of

“concentrating a stream of order.””®

74 Jojo Brisendine, “What Is Life? Part I: Dissipative Structures and Catalysis,” New Criticals, October 7, 2013,
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Prigogine wrote about how order can be derived through “fluctuations,” and that “When a
new structure results from a finite perturbation, the fluctuation that leads from one regime to the
other cannot possibly overrun the initial state in a single move. It must first establish itself in a

limited region and then invade the whole space: there is a nucleation mechanism.”’’ Likewise,

raindrops and hydrometeors develop from cloud condensation nuclei, and hurricanes grow
upscale from perturbations in the easterly trade winds blowing across the tropical oceans.
Prigogine continues:

The question of the limits of complexity has often been raised. Indeed, the more
complex a system is, the more numerous are the types of fluctuations that threaten its
stability. How then, it has been asked, can systems as complex as ecological or human
organizations possibly exist? How do they manage to avoid permanent chaos? The
stabilizing effect of communication, of diffusion processes, could be a partial answer to
these questions. In complex systems, where species and individuals interact in many
different ways, diffusion and communication among various parts of the system are likely
to be efficient. There is competition between stabilization through communication and
instability through fluctuations. The outcome of that competition determines the
threshold of stability.”®

Storms are examples of dissipative structures in fluid dynamics, where Prigogine’s thoughts on
complexity can be readily applied. However, it does not take much of a mental extrapolation to
see how this conception of complex systems, “where species and individuals interact in many
different ways,” where “diffusion and communication among various parts of the system” play
an active role in maintaining such a system can be applied to the study of the weather enterprise
as a whole, and where humans and human systems—meteorologists and weather forecasting

institutions—interact with each other and the scientific and communication technology

infrastructure, can be applied when asking big sociological questions.

7 Ilya Prigogine and Isabelle Stengers, Order Out of Chaos, 1st ed. (New York, NY: Bantam, 1984), 187.
78 Prigogine and Stengers, 188-89.
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Aside from Prigogine’s theoretical developments, I am inspired by his conceptual
endeavors to unify science and philosophy. At the outset of his book, Order Out of Chaos, co-
authored with Isabelle Stengers, Prigogine writes, “it is well known that the driving force behind
the work of the Greek atomists was not to debase nature but to free men from fear, the fear of
any supernatural being, of any order that would transcend that of men and nature. Again and
again Lucretius repeats that we have nothing to fear, that the essence of the world is the ever-
changing associations of atoms in the void.””® But Prigogine goes on to ask: “How can we
recognize ourselves in the random world of the atoms? Must science be defined in terms of
rupture between man and nature?”’®° He critiques the assumption of Newtonian positivism as the
only scientific method and the artificial dichotomy between “nature” and “humanity” that occurs
as a result, stating more starkly: “Thus, science leads to a tragic, metaphysical choice. Man has to
choose between the reassuring but irrational temptation to seek in nature a guarantee of human
values, or a sign pointing to a fundamental correlatedness, and fidelity to a rationality that
isolates him in a silent world.”®! This artificial dichotomy imposed by a positivistic epistemology
is counterproductive to our proper understanding of the relationality between the weather
phenomena, the weather forecasts, and the network of humans and technologies behind those
forecasts, thereby limiting the potential benefits of the integration of social science into the field
of meteorology.

The unified conceptual alternative that Prigogine proposes transcends the science-
philosophy and physical-social dichotomy that has plagued modern knowledge practices. In a

sense, modern physics and complexity theory remind us of the utility of considering natural

7 Prigogine and Stengers, 3.
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science and philosophy as but two sides of the same coin—a holistic merger of thinking and

research that was once commonplace. Prigogine identifies thermodynamics as a field that has the

potential to unify science and philosophy:

For the ancients, nature was a source of wisdom. Medieval nature spoke of God.

In modern times nature has become so silent that Kant considered that science and
wisdom, science and truth, ought to be completely separated. We have been living with
this dichotomy for the past two centuries. It is time for it to come to an end. As far as
science is concerned, the time is ripe for this to happen. From our present perspective, the
first step toward a possible reunification of knowledge was the discovery in the nineteeth
century of the theory of heat, of the laws of thermodynamics. Thermodynamics appears
as the first form of a “science of complexity.”8

Since then, of course, the potential comingling of modern physics with philosophy has evolved

beyond thermodynamics into the fields of relativity theory and quantum theory, with the latter

inspiring a new wave of research into applications of “quantum thinking” to international

relations and social science at large. In Quantum Mind and Social Science: Unifying Physical
and Social Ontology,®® Alexander Wendt raises the prospect that modern physics may contribute
to social science discourse by helping us transcend the limitations of dualities, such as the mind-
body problem and subject-object distinctions.®* This conceptual dualistic transcendence toward
an “undifferentiated reality”®> yields potential benefits for our approach to understanding the
complexity of the weather enterprise. I will revisit the potential meteorological applications of
“quantum thinking” in Chapter 5.

Returning for the moment to thermodynamics, I find the aforementioned concept of

dissipative structures to be particularly useful in considering how complex structures can arise

82 Prigogine and Stengers, 98-99.
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out of disorder, which some scholars have applied to the “big history” movement.®® With the
unification of science and philosophy in mind, Prigogine presents us a call to action: “We find
questions about time at the very heart of science. Becoming, irreversibility—these are questions
to which generations of philosophers have also devoted their lives. Today, when history—be it
economic, demographic, or political—is moving at an unprecedented pace, new questions and

new interests require us to enter into new dialogues, to look for a new coherence.”®’

Furthermore, he asserts that

...the ideas of instability, of fluctuation—diffuse into the social sciences. We
know now that societies are immensely complex systems involving a potentially
enormous number of bifurcations exemplified by the variety of cultures that have evolved
in the relatively short span of human history. We know that such systems are highly
sensitive to fluctuations. This leads both to hope and a threat: hope, since even small
fluctuations may grow and change the overall structure. As a result, individual activity is
not doomed to insignificance. On the other hand, this is also a threat, since in our
universe the security of stable, permanent rules seems gone forever. We are living in a
dangerous and uncertain world that inspires no blind confidence, but perhaps only
the...feeling of qualified hope.”%®

It is in this spirit that I proceed with a research methodology of injecting complexity into my

study of the weather enterprise, combining the technique and the philosophy behind complexity

theory to propel my explorations of the technical and social dimensions.

1.5 Actor-Network-Theory: Relational Materialism in Socio-Meteorology
A particular application of complexity theory to the social sciences is Actor-Network-
Theory (ANT), which is a moderately constructivist approach that inverts the usual telos of

research from the nodes of a social network to the relations that connect them, going so far as to

8 David Christian, Maps of Time: An Introduction to Big History, 2nd ed. (Berkeley, CA: University of California
Press, 2011).

87 Prigogine and Stengers, Order Out of Chaos, 19.

88 Prigogine and Stengers, 312—13.
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assert that a persistently shifting network of relationships is what more realistically captures the
nature of a society. ANT allows us to delve into controversies in a holistic, relativistic sense,
thereby apply complexity as a lens through which to view the entire field of meteorology as a
whole. A hallmark of ANT is its consideration of the agency of both human and non-human
actors, acknowledging that both people and things can have “interests that cause them to act, that
need to be accommodated, and that can be managed and used. Electrons, elections, and
everything in between contribute to the building of networks.”®® Sismondo, in describing Michel
Callon’s study of engineers who worked on an electric car in France, pointed out that
“engineering is never complete if it stops at the obvious boundaries of engineered artifacts.”*°
Likewise, meteorologists often consider their work to be complete after they have hit the
“warning” button on storm and disseminated their forecast, leaving the management of storm
impacts to emergency managers and first responders. But sociologists studying the weather
enterprise should not discretize the otherwise continuous flow of events by artificially binning
them into disciplines, lest they overlook the very interface that is most worthy of study! By
placing the emphasis of research on the relations within the network rather than the nodes, a new
understanding of the weather enterprise can emerge that is more flexible, more adaptive, more
utilitarian, and ultimately more realistic.

One of the thinkers who established ANT as a research method is Bruno Latour. In
describing the agency of objects, Latour critiques the notion of “social ties” or “social forces”
that magically act to hold “society” together, since such a premise ignores the importance of

objects in the remapping of connections and relations: “If action is limited a priori to what

8 Sismondo, An Introduction to Science and Technology Studies, 81.
90 Sismondo, 81.
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‘intentional,” ‘meaningful’ humans do, it is hard to see how a hammer, a basket, a door closer, a
cat, a rug, a mug, a list, or a tag could act.”®* And yet, those things typically have verbs attached
to them, acting on other objects around them, with each action being part of what makes up the
“social.” Latour goes so far as to say, “any thing that does modify a state of affairs by making a
difference is an actor—or, if it has no figuration yet, an actant,”®? and that “no science of the
social can even begin if the question of who and what participates in the action is not first of all
thoroughly explored, even though it might mean letting elements in which, for lack of a better
term, we would call non-humans.”?

Because of this reconceptualization of what constitutes the “social,” Latour prefers the
term collective, rather than the term society, since a collective “will designate the project of
assembling new entities not yet gathered together and which, for this reason, clearly appear as
being not made of social stuff.”®* The key word here is “assembling,” for what is interesting in a
collective is not the static, invisible structures that somehow serendipitously sustain a society,
but how human-human, human-object, and object-object relations remap themselves under
different conditions. In fact, “There exists no relation whatsoever between ‘the material’ and ‘the
social world,” because it is this very division which is a complete artifact.”® I find this concept
to be profoundly inspiring. Across the weather enterprise, only a small fraction of atmospheric
scientists engage with social scientists to better understand the human impact of weather
forecasting, and for those who do, the focus is placed entirely on determining what “social

forces” are at play when a tornado warning is issued, or what type of social and communication

! Latour, Reassembling the Social, 71.
92 Latour, 71.

93 Latour, 72.

9 Latour, 75.

% Latour, 75-76.
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“skills” are necessary to elicit a specific action to seek shelter, or what “society” thinks of this-
or-that type of warning label for a particular weather hazard. The answers to these questions have
proven to be elusive, not because there exists no answer, but because the questions are not
properly framed, rendering a holistically realistic answer to be out of reach without applying a
host of constraints and assumptions. Yet nowhere across the field of meteorology has someone
asked: How has the relations between meteorologists, institutions, weather forecasts, and
warnings changed as a whole, given changes in weather analysis and prediction technology?
Conversely, how have changes in weather analysis and prediction technology acted on and
remapped the relations between meteorologists, institutions, weather forecasts, and warnings
across the weather enterprise?

Another Latourian concept from which I derive inspiration for my research is the tracing
of local-global associations, which he calls “localizing the global® and “redistributing the
local.”®” To do the former, “we have to lay continuous connections leading from one local
interaction to the other places, times, and agencies through which a local site is made to do
something.”® Thus, ANT is a theory based on materialism, meaning that it reduces the social to
the translation of material actions and forces.?® Latour argues that this is preferable to the method

of the “sociology of the social,” which attempts to place a local event or action within a larger
social context. He asserts, “when you put some local site ‘inside’ a larger framework, you are
forced to jump. There is now a yawning break between what encloses and what is enclosed,

between the more local and the more global.”*° This is analogous to the problem of global

% Latour, 173.

97 Latour, 191.

% Latour, 173.

9 Sismondo, An Introduction to Science and Technology Studies, 82.
100 [ atour, Reassembling the Social, 173.
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versus limited-area models within numerical weather prediction. Whereas the former model is a
fully-enclosed system with no internal boundaries, the latter model requires a parent global
model to feed lateral boundary conditions to the higher-resolution inner nest of the limited-area
model, which results in mathematical inconsistencies. Thus, although global models require
higher computing power, they are generally preferable to limited-area models in terms of having
fewer internal inconsistencies. I will further explore the networks associated with numerical
weather prediction models in Chapter 4.

After achieving the first task, Latour asks: “How is the local itself being generated? This
time it is not the global that is going to be localized, it is the local that has to be re-dispatched
and redistributed.”*** By performing this analysis symmetrically, Latour argues that it forces our
attention to concentrate on the “connectors” without requiring the concepts of “context” or
“interaction.” Herein, we return to the concept of the agency of objects: “The meandering path
through which most of the ingredients of action reach any given interaction is traced by the
multiplication, enrollment, implication, and folding of non-human actors. If the analyst is not
allowed to exert some right of pursuit through multiple types of agencies, then the whole
question of local and global becomes intractable.”%?

Latour suggests that the method of ANT be wielded against certain elements of a
collective: (1) the innovations, (2) associations that act across great spatiotemporal distances, (3)
occasions defined by “accidents, breakdowns, and strikes,” (4) historical archives, and even (5)

works of fiction.!®® These five elements serve as potential starting points of ANT research,

because they are gateways to moments where new networks in the collective are built and

101 Latour, 192.
102 L atour, 193.
103 Latour, 80—82.
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reassembled, which may otherwise go unnoticed. The innovation of supercomputing afforded the
opportunity of the development of numerical weather prediction, which Lewis Fry Richardson
had conceptualized decades prior.'®* Phased array radars, a technology that had been prevalent
on U.S. Navy ships for decades, is just now entering the forefront of meteorological research,
potentially becoming part of a next-generation severe weather radar network of the future.'® The
Delta Airlines L-1011 crash on approach to Dallas/Fort Worth International Airport on August 2,
1985 revolutionized our understanding of the hazards of microbursts to aviation, and technology
was introduced across the Federal Aviation Administration to prevent such accidents in the
future, with near 100% success.'% The writings of Thomas Jefferson show that his personal
fascination for the weather had influenced his early conception of a nationwide weather
observation network.'®” The 1996 movie Twister captured the adrenaline rush of storm chasing
across the Great Plains, the rivalry among teams of competing scientists, and doubled the
enrollment in the University of Oklahoma School of Meteorology in subsequent years.%® All of
these things have actively shaped and changed the field of meteorology and the weather
enterprise at large, and the ripple effects continue to this day.

In the next chapter, we begin our exploration of the technoscience of meteorology by
reaching back to its roots in colonial America and considering the evolution of what we now

deem irrefutable facts about the atmosphere. We begin by looking back in time, to before the

104 Lewis Fry Richardson, Weather Prediction by Numerical Process (Scholar’s Choice, 2015).

105 “Phased Array Radar Symposium,” 2019 AMS Annual Meeting, accessed August 18, 2019,
https://annual.ametsoc.org/index.cfm/2019/programs/conferences-and-symposia/phased-array-radar-symposium/.
16 Don Phillips, “How a ‘microburst’ Downed a Jetliner and Revolutionized Flight Safety,” The New York Times,
August 1, 2005, sec. World, https://www.nytimes.com/2005/08/01/world/americas/how-a-microburst-downed-a-
jetliner-and-revolutionized-flight.html.

197 David Laskin, Braving the Elements: The Stormy History of American Weather (Anchor, 1996), 72.

108 Chip Minty, “How ‘Twister’ Made Meteorology Cool in Oklahoma and Beyond,” Oklahoman.com, May 22,
2016, https://oklahoman.com/article/5499438/how-twister-made-meteorology-cool-in-oklahoma-and-beyond/.

56



scientific facts of meteorology became solidified, to unveil the controversies and tensions that
not only brought those facts into being but also drove the forward progress of the technoscience.
In so doing, we trace the associations between the people, events, technologies, and
circumstances that enabled meteorology to become the scientific activity that it is today—one
that is deeply engaged with society and the various publics that sustain it, with a strong

contribution from a broad community of amateur weather enthusiasts.
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CHAPTER 2

Whirlwind Controversies and the Emergence of an American Science

“—let him see that rains and changes of wind are not accidental, but subject to laws as fixed as
those which govern the planetary motions, and that these laws are not past finding out; —zeal
and animation in the pursuit of knowledge, will then take the place of listlessness and despair.
Among the innumerable benefits arising from the adoption of a true system of meteorology, will
be the death of superstition on this subject.”

~ James Pollard Espy, 1841

2.1 Into the Vortex to Open Pandora’s Box

“We need to get out of here,” I mumbled frantically to my driver, trying in vain to keep
my breathing steady. The intense supercell thunderstorm was bearing down upon us, with skies
darkening to a pitch black, eerily set against the faint glow of twilight on the horizon. “A quarter
of a mile, make a right turn onto 152,” I barked. The wail of the tornado sirens ricocheted
through the residential blocks across the town of Dumas, Texas as I desperately tried to stay on
top of the volumes of real-time data streaming into my Mobile Mesonet—a white Dodge
Caravan with U.S. government logos emblazoned across the side with the iconic words,
“NATIONAL SEVERE STORMS LABORATORY” in Navy blue lettering, and equipped with
the latest atmospheric sensing instrumentation and wireless communication technologies.

This was the second year of VORTEX2, a $12 million government-funded international
field research project—the largest in history—to explore “how, when and why tornadoes
form.”% Over 100 scientists and graduate students deployed an “armada” of the latest mobile
Doppler radars, mobile instrument arrays, weather balloon launchers, and even unmanned aerial

vehicles across the Great Plains of the United States in search of the most violent winds on Earth.

109 National Severe Storms Laboratory, “VORTEX2,” accessed January 12, 2021,
https://www.nssl.noaa.gov/projects/vortex2/.
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Each morning, we would prepare a forecast and move the entire armada to intercept and
surround the most violent supercell**° thunderstorms, the parent storm system of tornadoes,
following them for hours until late into the evenings when the chase would be called off due to
safety considerations. While operating in the field—often driving hundreds of miles per day
anywhere from Texas to the Dakotas—the armada followed a strict chain-of-command system
that was organized around the Field Command Vehicle, an ambulance outfitted with the latest
National Severe Storms Laboratory communications equipment, which was in turn directed by a
team of meteorologists in the VORTEX Operations Center in Norman, Oklahoma.*!

As the navigator in command of a Mobile Mesonet with the callsign “Probe 2,” I was in
charge of collecting atmospheric data near and ahead of developing tornadoes by directing the
instrument sensors mounted on the roof of the vehicle through the most dynamic and hazardous
parts of a supercell thunderstorm.**? With a team of Mobile Mesonets working in close
coordination, our urgent research task was to properly sectorize a dynamically-evolving supercell
and perform transects ahead of the storm in synchrony with the other mobile radar and
instrument teams.'*® As navigator of Probe 2, I had to make quick decisions based on an

interpretation of the real-time data streaming in from the instrument sensors, the visual structure

119 A supercell thunderstorm is a special class of thunderstorms that is characterized by a rotating updraft, or
“mesocyclone,” at its core, often lasting many hours longer and are much more severe than their typical
thunderstorm counterparts. The vast majority of strong to violent tornadoes originate from supercells.

' VORTEX2, which took place in the spring seasons of 2009 and 2010, was the second of the VORTEX projects.
The first project of this namesake took place nearly two decades prior, in 1994 and 1995, which scientifically
documented for the first time the entire life cycle of a tornado, and which was the inspiration for the movie Twister
(1996), starring Helen Hunt and Bill Paxton.

112 Some Mobile Mesonets sampled the baroclinic zones along the edge of the Forward Flank and Rear Flank
Downdrafts, whereas others focused on collecting data in the inflow region of the supercell near the mesocyclone. In
all cases, data was collected to analyze the time evolution of temperature, pressure, and moisture gradients that are
hypothesized to contribute in some way to supercellular tornadogenesis.

13 Depending on the quality of the gridded road network, these “transects” usually consisted of driving back and
forth in straight lines as the storm approached, resulting in a three-dimensional dataset evolving with time in a
storm-relative frame of reference.
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of the storm clouds, and my best interpretation of the orders being passed down through my
chain-of-command—all while speaking on the radio, logging observations, monitoring the radar
feed, and communicating via text chat with my team. The pace was frantic. The stress was high.
I was placed in charge of executing our research mission, but with the authority to call an
“ABORT” if conditions became too life threatening.

That evening, 18 May 2010, we had intercepted an intense supercell thunderstorm near
Dumas, Texas in the Texas Panhandle. After following it through town, I directed my driver to
get ahead of the storm by driving east on State Highway 152 before turning back toward the
storm to begin one of our westbound transects through the Rear Flank Downdraft.*'* Supercell
thunderstorms generally move from the southwest toward the northeast, or from the west toward
the east, and this one was no exception. The goal was to stay just ahead of the storm, following
the storm-relative motion, to collect data on the rapidly-evolving atmospheric dynamics feeding
into the violent rotating updraft core, known as the mesocyclone or meso for short, before it
produces a tornado—all while maximizing safety. Metaphorically, for the sake of science, we
needed to “play with fire” without getting burned. We needed to get just too close for comfort
inside the grip of the supercell before dropping back toward the east and redoing the westbound
transect.

At 6:16 pm CDT, the Field Command Vehicle blasted out this message to the entire
armada: “Be advised... new meso is about two miles SOUTH of the old meso. Visually
intensifying rapidly... Target remains this storm. Your mission coordinators will advise on how

to intercept/deploy.” At 6:27 pm, Probe 5 confirmed, “tornado south side of Dumas.” I did not

114 The Rear Flank Downdraft is the part of a supercell thunderstorm where cold air laden with rain is driven
downward, cyclonically wrapping around the back side of the storm. Research has shown that the temperature and
pressure gradients along the leading edge of the Rear Flank Downdraft likely play a crucial role in the generation of
the vorticity that leads to tornadogenesis.
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yet have visual confirmation of the tornado, but I nonetheless ordered my driver to continue
carefully driving west toward the storm. One of the Mobile Mesonets chimed in on the radio
with an ominous observation, “...that was pretty intense, we had some baseballs,” in reference to
the deadly baseball-sized hail that was dropping in the downdraft of the storm behind the
developing tornado. We proceeded onward, my hand clutching the radio, eyes darting between
the radar feed and the ominously angry clouds ahead, beads of sweat forming on my forehead.
Probe 6 then reported, “Rapid rotation just to our NE,” followed by this heart-stopping chat
message from the VORTEX Operations Center at 6:39 pm: “Appears main meso is occluding
and moving northeast toward SR152. It should pass close to P2 and SCT2.” That was me. Probe
2 was in the path of this tornado, but... where was it?! My eyes darted frantically across the
windshield and out both sides of the vehicle. There was no sign of a tornado.

Then, after a few seconds that seemed like an eternity, I caught a faint glimpse of a dust
swirl on the ground to the left of the road, “Tornado! Right there!” I exclaimed at my driver. But
it still was not clear. I looked out the driver’s side window and saw what appeared to be two
cloud fragments rotating around each other just to our southwest. “What was that?” I said with
hesitation. Then it dawned on me—those were not cloud fragments; those were large airborne
tree branches rotating around each other! “Turn around!” I yelled. My driver dutifully and
calmly pulled off of the road to wait for oncoming traffic to pass. I tried to make radio contact
with my counterparts to see if anyone had a more convincing visual of a tornado. There was no
clear funnel, but there were obvious signs that brief spin-ups were occurring all around us. The
dark gray to black clouds were furiously moving, whipped by the rapidly-increasing winds, with
cloud fragments appearing and disappearing in the extreme turbulence. Based on the prevailing

theory of tornadogenesis, I was just inside the region of the supercell known as the “Bear’s
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Claw,” where the cold, rain-laden Rear Flank Downdraft wraps around the south side of the
mesocyclone, undercutting the warm, moist inflow air feeding the rotating updraft of the
storm.!*> The interaction of these features within the supercell is known to induce the formation
of a tornado, sometimes within just a matter of seconds. It was the epitome of atmospheric
violence, rendering all of the science and technology embodied by the multi-million-dollar
armada of instrumentation deployed around this storm but a trivial human endeavor in the eyes
of Mother Nature.

All of a sudden, a major wind gust overtook us, and we were pelted by horizontal rain
and debris, with tumbleweeds rolling across the flat landscape. The visibility dropped to near
zero, as if a curtain of water just fell from the sky. My driver turned the car around just as a piece
of debris crashed through the middle passenger-side window of the Dodge Caravan. In that
moment, we were blissfully unaware that the window had shattered, due to the deafening roar of
the wind. “Ok stop, stop. Stop right here,” I said. We briefly pulled off the road to assess the
situation and to decide whether the scientific data collection should continue. Moments later, as I
was still trying to obtain visual confirmation of the tornado, my driver yelled, “Over there, over
there, over there!” I glanced across his shoulder toward the northwest and saw a multi-vortex
tornado spinning up from the ground up, with multiple swirls of dust dancing around each other
in a hellish ballet of untamed violence. “Go... go... GO!!!” I shouted. He stepped on the gas
until the roar of the engine eclipsed that of the wind. “Quickly... quickly...” I mumbled under
my breath as we sped off toward the east on State Highway 152. That was it. It was time to abort
the mission. I radioed my team: “That was a little too close for comfort. We’re heading east

rapidly.”

15 Tim Vasquez, Storm Chasing Handbook (Austin: Weather Graphics Technologies, 2002).
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After we exited the “Bear’s Claw,” I took a deep a breath. “You all right?” I asked my
driver, his knuckles white with intensity as he clutched the steering wheel. “Yup,” he responded
hesitantly, after regaining his composure. Upon reaching a safe distance from the supercell, we
pulled off of the road, and only then did we realize the extent of the damage. The piece of debris
that struck our window had left a gaping hole over a foot across, and the entire window was
shattered and actively crumbling into the van. I came to a horrifying realization: That hole was
right at the level of my head, so had that piece of debris hit the passenger-side window just two
feet forward, I would have suffered a major if not fatal injury. Upon poring over the data we had
just collected, I learned that our Mobile Mesonet anemometer had logged a peak wind gust of
nearly 40 meters per second (nearly 90 miles per hour), coincident with a near 180-degree
veering of the wind direction. Combined with my observations of rotating funnel clouds and dust
whirls to the south and to the north of State Highway 152, the conclusion was inescapable—we
had not just entered the mesocyclone of the supercell; we had actually experienced the outer
periphery of the developing tornado circulation itself!

My inadvertently close encounter with the Dumas, Texas tornado of 2010 was a
manifestation of empirical science in action and of the tension between established theoretical
facts and the transient observations of new facts as they are unfolding. In the midst of the heart-
pounding, adrenaline-steeped moment when I had to make the life-or-death decision to either
continue or abort the mission, I was confronted with the necessity of reconciling my visual
observations with my understanding of established meteorological theory. In every scientific
field experiment, there are knowns and unknowns, and scientists plan their operations and act
upon the knowns in order to collect observations that hopefully illuminate some portion of the

unknowns. In the case of the VORTEX2 experiment, the unknowns were associated with the
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“hows,” “whys,” and “whats” behind tornadogenesis: Why do some supercell thunderstorms
generate tornadoes while others do not under otherwise similar atmospheric conditions? How do
the Rear Flank and Forward Flank Downdrafts differ in their potential contributions to the
atmospheric vorticity generation that precedes tornadogenesis? What is the role of temperature,
moisture, and buoyancy gradients in tornadogenesis? These unknowns are set against the known
facts: The most violent tornadoes in the Northern Hemisphere typically form in counter-
clockwise rotating supercells. The usual path of tornadic supercells have a westerly'*®
component of motion. The tornadoes that form within rain-wrapped (i.e., “occluded”) supercells
are often cyclic in nature and can have a complex structure with multiple vortices.

These known and assumed facts about supercell thunderstorms—indisputable, tried-and-
true, and empirically proven—played a passive but important role in the background of the
VORTEX2 experiment, serving as a canvas upon which all of the observational instrument
platforms’ missions and maneuvers were set. When there were gaps in visual observations (e.g.,
when I could not visually confirm the presence of a tornado), I was able to rely upon my
theoretical understanding of the known facts to fill in my observational gaps in knowledge. |
quite literally entrusted my life to those existing theories of tornadogenesis and their attendant
facts, for without that knowledge, I would not have been able to pursue the new science
questions and to intuit the fine line between executing or aborting the research mission.

The success of the VORTEX2 experiment was a testament to the complex network of

humans (e.g., university professors, research scientists, and graduate students), technologies'!’

(e.g., anemometers, thermometers, barometers, radars, balloons, vehicles), natural objects (e.g.,

116 The convention in meteorology is to describe the direction firom which a wind is blowing. Thus, a westerly wind
is a wind that blows from the west. A southerly wind is a wind that blows from the south.
17 Or, more specifically, what Bruno Latour calls “technical artefacts.”
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clouds, rain, winds, thunderstorms, supercells, updrafts, downdrafts), and concepts (e.g., storm
motion, updraft rotation, cyclical mesocyclones) established through time and working in concert
to form an assemblage of human actors and non-human actants, all of which have agency when
considered within the framework of ANT. The assemblage that is VORTEX2 can itself be
considered part of a larger and more complex assemblage or network situated within the weather
enterprise. Each instrument that was deployed, each line of code written into the real-time data
analysis software, each vehicle purchased through government funds, each graduate student
afforded the opportunity to contribute to this historic field experiment, each mission plan
designed by the principal investigators—all had connections with other actants across the
network of meteorologists and institutions. Actants build networks, which then in turn create
tangible effects that emerge from the consistency of actions within said networks. These
networks “might turn beliefs into taken-for-granted facts, when their components are made to act
as if they are in agreement. So working machines and accepted facts are the products of
networks.”18

Although networks may temporarily stabilize, they are often changing, with associations
being made and remade with the passage of time, and this remaking of networks is what propels
the evolution of a technoscience such as meteorology forward: “Just as a political actor
assembles alliances that allow him or her to maintain power, so do scientists and engineers;”
likewise, technoscience is “the creation of larger and stronger networks.”*'® What is now
considered an indisputable scientific fact, taken for granted and neatly packaged in a textbook,

was once an uncertain and disputed controversy that emerged from a shifting network of actants.

118 Sismondo, An Introduction to Science and Technology Studies, 82.
119 Sismondo, 81.
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By rewinding the clock and turning our attention to opening Pandora’s “black box™ of
established facts,?? we direct the telos of our research to the uncertainties, controversies, and
conditionalities that would have otherwise been overlooked or taken for granted as those
scientific facts traveled along the journey toward becoming established and solidified black
boxes of presumed knowledge. Thus, rather than making inferences through the usual scientific
method that requires narrowly-focused constraints, controls, and assumptions, the ANT approach
affords a more expansive research methodology that embraces a more holistic perspective.
Although it sacrifices the hallowed scientific norm of controlled experimentation upon the altar
of complexity, ANT preserves the sanctity of passively watching and observing reality?! as it
unfolds—uninterrupted by artificial constraints and assumptions.

As Sismondo eloquently summarizes, “Once a fact or artifact has become black-boxed, it
acquires an air of inevitability....The truth has no causal power that draws scientific beliefs
toward it. Instead, consensus develops out of persuasive arguments, social pressures, and the
like.”1?2 By entering through controversies and tracing the associations that map and remap
networks, we illuminate the processes by which facts become established and through which
science evolves. By purposefully muddying the waters of causality, we elucidate the importance
of feedback cycles and embrace fields of conditionality rather than chase the enigmatic essences

of objects. By destroying the illusion of a linear progression of science, we reveal the

interconnected networks that emerge from the relations that comprise the primordial soup of

120 Latour, Science in Action, 1-17.

121 My use of the word “reality” here is colloquial, referring simply to the object of research at hand or of nature as it
evolves, ideally uninterrupted by the observer. This is not to be construed as meaning the exclusive observation of
only what is “real” in the sense of an objective reality or truth embraced by realists. The ANT methodology is
somewhat agnostic with respect to the raging debate between social constructivism and realism, since the process of
building and translating networks implies the former, but the agency of non-human actants seems to imply the latter.
122 Sismondo, An Introduction to Science and Technology Studies, 120.
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complexity. Thus, the ANT methodology empowers us to think strategically to chart novel
research paths that can better confront the uncertain and seemingly insurmountable challenges at
the ever-changing interface of science and society.

The rest of this chapter analyzes the development of meteorology through a historical
lens. But rather than simply telling the story of how the scientists, theories, and institutions came
to be—a task that has already been undertaken by several writers and historians*>>—I instead
highlight three historical controversies that have shaped and continue to reshape the field of
meteorology as a science and as an institutional enterprise. By inserting ourselves as researchers
into the midst of a controversy, we “enter facts and machines while they are in the making” and

124 which allows us to trace the

carry “with us no preconceptions of what constitutes knowledge,
formation and eventual closure of the black boxes (i.e., the establishment of facts). As John Cox
writes, “Weather forecasting has become a kind of appliance science, part of the electric rhythm
of life, absorbed and applied without a second thought,”*?* but the automated nature of
meteorology has not always been inherent in the science; rather, the seeming automation of the
processes behind the weather forecast and our understanding of the physics of the atmosphere are
a product of the controversies and the systematic closure of black boxes. Borrowing Latour’s use

of the two-faced Janus, representing the perspective of “ready made science” looking backward

(toward the left) set against the perspective of “science in the making” looking forward (toward

123 For chronological histories of the field of meteorology, see Laskin, Braving the Elements; James Fleming,
Meteorology in America, 1800-1870 (Baltimore: The Johns Hopkins University Press, 2000); Sverre Petterssen,
Weathering the Storm: Sverre Petterssen, the D-Day Forecast, and the Rise of Modern Meteorology, ed. James
Rodger Fleming (Boston, 2001); John D. Cox, Storm Watchers: The Turbulent History of Weather Prediction from
Franklin’s Kite to El Nino, 1st ed. (Hoboken, NJ: John Wiley & Sons, Inc., 2002); Bernard Mergen, Weather
Matters: An American Cultural History Since 1900, 1st ed. (Lawrence, KS: University Press of Kansas, 2008); and
Craig Martin, Renaissance Meteorology: Pomponazzi to Descartes (Baltimore: Johns Hopkins University Press,
2011).

124 Latour, Science in Action, 13.

125 Cox, Storm Watchers, 1.
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the right),'?® we can dissect controversies to illuminate the tension that exists between the former
that says “when things are true they hold” and the latter that says “when things hold they start
becoming true.”*?’

With respect to the methodology of ANT, process is more important than positionality.
So rather than taking facts for granted and attempting to artificially isolate a social “context”
from which to place the activity of a science, this analysis of controversies affords us the unique
opportunity to see facts as a product of shifting networks, rather than the nodes of some pre-
existing social structure. Importantly, we need to know which side of Janus’ advice we should
listen to: if we listen to the forward-facing right side when we really should be listening to the
backward-facing left, we risk overemphasizing sociological relativism surrounding the
construction of facts and potentially ignore the agency of objects and technology; if we listen to
the left side when we really should be listening to the right, we risk falling into the panacean

illusion of scientism and inadvertently perpetuate political and social problems that require

considerations beyond the scientific method.

2.2 Amateur Observationalists vs. Professional Theorists
2.2.1 METEOROLOGY AS A NEW AMERICAN SCIENCE

In 1858, Joseph Henry, the first Secretary of the Smithsonian Institution, observed that
“Meteorology has ever been an apple of contention, as if the violent commotions of the
atmosphere induced a sympathetic effect on the minds of those who have attempted to study

them.”12® That observation was as true then as it is today, and it would not be an exaggeration to

126 Latour, Science in Action, 4.

127 Latour, 12.

128 Joseph Henry, “Annual Report, Agricultural” (U.S. Patent Office, 1858), quoted in Fleming, Meteorology in
America, 1800-1870, 23.
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claim that the field of meteorology was not only founded upon controversies but also has been
driven by them for over two centuries. But unlike other sciences related to physics, chemistry, or
biology that are oriented around carefully designed experiments that can be conducted in the
laboratory, meteorology has historically struggled with the exercise of isolating variables for
controlled experimentation.*?® There are no laboratories large enough to reproduce a realistic
atmosphere, and furthermore, we are all inhabitants of the very atmosphere that meteorologists
aim to study, rendering observations a particular challenge.

James Rodger Fleming, a historian of science and technology, acknowledges that
“Meteorology has no tradition of crucial experiments and few instances of isolated genius.”*3°
Unlike Newton, Gauss, Einstein, and Schrédinger of physics or Linnaeus, Darwin, Watson, and
Crick of biology, meteorologists through the nineteenth and twentieth centuries often had to
borrow theories and concepts from other sciences, with its own progress lagging as a result. Cox
goes further in describing the irregularity of meteorology as a nascent science: “Cobbling this
principle to that law borrowed from physics or astronomy or chemistry, people who studied
weather were generally taking time out from more reliably fruitful pursuits,” and “from the
middle of the eighteenth century to the middle of the nineteenth century, the study of weather
was the avocation of learned gentlemen and natural philosophers, people with secure reputations
in other fields.”*3! Given its initial lack of standing as a profession, meteorology evolved its
theoretical understanding through a gradual synthesis of generations of amateur observational

knowledge, steeped in tradition and intuition, and defined by moments of intense controversy.

129 An exception to this would be the laboratory experiments associated with the field of fluid dynamics, of which
modern meteorology derives much theoretical knowledge. Perhaps the closest thing to a meteorological laboratory
would be the technology of numerical weather prediction, which will be addressed in Chapter 4.

139 Fleming, Meteorology in America, 1800-1870, xx.

131 Cox, Storm Watchers, 3—4.
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It was not until the mid- to late-twentieth century, with the advent of remote sensing and
numerical weather prediction technologies,*? did meteorology begin to systematically address
its age-old problem of doing science without a traditional laboratory, but the importance of direct
observational studies'3® of the atmosphere persists to this day. Fleming observes, “Because
meteorologists require large amounts of information to frame and test their hypotheses, the
legitimate scientific need to collect and analyze data is often confused with the questionable
practice of mere fact gathering.”*** This need to collect and digest large amounts of simultaneous
data exterior to the laboratory!3> primes the field of meteorology for contributions from amateur
hobbyists, but it also opens up the discipline to critique by other scientists—and the general
public—who view meteorologists and their assumptions and probabilistic predictions with some

condescension or even derision.'*® Meteorologists themselves sometimes concede that their work

is an “inexact science.” 13’

According to Fleming, the history of meteorology in the United States can be roughly
segmented into four periods: the “colonial times” (before 1800), which consisted primarily of
individual amateur weather diarists; the “period of emerging systems” (1800-1870),

characterized by the establishment of observation networks; the “era of government service”

132 Observational technologies are explored in Chapter 3, and numerical weather prediction is addressed in Chapter
4.

133 Within the discipline of meteorology, observational or field research is sometimes referred to as “empirical”
research, not to be confused with the broader method of research that philosophers of science call “empiricism.”

134 Fleming, Meteorology in America, 1800-1870, xx.

135 The “laboratory” is considered here as a physical place that serves as the traditional center of scientific
knowledge production. More generally, as Latour uses the term, laboratories are simply places “where scientists
work,” which for a meteorologist, could be anywhere from a computer terminal to the warm inflow of a supercell
thunderstorm.

136 Marshall Shepherd, “How Meteorologists Compare To Other Professions That Predict The Future,” Forbes, April
2, 2019, https://www.forbes.com/sites/marshallshepherd/2019/04/02/how-meteorologists-compare-to-other-
professions-that-predict-the-future/.

137 Tim Brookes, “Weather Forecasting,” National Geographic Magazine, December 2, 2009,
https://www.nationalgeographic.com/science/earth/earths-atmosphere/weather-forecasting-science/.
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(1870-1920), when national meteorological institutions were established; and the “current
disciplinary and professional period” (1920-present), when the field of meteorology matured as a
distinct scientific profession.’*® Centering my analysis on the development of American
meteorology is intentional, because although European scholars were generally more advanced
in the sciences during the colonial period, “the climate of the New World, including the
frequency and intensity of storms, was indeed harsher than that of Europe,”*3° which set the
condition of possibility for meteorology to flourish as a science in the United States. Early
colonial American scientists recognized that “at least in the study of weather they held certain
advantages over the more learned and better-established savants of Europe,” and that “To British
and European scientists, the appalling facts of hurricanes and tornadoes were unreliably observed

details in improbable tales told by seafarers and fanciful literary descriptions in ancient texts.”*4°

From the typhoons that twice foiled the Mongol invasions of Japan,'*! to Columbus’ encounters

with hurricanes of the West Indies,**?

stories of giant cyclones seemed to the citizens of the Old
World to have always come from the shores across vast oceans opposite of the European
continent—a reality tied to the existence of poleward-flowing warm ocean currents that hug the
western reaches of the world’s great ocean basins (e.g., the Kuroshio or Gulf Stream), the
physics of which would not be explained by meteorologists and oceanographers until the
twentieth century. Thus, in a stroke of geographic serendipity, hurricanes and tornadoes escaped

the Eurocentric eye of science for most of the Scientific Revolution, wallowing in obscure myth

and lore for centuries, their high winds and angry seas kept at bay by the tyranny of distance—a

138 Fleming, Meteorology in America, 1800-1870, xvii—xix.
139 Fleming, 3.

140 Cox, Storm Watchers, 25.

141 Emanuel, Divine Wind, 3—6.

142 Emanuel, 30-33.
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concern only to the inhabitants of far-flung colonies. With few direct experiences of these most
violent weather systems, early European scientists did not develop a mature theoretical
understanding of the whirlwind nature of these storms, thus rendering America as fertile ground
upon which would emerge a great controversy in the mid-1800s that pitted scientific amateurism
against professionalism and empiricism against theorization. In turn, this uniquely American
controversy spurred the chain of events that finally unraveled the mystery behind the violence of

atmospheric whirlwinds.

2.2.2 BENJAMIN FRANKLIN AS AN AMATEUR THEORETICAL METEOROLOGIST

Through the early nineteenth century, scientists were commonly known as “natural
philosophers,” derived from the Latin phrase philosophia naturalis—the philosophical study of
the physical universe.**® Natural philosophy can be traced back to the work of the ancient
Greeks, with Aristotle’s Meteorologica being the earliest known treatise on “meteors,” or general
atmospheric phenomena. But as Lee Sandlin writes, “the word [meteorology] had preceded any
actual knowledge by more than two thousand years. Aristotle had been perfectly ignorant of the
upper air; his text was nothing but a compendium of Greek weather folklore mingled with some

nonsensical quasi-scientific mysticism,”*44

complete with abstract notions of the four elements of
fire, air, water, and earth. Although little scientific insight could be derived from Aristotle’s
meteorological treatise, the rise of universities in the twelfth and thirteenth centuries resulted in

the widespread translation and teaching of his work, which Craig Martin acknowledges, “formed

the basis for instruction in logic and natural philosophy in faculties of arts,” and “remained the

143 “Natural philosophy” was in the title of Isaac Newton’s famous 1687 work (Philosophiae Naturalis Principia
Mathematica) as in Lord Kelvin’s famous 1867 treatise (Treatise on Natural Philosophy).

144 Lee Sandlin, Storm Kings: The Untold History of America’s First Tornado Chasers, 1st ed. (New York:
Pantheon, 2013), 33.
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basis until the late seventeenth century. Interpreting and commenting on Aristotle’s works
became a mode not just of instruction but also of doing natural philosophy.”**> Sandlin
conceded, “such was the state of scientific knowledge in the West that Aristotle had remained the
standard authority on meteorology ever since. Not until the beginning of the nineteenth century
did philosophers begin a fresh and systematic study of the forms and appearances of the

atmosphere,”14®

with the extreme weather of North America and political imperatives of the
nascent United States serendipitously setting the condition of possibility for a new birth of
meteorology as a modern science.#’

One of the most respected natural philosophers of the New World in the eighteenth
century was Benjamin Franklin. Long before his storied involvement with the American
Revolution, he was deeply engaged in scientific pursuits, with a particular fascination for
electricity and waterspouts. By his late thirties, Franklin had achieved relative financial security
and was known across colonial America as the successful editor of Poor Richard’s Almanack.
Ever the cerebral man, Franklin sought intellectual fulfillment in a wild variety of topics
spanning the natural philosophies of the time. As Sandlin writes, “Franklin was notorious among
his friends for his wild and whirling enthusiasms. Each new idea may have looked from the
outside like the soul of sober practicality, but it would last only as long as his excitement did and
would be petulantly dropped as soon as he met with boredom or criticism or practical difficulty.

Ocean navigation, the cultivation of hybrid grains, the ideal design for kitchen stoves—he

seemed to take up subjects at random, burst out with a fireworks shower of innovative ideas, and

145 Martin, Renaissance Meteorology, 4.

146 Sandlin, Storm Kings, 33.

147 A history of meteorology as a scientific and philosophical endeavor prior to eighteenth century is beyond the
scope of this present work. For further insight into the evolution of meteorology through the latter period of the
dominance of Aristotelian thought (1500 to 1650), the reader is directed to Martin, Renaissance Meteorology.
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then move on.”**® But his tendency to jump from topic to topic, from obsession to obsession, was
what garnered Franklin the ability to speak intelligently about a wide variety of subjects.
Whereas expertise is often associated with specialization, particularly in modern times, Franklin
was an example of intellectual inquisitiveness arising from interdisciplinary fascination. In a
letter to Franklin, Scottish philosopher David Hume proclaimed, “America has sent us many
good things, Gold, Silver, Sugar, Tobacco, Indigo &c.: But you are the first Philosopher, and
indeed the first Great Man of Letters for whom we are beholden to her.”'4°

In his late thirties, Franklin’s intellectual obsession was directed at electricity. In the
eighteenth century, entertainers known as “electricians,” similar in spirit to modern-day magician
stage shows, traveled the American colonies and wowed audiences with loud, sizzling displays
of static electricity using Leyden jars*® and a variety of stage props. In 1743, Franklin attended a
performance in Boston by Dr. Archibald Spencer, a Scottish electrician, whose show was so
impressive that Franklin offered to bring Spencer to Philadelphia so that he could serve as
Spencer’s theatrical agent. Though the electricians of the time had learned to manipulate static
electricity, the physical principles of electromagnetism were still elusive to natural philosophers
at the time. After Spencer decided to retire from his traveling performances, Franklin purchased
his props and began his own electrical experiments. “Franklin wasn’t one to keep his passions to
himself,” Sandlin acknowledges. “When he had a new hobby, everybody was expected to take

part—family, household servants, friends, neighbors, and random passersby. They became

148 Sandlin, Storm Kings, 5.

149 David Hume, “To Benjamin Franklin from David Hume, 10 May 1762” (National Archives), accessed March 8,
2021, http://founders.archives.gov/documents/Franklin/01-10-02-0043.

159 These were glass jars with an electricity-conducting tin foil lining the surfaces and an electrode (metal rod)
extending out from the mouth of the jar through a stopper. These Leyden jars served to store an electric charge and
were the precursors to the modern-day capacitor.
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spectators, assistants, collaborators, and sometimes unwilling subjects.”*>! With his newfound
toys acquired from Spencer, Franklin conducted numerous electrical experiments, which he
wrote about in letters to the Royal Society of London, many of which were published in the
prestigious journal Philosophical Transactions. These correspondences gained him the respect of
the preeminent natural philosophers of Europe, and his American collaborators and
contemporaries founded the American Philosophical Society, which exists to this day.

Franklin is credited for describing the positive and negative polarities associated with
electrical charge, along with the idea that charges are conserved. He even coined the term
“battery,” in reference to linked Leyden jars working in coordination—as in an artillery
battery—to store electrical charge. Franklin’s electrical exploits culminated in his now-infamous
field experiment in 1752, when he and his son flew a kite during a thunderstorm and successfully
charged a Leyden jar via an iron key that was tied to the string of the kite with a metal wire
attached to the tail.’>? The success of this experiment inspired other scientists across Europe to
test Franklin’s observations, thereafter cementing his reputation as a natural philosopher.
Although the exact details and timing of Franklin’s kite experiment are somewhat disputed
among historians,'>* the event did inspire a community of natural philosophers to better
understand the nature of electricity, leading to the invention of the life-saving lightning rod—one
of Franklin’s greatest legacies.’>*

Tangential to Franklin’s electrical pursuits was his amateur fascination with weather and

storms, with a particular penchant for the whirling winds of tornadoes and waterspouts. In the

151 Sandlin, Storm Kings, 6.

152 Sandlin, 7-12.

153 National Constitution Center, “The Great Debate about Benjamin Franklin and His Kite,” Constitution Daily:
Smart conversation from the National Constitution Center, June 10, 2016, https://constitutioncenter.org/blog/the-
great-debate-about-if-benjamin-franklin-really-flew-his-kite/.
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spring of 1755, while visiting his friend Colonel Benjamin Tasker’s estate in Maryland, Franklin
and his son William came upon a whirlwind that formed along a road winding through the hills
and valleys of the meadowlands. Instead of seeking shelter, Franklin’s curiosity got the better of
him, and he and his son chased the whirlwind on horseback. In a letter to his friend, Peter
Collinson, on 25 August 1755, Franklin recounted the event:

We saw in the vale below us, a small whirlwind beginning in the road, and
shewing itself by the dust it raised and contained. It appeared in the form of a sugar-loaf,
spinning on its point, moving up the hill towards us, and enlarging as it came forward.
When it passed by us, its smaller part near the ground, appeared not bigger than a
common barrel, but widening upwards, it seemed, at 40 or 50 feet high, to be 20 or 30
feet in diameter. The rest of the company stood looking after it, but my curiosity being
stronger, I followed it, riding close by its side, and observed its licking up, in its progress,
all the dust that was under its smaller part. As it is a common opinion that a shot, fired
through a waterspout, will break it, I tried to break this little whirlwind, by striking my
whip frequently through it, but without any effect. Soon after, it quitted the road and took
into the woods, growing every moment larger and stronger, raising, instead of dust, the
old dry leaves with which the ground was thick covered, and making a great noise with
them and the branches of the trees, bending some tall trees round in a circle swiftly and
very surprizingly, though the progressive motion of the whirl was not so swift but that a
man on foot might have kept pace with it, but the circular motion was amazingly rapid.
By the leaves it was now filled with, I could plainly perceive that the current of air they
were driven by, moved upwards in a spiral line; and when I saw the trunks and bodies of
large trees invelop’d in the passing whirl, which continued intire after it had left them, I
no longer wondered that my whip had no effect on it in its smaller state. I accompanied it
about three quarters of a mile, till some limbs of dead trees, broken off by the whirl,
flying about, and falling near me, made me more apprehensive of danger; and then I
stopped, looking at the top of it as it went on, which was visible, by means of the leaves
contained in it, for a very great height above the trees. Many of the leaves, as they got
loose from the upper and widest part, were scattered in the wind; but so great was their
height in the air, that they appeared no bigger than flies. My son, who was, by this time,
come up with me, followed the whirlwind till it left the woods, and crossed an old
tobacco-field, where, finding neither dust nor leaves to take up, it gradually became
invisible below as it went away over that field. The course of the general wind then
blowing was along with us as we travelled, and the progressive motion of the whirlwind
was in a direction nearly opposite, though it did not keep a strait line, nor was its
progressive motion uniform, it making little sallies on either hand as it went, proceeding
sometimes faster, and sometimes slower, and seeming sometimes for a few seconds
almost stationary, then starting forwards pretty fast again.'>

155 Benjamin Franklin, “From Benjamin Franklin to Peter Collinson, 25 August 1755,” Founders Online (National
Archives), accessed March 28, 2021, http://founders.archives.gov/documents/Franklin/01-06-02-0072.
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The detail with which Franklin described the tornado, his comparisons to the nature of a
waterspout, and his attempts at affecting the behavior of the circulation were indicative of not
only his interest in observational science but also his predilection for theoretical inquiry. We can
trace a line—albeit a long, winding, and complex line—from Franklin’s tornado chase on
horseback to the high-tech VORTEX?2 field experiment some 255 years later, thanks to
Franklin’s penchant for developing primitive theories to explain the motions of the atmosphere.

His electrical discoveries notwithstanding, perhaps Franklin’s most notable
meteorological observation was an event that occurred on the night of Friday, 21 October 1743.
Franklin had attempted to observe a lunar eclipse in Philadelphia, only to be foiled by storm
clouds that advected in from the northeast, obscuring the view. Upon examining newspaper
reports of the storm damage across the Northeast, Franklin learned that the citizens of Boston
actually viewed the eclipse, and his brother confirmed that the storm did not reach Boston until
after the eclipse had concluded.'®® This observation led Franklin to hypothesize that storms may
move in a different direction than that of the winds they contained, writing in a letter to his friend
Jared Eliot on 16 July 1747 that “though the course of the wind is from northeast to southwest,
yet the course of the storm is from southwest to northeast; the air is in violent motion in Virginia
before it moves in Connecticut, and in Connecticut before it moves at Cape Sable, etc.”t>’
Through induction, Franklin hypothesized that, in Cox’s words, “Storms have characteristic

2158

structures and preferred directions of travel,”*>® and he developed a primitive theory that

attempted to explain the northeasterly winds often observed in storms along the East Coast.

156 Cox, Storm Watchers, 5—6.
157 Cox, 6.
158 Cox, 6.
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Using an analogy of hot air rising in a chimney and the delayed fluid motion along a canal,
combined with the geography of the Appalachians and the Eastern Seaboard, Franklin proposed
that the northeasterly winds were the atmospheric response to some source of heat in the Gulf of

Mexico.**® Fleming further notes:

Franklin did not suppose that all storms were generated in the same manner, and
he provided a counterexample of “thundergusts” arriving from the northwest. Franklin
speculated that whirlwinds and waterspouts were similar phenomena consisting of
progressive and circular motions caused by the rising of rarefied columns of “violently
heated” and moisture-laden air. The distinction between the two was that whirlwinds
occurred on land and waterspouts over water.®°

Though scientifically incomplete, this primitive conceptual theorization of the synoptic-scale
flow of the atmosphere with its attendant nuances was impressive, and Harvard geoscientist

William Morris Davis went so far as to proclaim in 1899 that “with [Franklin’s observations of

the 1743 storm] began the science of weather prediction.”6!

2.2.3 THOMAS JEFFERSON AS AN AMATEUR OBSERVATIONAL METEOROLOGIST

Thomas Jefferson, one of Franklin’s contemporaries who authored the Declaration of
Independence and is known primarily for his role as one of the Founding Fathers of the United
States, was also a scientist at heart who made notable albeit more abstruse contributions to the
nascent science of meteorology. His scientific pursuits manifested in his passion for cartography,
surveying, and instrumentation, as well as in his writings wherein he often strongly advocated for
the establishment of science in the new United States. In a letter to Pierre Samuel Du Pont de

Nemours on 2 March 1809, Jefferson reflected on his innate passion just prior to leaving the

159 Fleming, Meteorology in America, 1800-1870, 7.
160 Fleming, 8.

161 William Morris Davis, “Some American Contributions to Meteorology,” Journal of the Franklin Institute 127
(1899): 104-15, 176-91.
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presidency: “Nature intended me for the tranquil pursuits of science, by rendering them my

supreme delight. But the enormities of the times in which I had lived, have forced me to take part

in resisting them, and to commit myself on the boisterous ocean of political passions.” Historian

Silvio Bedini went so far as to insist that Jefferson should not be studied “only as a man of

science,” but rather “in his more important role as statesman of science.

9162

Jefferson’s greatest contribution to the new science of meteorology was his ardent and

regular practice of collecting weather observations and his advocacy for establishing networks of

weather observing stations. While Jefferson was staying in Philadelphia for the Second

Continental Congress, he began the practice of keeping daily temperature records:

1776 9:00 A M. 81-1/2
7:00 P.M. 82
6:00 A.M. 78
9:40 AM. 78
9:00 P.M. 74
5:30 AM. 71-1/2
1:30 P.M. 76
8:10 P.M. 74
6:00 A.M. 68
9:00 A M. 72-1/2
1:00 P.M. 76
9:00 P.M. 73-1/2

Even during the day of the signing of the Declaration of Independence,®® Jefferson made sure to

continue his regular temperature measurements at consistent times that appropriately captured

the diurnal variability,'®* explaining later that “I make my daily observations as early as possible

in the morning and again about 4 o’clock in the afternoon, these generally showing the maxima

162 Silvio A. Bedini, Thomas Jefferson: Statesman of Science (New York: Macmillan Publishing Company, 1990),

Xiii.

163 1t is interesting to note that although many historians have described the day of the signing of the Declaration of
Independence as one that was hot and sultry, an afternoon high temperature in the mid-70s in Philadelphia in early

July is hardly a heat wave by modern standards.
164 Bedini, Thomas Jefferson, 14-75.
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of cold and heat in the course of 24 hours.”*> On the day immediately after the signing,
Jefferson purchased a barometer, beginning his practice of taking regular atmospheric pressure
observations, often from his home in Monticello. According to Bedini, “Among Jefferson’s most
prized possessions was a traveling thermometer, which enabled him to continue to conduct
climatological observations even while traveling and away from home.”16®

For at least five years, Jefferson collected daily “comparative weather observations” with
the president of the College of William and Mary, Reverend James Madison,*®’ the observations
of which became known as the first simultaneous meteorological measurements taken west of
the Atlantic.®® Jefferson’s five years of meteorological observations were distilled and published
in the only book he ever wrote, Notes on the State of Virginia, which was a response to a series
of queries about the American states sent to members of the Continental Congress. Interestingly,
Jefferson’s response to “Query VII: A notice of all what can increase the progress of human
knowledge?” was to summarize his observations of the climate of Virginia through direct
observation and experience.'®® Demonstrating the science—and art—of distilling instantaneous
weather observations into the more general characterization of the climate of a particular region,
Jefferson wrote, “Journals of observations on the quantity of rain, and degree of heat, being
lengthy, confused, and too minute to produce general and distinct ideas, I have taken five years

observations, to wit, from 1772 to 1777, made in Williamsburgh and its neighborhood, have

165 Benjamin Franklin, “From Thomas Jefferson to Giovanni Fabbroni, 8 June 1778,” Founders Online (National
Archives), accessed March 31, 2021, http://founders.archives.gov/documents/Jefferson/01-02-02-0066.
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169 Thomas Jefferson, Notes on the State of Virginia (Richmond, VA, 1853), 80-90.
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reduced them to an average for every month in the year, and stated those averages in the

following table, adding an analytical view of the winds during the same period.”*”°

In distilling his own meteorological observations into coherent patterns of climate,

Jefferson noted that the 47 inches of annual rainfall is “considerably more than usually falls in

171

Europe,” but that there is “a much greater proportion of sunshine here than there,”*’* suggesting

that the climate extremes of the North American continent relative to Europe were noticed by the
American colonists. Jefferson also acknowledged that:

In an extensive country, it will, of course, be expected that the climate is not the
same in all its parts. It is remarkable that, proceeding on the same parallel of latitude
westwardly, the climate becomes colder in like manner as when you proceed
northwardly. This continues to be the case till you attain the summit of the Alleghaney,
which is the highest land between the ocean and the Missisipi. From thence, descending
in the same latitude to the Missisipi, the change reverses; and, if we may believe
travelers, it becomes warmer there than it is in the same latitude on the sea side.'’?

Thus, Jefferson made the prescient observation that inland, continental climates are generally
more extreme than coastal climates, where the ocean exerts a moderating influence on diurnal
temperature cycles. He also observed the elevation dependence of temperature, owing to what
later generations of meteorologists would call the orographically-induced adiabatic cooling effect
in parcel theory. Jefferson also observed that different directions of prevailing winds result in
different sensible effects:

The Northeast [wind] is loaded with vapor, insomuch that the salt-makers have
found that their crystals would not shoot while that blows; it brings a distressing chill, is
heavy and oppressive to the spirits; the Northwest [wind] is dry, cooling, elastic and
animating. The Eastern and Southeastern breezes come on generally in the afternoon.
They have advanced into the country very sensibly within the memory of people now

living. They formerly did not penetrate far about Williamsburgh. They are now frequent
at Richmond, and every now and then reach the mountains. They deposit most of their

170 Jefferson, 80.
171 Jefferson, 82.
172 Jefferson, 82.
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moisture, however, before they get that far. As the land becomes more cleared, it is

probable they will extend still further westward.”3

With these observations, Jefferson correctly noted the relationship between the direction
of the wind and the characteristics of their source airmasses that governed the changes in
Virginian weather. Those “Eastern and Southeastern breezes” that he described were what later
meteorologists would call “sea breezes,” which are thermally-direct circulations that arise from
the land-sea temperature contrasts that maximize during peak afternoon heating.'’* Air flowing
from maritime regions also tend to dry out the further they blow inland, with heavier
precipitation along the windward side of mountain ranges, consistent with Jefferson’s
observations. Although theories for the structure, development, and movement of storms were
not yet established, Jefferson did note that barometric pressure observations can be coordinated
in time across two different locations: “Cotemporary observations, made at Monticello and
Williamsburgh, proved the variations in the weight of air to be simultaneous and corresponding
in these two places.”'”® This implied the presence of atmospheric patterns and behaviors that
would not only someday be explained but also predicted. Jefferson’s passion for weather
observing passed on to other notable figures, including his fellow Founding Father, James
Madison. Jefferson convinced Madison to join him in keeping regular weather observations at

sunrise and at 4 pm each day, capturing the diurnal variability in temperature across nearly two

decades.'’®

173 Jefferson, 84.

174 During peak afternoon sun, the land heats up faster than the nearby ocean, causing the air to rise over land. To
compensate for the upward motion, relatively cooler air over the ocean blows inland, resulting in the cool “sea
breeze” that coastal regions of the world are accustomed to during the warm season. This phenomenon is often
observed across the southeastern United States.
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Though the infrastructure and political will to enable the establishment of a national
network of weather observations would not manifest until a century later, Jefferson planted the
seeds for coordinated weather data collection that would become the foundation of the American
science of meteorology. Jefferson envisioned a weather observation network on a national scale
that would be funded by the federal government but executed by the American Philosophical
Society, beginning with the distribution of weather instruments to observers in each county
within the states.!’” Jefferson’s interest in establishing a national meteorological observation
network “was not merely a hobby nor just a matter of scientific curiosity. He was aware that
climatic conditions and the manner in which they varied from one part of the country to another
were of considerable importance and affected the progress of the American population... He
became, in effect, an unofficial weather bureau and shared his knowledge with the many who
wrote to him for information.””® Jefferson also supported the weather observation efforts of
explorers across the continent, most famously instructing Captain Meriwether Lewis to
systematically document the weather on his “Corps of Discovery” expedition with Second
Lieutenant William Clark.'” In a letter to George F. Hopkins, Jefferson reflected on his
particular interest in meteorology:

Of all the departments of science, no one seems to have been less advanced for

the last hundred years than that of meteorology. The new chemistry indeed has given us a

new principle of the generation of rain, by proving water to be a composition of different

gases, and has aided our theory of meteoric lights. Electricity stands where Dr. Franklin’s
early discoveries placed it, except with its new modification of galvanism. But the

phenomena of snow, hail, halo, aurora borealis, haze, looming, &c. are as yet very
imperfectly understood. '8

177 Fleming, 10.

178 Bedini, Thomas Jefferson, 467.

179 A full account of the weather and climate data collected during the Lewis and Clark expedition can be found in
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Though Franklin and Jefferson are known for their political legacies, they both
significantly contributed to the birth of meteorology as a science in America. Whereas Franklin
was a practicing natural philosopher who conducted experiments according to the scientific
method and developed theories to explain his observations, Jefferson was a scientist at heart who
placed his attention squarely upon the rigors of accurate and consistent data collection. In
Jefferson’s own words, “I am myself an empiric in natural philosophy, suffering my faith to go
no further than my facts. [ am pleased, however, to see the efforts of hypothetical speculation
because by the collisions of different hypotheses, truth may be elicited and science advanced in
the end.”*®! In modern scientific parlance, Franklin embodied the mindset of a theorist whereas
Jefferson exemplified that of an observationalist. For centuries hence, questions regarding the
value of scientific theory in relation to empirical observations have buttressed the controversies

surrounding the scientific contributions of credentialed meteorologists versus amateur hobbyists.

2.2.4 THE DUELING METEOROLOGISTS OF 1834-1843

There was perhaps no greater controversy in the history of American meteorology than
the so-called “Storm War” of the nineteenth century, which—a generation after Franklin and
Jefferson had planted the seeds of meteorological science in the New World—propelled the
weather enterprise into a long-term struggle between established scientists and amateur
hobbyists, theoretical advancements and observational insights. One of the protagonists in this
“Storm War” was James Pollard Espy, nicknamed “The Storm King,” a teacher of mathematics

and classical languages at the Franklin Institute and a member of the American Philosophical

181 Jefferson.

84



Society. In his 1841 book The Philosophy of Storms, Espy developed an atmospheric theory
based upon the work of John Dalton, a British natural philosopher who had defined the concept
of dew point.*®? Espy theorized that although clouds formed through the condensation of water
vapor in columns of air that rose and cooled, storms were primarily driven by the release of
“latent caloric”*®® during condensation, which served to warm the air column, causing it to rise

further and continue to condense until heavy rain was formed. This process of “caloric
rarefaction” was what Espy described as a form of atmospheric “steam power,” the insight of
which he confidently stated “was the lever with which the meteorologist was to move the
world.”184

Espy’s primary antagonist during this period of meteorological uncertainty was William
Redfield, a businessman with no formal scientific training but was an avid, amateur
meteorologist with a knack for collecting and interpreting weather observations from ships and
coastal stations. From these observations, Redfield developed his own theory of storms based
upon the whirlwind nature of Atlantic Ocean tropical cyclones, later known as hurricanes. His
initial insight came from a first-hand observation of the damage wrought by the “Great
September Gale” of 1821, later known as the “Great Norfolk and Long Island Hurricane:”

One of the few hurricanes ever to pass over New York City arrived at low tide on
the evening of September 3, 1821. In one hour, the water rose 13 feet, swamping the
wharves. Witnesses saw the tide from the East River actually meet the tide from the
Hudson River across lower Manhattan. The eye of the storm ripped up the coast and
came ashore over Long Island and passed over western Connecticut, Massachusetts, and

Rhode Island. The rains and the winds were furious, felling trees across the countryside.
New York City had never seen such damage from a storm.*®®

132 The dew point is the temperature at which air reaches saturation, resulting in condensation of water vapor into
liquid water. It is used by meteorologists as a measure of the amount of moisture in the air. Higher dew points imply
higher moisture content, and lower dew points imply drier air.

133 During Espy’s time, the thermodynamic nature of heat was still a mystery, so the term “caloric” was used to
describe what was thought to have been the fluid substance of heat.

134 James Espy, The Philosophy of Storms (Boston: C. C. Little and J. Brown, 1841), iii.

185 Cox, Storm Watchers, 217.

85



With impacts that were uncannily similar to Hurricane Sandy nearly two centuries later, Redfield
observed the curious patterns of tree damage and debris across Connecticut and came to the
conclusion that large, Atlantic Ocean storms behaved like “an enormous progressive whirlwind,
a violent flow of air rotating counterclockwise around the axis of a center that was traveling from
the southwest to the northeast with the prevailing winds.”*®¢ As Fleming summarizes, “Redfield
advanced a kinematic theory of storms in which the global wind pattern, produced solely by
gravitational forces on the rotating earth, was taken to be a given. Barometric pressure,
temperature, and moisture were all functions of the wind currents. Even without the differential
heating of the earth’s surface by the sun, the winds would continue to whirl because of
gravity.”18/

For years, Redfield kept his whirlwind theory to himself until he met Denison Olmsted,
professor of natural philosophy and mathematics at Yale University, while aboard a steamboat
from New York City to New Haven in the summer of 1830.18 Olmsted was so taken by
Redfield’s theory that he urged him to formally publish his work as a scientific paper. Although
Redfield was reluctant to do so given his lack of scientific training, “Olmsted brushed all these
objections aside,” since “major contributions were still being made by the amateurs and the self-
taught. After all, one of the most respected natural philosophers in America was Joseph Henry of
Princeton University, who hadn’t spent a day attending college.”*8® With Olmsted’s assistance,
Redfield eventually published his theory in 1831 in the American Journal of Science and Arts,

where he wrote, “Every person, on examining the track of a destructive whirlwind, where it has

186 Cox, 28.

187 Fleming, Meteorology in America, 1800-1870, 25.
188 Sandlin, Storm Kings, 40-43.

189 Sandlin, 43.
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passed through a forest, will, in crossing that track, often find the trees prostrated in exactly
opposite directions, and it is obvious that this effect must necessarily follow, as the result of the
acknowledged cause, a circular, or rotative force in the whirlwind.”*%

Redfield’s paper was the first American scientific publication on the whirlwind nature of
large, synoptic-scale storms,'*! and—as modern-day scientists can attest—landmark papers often
invite vigorous critique from colleagues, counterparts, and detractors across a discipline.
Redfield’s paper was no exception. By far the most aggressive disputant against Redfield’s
theory was Espy, who insisted that there was no physical mechanism that could sustain the
rotational flow of a whirlwind against centrifugal acceleration, arguing instead that “thermally
induced vertical convection and the ‘steam power’ of the cooling and condensing of moist air92
is what primarily drives storms, resulting in a radial inflow of air toward low pressure centers
with no attendant cyclonic motion. So adamant was Espy in promoting his theoretical views that
he and Redfield exchanged numerous, visceral attacks against each other. Redfield “was
outraged and hurt by Espy’s criticism, and he wrote letter after letter to the scientific journals
disputing them. He also began mocking Espy’s theory of steam power, which he said was self-
evidently nonsensical, and he soon grew so belligerent that he refused to acknowledge some of
his own gross errors in basic science.”!®® But although Espy had at times attempted to extend a
conciliatory olive branch to Redfield, “Espy was outgoing and egotistical and given to

exaggeration. Where Redfield avoided public speaking, Espy was an eager proselytizer of his

190 William C. Redfield, “Remarks on the Prevailing Storms of the Atlantic Coast of the North American States,”
The American Journal of Science and Arts 20, no. 1 (April 1831): 28.

1 Prior to Redfield’s paper, smaller-scale whirlwinds like tornadoes and waterspouts were studied and written
about, including the works of Benjamin Franklin.

192 Fleming, Meteorology in America, 1800-1870, 25.

193 Sandlin, Storm Kings, 44.
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194 which resulted in a decade-long personality clash that metastasized into a dualistic

VIEWS,
struggle that could not be divorced from the science at hand. Espy shamelessly engaged in self-
promoting lyceum'®® lectures around the country wherein he spoke of his theory of storms and
wooed the public with the prospects of rainmaking, all while seeking federal funding, which led
to “a temporary estrangement from his scientific friends.”*%

The great “Storm War” even reached across the Atlantic in 1838, when Espy appealed to
the British Association for the Advancement of Science during a public debate about tornadoes.
With over a thousand people in attendance at the meeting in Glasgow, Espy’s steam power
theory came under vigorous criticism. Instead of winning praise, renowned British astronomer
Sir John Herschel and Lieutenant Colonel William Reid of the British Engineering Service
championed Redfield’s work and whirlwind theory of storms, rendering a severe blow to Espy’s
reputation and pride. In an effort to salvage whatever was left of his scientific reputation, Espy
continued on to Paris to present his theory to the French Academy of Sciences, where it was
much more warmly accepted. In fact, the French Academy of Sciences even formally
recommended that the United States appoint Espy to a government position to continue his
research, which greatly propelled Espy’s reputation in America and inspired him to publish his
1841 work The Philosophy of Storms.*®’

Meanwhile, Reid took great interest in Redfield’s research and corroborated his findings

with ship reports and observations. They maintained a lifelong collaboration and friendship that

enabled the whirlwind theory to be generalized to storms outside of the Atlantic, finding that

194 Cox, Storm Watchers, 34.

195 Lyceums were a cultural mainstay of the time and were public lectures hosted in cities and towns across America
where ordinary citizens could learn from and engage in open debate with celebrated speakers on a wide variety of
topics, from current events and politics to economics and science.

196 Fleming, Meteorology in America, 1800-1870, 43.

197 Sandlin, Storm Kings, 57-62.
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tropical cyclones in the western Pacific exhibited the same behavior. Most notably, based upon
the research of Reid and Redfield, Captain Henry Piddington published The Sailor’s Horn-
Book,*%® which enabled seafarers to safely navigate around tropical cyclones all over the world.
“In his report on his expedition opening Japan to the Western world in 1854, Commodore
Matthew Perry said navigators were indebted to Redfield and Reid ‘for the discovery of a law
which has already contributed, and will continue to contribute, greatly to the safety of vessels
traveling the ocean.” While other writers improved on the information provided seamen, wrote
Perry, ‘to Redfield and Reid should be ascribed the credit of the original discovery of this

undeniable law of nature and its application to useful purposes.’”*%

So how did the great “Storm War” of the nineteenth century resolve? How did Pandora’s

“black box” close on what we now deem to be undeniable facts associated with the physical
nature and behavior of synoptic storms, particularly tropical cyclones? In a survey of the field of
STS, Sismondo boils down the resolution of controversies into five general types of
contributions:

(1) detailed critiques of observations, experiments, and positions;

(2) new tests, and calibrations of instruments and procedures;

(3) isolating one position as more scientific or central—or as deviant;

(4) showing one position to be more useful; and/or

(5) ignoring deviant viewpoints and data.?®
The debate and discourse that surrounded the great “Storm War” exhibited all five types of

contributions to the eventual closure of the black boxes, but such closure is peculiar in the sense

that there was never a “Eureka!” moment of official closure. Facts that we know to be facts today

198 Henry Piddington, The Sailor’s Horn-Book for the Law of Storms: Being a Practical Exposition of the Theory of
the Law of Storms, and Its Uses to Mariners of All Classes, in All Parts of the World, Shewn by Transparent Storm
Cards and Useful Lessons, 2nd ed. (London: Smith, Elder and Co., 1851).

199 Cox, Storm Watchers, 32.

200 Sismondo, An Introduction to Science and Technology Studies, 130-32.
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(e.g., that storms are both whirlwinds and steam engines) never crossed the “finish line” of
becoming a fact in a discrete manner; rather, the facts gradually emerged out of the complex
discourse over time, like the shapeless ooze of an octopus as it navigates obstacles across rugged
terrain.

The dualistic struggle between Redfield’s whirlwind theory and Espy’s latent caloric
theory represents the messiness of what Latour calls “science in the making” vice the clear-cut
facts established in “ready made science.” In the midst of controversy, it is impossible to
ascertain the true nature of the phenomenon at hand and it is difficult to even project the path that
the science would take on its journey toward closing the black boxes of facts. Along this journey
through controversy, scientific methods and conclusions are subject to the influence of
circumstances, personalities, and politics—forces of which science is supposed to transcend. And
yet, it is this very existence of controversy and our understanding of it that allows a
technoscience to progress and to propel itself forward. Like a surfer who rides along the front
face of a wave, leveraging the instability of the situation to propel him or herself forward, a
technoscience evolves according to the holistic emergence of facts out of the primordial soup of
uncertainty and controversy.

A tornado observed in New Brunswick, New Jersey on 19 June 1835 served as a focal
point of the storm controversy for decades, illustrating that the closure of the black boxes of facts
may not be as simple as collecting and analyzing more observations. The widespread destruction
left behind by the tornado and the numerous eyewitness accounts of the tornado provided fertile
ground for the meteorologists of the day to descend upon the town to analyze the patterns of
damage, including Espy and Redfield. As Sandlin recounts,

Espy spent the summer in New Brunswick in a state of enthusiasm bordering on
the manic....But as he considered the scene, he became convinced of something else. The
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eyewitnesses in the town were mistaken on one crucial point. They were all agreed that
the tornado funnel had been spinning or rotating. Espy was sure this could not be correct.
The tornado was not a spout or a whirlwind, as Franklin had thought it was. The winds
were drawn into the central column from all sides in perfectly straight lines, like the
spokes of a wagon wheel, and from there they rose up in perfectly straight lines through
the clouds to the sky.2%!
Espy’s friend from the Franklin Institute, Professor Alexander Bache, raised the concern that
perhaps it was unlikely that all of the eyewitnesses were simultaneously wrong, and he also
pointed out that there were indeed spiral patterns of damage left behind in New Brunswick.
However, Espy brushed all of those concerns aside with the assertion that the extreme and

chaotic impacts of a tornado cannot result in reliable damage assessments or eyewitness
accounts. Observations of spiraling winds were discounted as “accidental.”??? It was not until
four years later in 1839 did Professor Lewis Beck, an eyewitness of the New Brunswick tornado,
write a paper in the American Journal of Science wherein he acknowledged Espy’s theory of a
tornado consisting of a rising column of air but formally disputed the theory’s claim of the
presence of only radially-inflowing winds. Beck’s work, along with a “growing number of

203 eventually led to criticisms that Espy was “so in love

tornado survivors and eyewitnesses,
with his theory of steam power that he was deliberately suppressing or falsifying evidence that
didn’t fit.”2%* Thus, the greatest controversy in American meteorological history fell prey to

confirmation bias, a cognitive tendency toward which scientists must direct a wary eye even to

this day.?%®

201 Sandlin, Storm Kings, 37-38.

202 Sandlin, 38.

203 Sandlin, 56.

204 Sandlin, 57.

205 Confirmation bias is also a challenge that operational weather forecasters face when trying to make objective
assessments of the possible future states of the atmosphere. When a forecast is issued and disseminated to
customers, there is often a subconscious pressure, desire, or hope for the verification of that forecast, so a
meteorologist is often challenged to confront the natural human tendency to pick favorable data to confirm an
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Redfield was also not immune to confirmation bias in his analyses of storm damage. As
Cox writes, “Unfortunately, Espy saw as apparently essential to this vision of the energy behind
storms the notion that wind rushes radially inward or straight toward the center of low pressure
from all directions. When both Redfield and Espy examined the aftermath of the same storms,
Redfield couldn’t see any evidence for the winds turning inward, and Espy couldn’t see evidence
of any revolution.”?% Interestingly, while the American “Storm War” was raging through the
1830s, Gaspard-Gustave de Coriolis, a French mathematician, was in the midst of formulating
his theory that would eventually become known as the Coriolis Effect.*®” Although his landmark

paper in 1835 served as that missing link that could have unified Espy’s theory of convection
with Redfield’s observations of whirlwinds, thereby closing the black box of the “Storm War,”
the irony is that the traditionally non-scientific “forces” at play (e.g., bias, pride, conflict,
politics) prevented the facts from emerging from the rubble of controversy until decades later.
Cox continues,

Even if [Espy] had seen that article, he probably would not have changed his
thinking. It was a hallmark of his character that once James P. Espy reached a conclusion,
however improbable, he never looked back to critically reexamine his thinking. As one
historian of science observed, so devoted was Espy to his findings “that he became a
prisoner of his own theories.” Everywhere he went, at every storm scene, in every lecture
hall, he denied the rotary motion of tornadoes, waterspouts, hurricanes and other tropical
storms. Observations that suggested a whirlwind were just not done as well as
observations made by James Espy. Like a prizefighter leading with his chin, he attached
his important insight into cloud formation and precipitation to his mistaken and
somewhat irrelevant idea about the flow of the winds.?%®

existing forecast. A forecaster who ignores or otherwise downplays observational data to the contrary of an existing
forecast is facetiously considered to be “wishcasting,” rather than forecasting.

206 Cox, Storm Watchers, 36.

207 The Coriolis Effect describes the tendency of objects in motion to deflect to the right in the Northern Hemisphere
and to the left in the Southern Hemisphere, impacting the direction of objects from billiard balls to air parcels to
intercontinental ballistic missiles. This deflection is due to the Coriolis Force, which is an apparent force that exists
relative to a rotating sphere, zero at the equator but maximizing at the poles. This force only acts on objects in
motion relative to the sphere, increasing in direct proportion to the speed of the object. The Coriolis Effect is what
causes synoptic-scale storm systems to rotate.

208 Cox, Storm Watchers, 37.
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That last part of Cox’s assessment is key: that Espy’s “important insight” was masked—perhaps
even smothered—by his irrelevant insistence that the winds do not circulate around a tornado.

Here, we can invoke Latour’s two-faced Janus in articulating the nature of scientific
knowledge production as it is situated in a complex social network. From the perspective of
“ready made science,” storms are synoptic-scale low-pressure systems with radially inflowing air
near the surface, rising near the center and often fueled by the release of latent heat through the
mechanism of condensation, but because the Earth is also rotating, the Coriolis Effect dictates
that inflowing air will also deflect to the right in the Northern Hemisphere and to the left in the
Southern Hemisphere, resulting in storms that spiral counterclockwise in the Northern
Hemisphere and clockwise in the Southern Hemisphere. In effect, both Espy and Redfield were
right—but they were also both wrong! From the perspective of “science in the making,” just
introducing the mere “fact” of the existence of the Coriolis Effect would not have made much of
a difference in closing the black box of the “Storm War” at that time, as Cox contended. Rather,
once the Coriolis Effect was tested and accepted did meteorologists a generation later—when
the conditions were right—return to unify the theories of Espy and Redfield.

Hence, “science in the making” is characterized by a messy progression of fits and starts,
journeying through distractions and dead ends, many of which are not merely induced by
observational and experimental evidence, but by thoughts, things, and circumstances that are

socially conditioned.*® Thus, paying attention to those social conditions that are intertwined

with knowledge production and fact-making is an essential component of understanding the

209 But just because facts are socially conditioned does notr mean that they are any less scientific; rather, by
acknowledging the social contingencies of the knowledge produced by the scientific method, we better understand
the limits of that knowledge and can better address the gaps that may stand in the way of a technoscience as it
evolves toward actualizing its greater scientific and societal purpose.
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dynamics that drive the evolution of a technoscience. Scientists can arguably do the work of
science by focusing merely on the empiricism of the scientific method as a means to produce
knowledge through positivism. But if a technoscientific field itself'is an object of research, or if
one seeks to answer questions and solve problems that arise on the complex science-society
interface, then it would be a profound disservice to the researcher to focus merely on the
textbook-style progression of facts without considering how those facts emerged out of the
causes and conditions behind what once was a point of uncertainty or controversy. Facts do not
emerge out of a social vacuum; likewise, a technoscience does not emerge out of an empirical

ether.

2.2.5 THE VALUE OF AMATEUR CONTRIBUTIONS

As we have seen thus far, the history of meteorology in America is littered with
prominent examples of amateur weather enthusiasts making tangible contributions to the
atmospheric sciences at large. Many of these contributions were observational, rather than
experimental. Unlike scientific fields such as theoretical physics, meteorological theories often
follow observational evidence, rather than vice versa.?!? This focus on observations has led some
historians to falsely criticize meteorologists for being overly “Baconian.” As Fleming observed,
“Some historians have stereotyped all meteorologists as ‘Baconian,” suggesting their general lack
of theoretical ability,” asserting that “This use of Bacon is misplaced, overly general, and
misleading” in that “It is little more than a caricature of a complex controversy.”?!! Fleming

furthermore argued that “The philosophy of Bacon did nof set the agenda for the storm

210 One of a few notable exceptions to this tendency was the discovery of equatorially trapped Yanai Waves, also
known as mixed Rossby-Gravity Waves, which were discovered in nature only after it was first identified via
mathematical derivation.

21 Fleming, Meteorology in America, 1800-1870, 24.
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controversy. Although Redfield employed the rhetoric of Baconianism in defense of his amateur
status,?!? he did not use it as a working philosophy. Nor was Redfield a real leader of American
science—he ran a transportation business in New York,” emphatically stating that “Observation,
experiment, induction, and deduction were all part of the repertoire of nineteenth-century
meteorologists.”?!3 But that said, Redfield was the perfect example of a weather enthusiast and
observationalist who truly mastered methods of data analysis and pattern recognition®'* that
successfully captured the natural behavior of tropical cyclones, even if he could not fully develop
the physical theories behind them. Lee Sandlin observed that Redfield and his British
collaborator Reid “shared a passion for pure research with no thought of theory”’?** and that
Redfield presented himself as a humble amateur who had no stake in higher
theoretical questions. As his son John remembered: “My father would never permit his
views to be called a theory; he used to say, Theory had he non, his work was simply to
record and map out the facts that had been observed, to show not how storms were
produced, but what storms are. If these recorded observations could not be reconciled to
the theories of others, so much the worse for the theories.”?®
For Redfield, “The subject at hand was not yet what causes storms but more basically, and less
ambitiously, what are storms?”’**” This notion neither sat well with Espy, who was known to

aggressively defend his absolutist theoretical positions?!® with select observations, nor with some

of the scientific peer reviewers of the journals to which Redfield submitted his papers.?*®

212 Fleming, 38.

213 Fleming, 24.

2141 will return to this concept of pattern recognition in Chapter 3. The science and art of weather map analysis and
even methods such as the Dvorak Technique of tropical cyclone intensity estimation are based upon a subjective
human recognition of patterns—an undeniable part of meteorology that holds value even in this age of computing
technology.
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The methodological dance between empirical observation and theoretical development
has been a constant thread of tension throughout the historical evolution of meteorology as a
technoscientific field. Meteorologists who have devoted their lives to observational research
often remark that there is no greater way to understand the atmosphere than to observe nature in
the field through the collection of in-situ or remotely sensed data. In contrast, meteorologists
who prefer analytical theory contend that scientific rigor can only be claimed when fluid
dynamics and microphysics are appropriately applied to atmospheric processes. Though
meteorological theory can be developed mathematically independent of computing technology,
because they live inside of the system they hope to study, meteorologists must often leverage the
technology of computer modeling in order to conduct controlled experiments and pursue
empirical hypothesis testing, which is the modus operandi of a theorist. Although both
observationalists and modelers are necessary for the advancement of meteorology as a science,
their differences in personalities, preferences, and even cultures are manifest in lively and often
heated discussions at technical forums and symposia. Observationalists often playfully mock the
modelers’ ability to “crank out” multiple peer-reviewed papers each year by merely adjusting
lines of computer code by modulating different variables and parameters. Modelers, on the other
hand, lament the fact that observationalists often report on findings without being able to
formulate a sufficiently rigorous, explanatory theory that can fully explicate the data—even after
spending years undergoing the painstaking effort of data mining.

Amateur weather enthusiasts are usually observationalists, given their typical lack of
training in meteorological theory. But the lack of theoretical analysis in the activity of
observation does not necessarily imply the lack of scientific value, particularly for a science

that—unlike certain subfields of astrophysics—depends so strongly on explaining observed
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atmospheric phenomena rather than seeking to confirm the existence of phenomena that are
predicted through theory. Redfield’s contributions to our understanding of the whirlwind nature
of tropical cyclones is the perfect example of how meticulous and rigorous observation can not
only complement but even challenge theoretical developments of the day. In fact, when the
American Association for the Advancement of Science (AAAS) was founded in 1848 with a
mission to “advance science, engineering, and innovation throughout the world for the benefit of
all people,” the society named William Redfield as its first president. One of the AAAS’
founding members, Matthew Fontaine Maury, the “Father of Modern Oceanography and Naval

29220

Meteorology,”??° advocated for the need for simultaneous weather observations.??! Alongside the

founding of the AAAS, the Smithsonian Institution was established in 1846 “for the increase and

diffusion of knowledge among men,”??2

with Joseph Henry—Espy’s friend and colleague at
Princeton—appointed as its first secretary. Henry envisioned the institution as the cornerstone of
American science, immediately setting up the ambitious project of linking volunteer amateur
weather observers around the country via the new telegraph lines to provide the first real-time
snapshot of American weather across the continent.??

Far from being just an eighteenth and nineteenth century phenomenon, this culture of
amateur contribution to meteorology has continued through the twentieth and twenty-first

centuries. Today, even with advanced satellite and computing technologies supporting the

world’s meteorological data collection efforts, amateur contributions continue to provide the

220 «Lt, Matthew Fontaine Maury,” Naval Oceanography Portal, accessed June 23, 2021,
https://www.usno.navy.mil/USNO/library/historical/images-of-historical-objects-artwork-in-
library/portraits/mauryl.jpg/view.

22! Fleming, Meteorology in America, 1800-1870, 106-10.

222 “An Act to Establish the ‘Smithsonian Institution” for the Increase and Diffusion of Knowledge Among Men’
(1846), https://www.sil.si.edu/Exhibitions/Smithson-to-Smithsonian/1846act.htm.

223 Fleming, Meteorology in America, 1800-1870, 75-93.

bl

97



valuable service of expanding the network of “ground truth” weather observations. For example,
the Community Collaborative Rain, Hail and Snow Network (CoCoRaHS), established by the
Colorado Climate Center at Colorado State University in 1998, has grown into a “non-profit,
community-based network of volunteers of all ages and backgrounds working together to
measure and map precipitation (rain, hail and snow).”??* Having been sponsored by the National
Science Foundation (NSF) and the National Oceanic and Atmospheric Administration (NOAA),
CoCoRaHS provides meteorological outreach and standardized training for volunteers to collect
and report precipitation measurements that could then be used for precipitation forecasting
verification studies and to close the gap between theoretical prediction and empirical
observation.

The National Severe Storms Laboratory, in a partnership with the University of
Oklahoma and the Cooperative Institute for Mesoscale Meteorological Studies, developed an app
called “mPING” (Meteorological Phenomena Identification Near the Ground), which allows
users to contribute reports of primarily precipitation with minimal training required with a recent
expansion to include other phenomena such as flooding, tornadoes, wind damage, and
visibility.?2> Because of gaps in coverage of weather radars and the fact that radar beams increase
in elevation with increasing distance from the antennae partially due to the curvature of the earth,
one of the primary challenges in modern meteorology is the proper verification of precipitation
type at the surface where people live. This is a challenge particularly during the winter season,
when shallow layers of air at different temperatures can rapidly modulate transitions between

snow, sleet, freezing rain, and rain at a spatiotemporal scale that falls below our current ability to

224 “About Us,” CoCoRaHS - Community Collaborative Rain, Hail & Snow Network, accessed June 23, 2021,
https://www.cocorahs.org/Content.aspx?page=aboutus.

225 “MPING: Crowdsourcing Weather Reports,” NSSL Projects: mPING, accessed June 23, 2021,
https://mping.nssl.noaa.gov/.
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forecast. The data from volunteer observers collected through mPING provide the valuable
service of helping meteorologists refine precipitation algorithms in weather radars. The mPING
app was featured in a Scientific American article titled, “8 Apps That Turn Citizens into
Scientists.”?%¢

Robert Merton, American sociologist of science, argued in 1973 that “The institutional
goal of science is the extension of certified knowledge.”??” He subsequently established a
structural-functionalist*?® view toward what disciplines should be legitimately considered a
science. According to his definition, the process by which a discipline or discourse community
distinguishes between legitimate and illegitimate knowledge is part of a scientific ethos, with the
practice of science governed by mutually-agreed-upon norms of behavior: universalism,
communism, disinterestedness, and organized skepticism. As Sismondo summarizes,
universalism “requires that the criteria used to evaluate a claim not depend upon the identity of
the person making the claim;” communism “states that scientific knowledge—the central product
of science—is commonly owned;” disinterestedness “is a form of integrity, demanding that
scientists disengage their interests from their actions and judgments;” and organized skepticism
“is the tendency for the community to disbelieve new ideas until they have been well

established.??® However, critics argue that scientists often violate Mertonian norms for the sake

of preserving cognitive norms (e.g., to protect established truths). The Kuhnian perspective

226 Elena Malykhina, “8 Apps That Turn Citizens into Scientists,” Scientific American, November 5, 2013,
https://www.scientificamerican.com/article/8-apps-that-turn-citizens-into-scientists/.

227 Robert Merton, The Sociology of Science: Theoretical and Empirical Investigations (Chicago: University of
Chicago Press, 1973), 270, https://press.uchicago.edu/ucp/books/book/chicago/S/bo28451565.html.

228 Structural-functionalism, or simply “functionalism,” is a sociological framework that views society as a whole as
consisting of structural components, consisting of elements (e.g., cultures, traditions, norms, institutions) that
function like organs in an organism. The premise of this framework is that elements of a society function in a way to
support and sustain a systematic structure that is cohesive and stable.

229 Sismondo, An Introduction to Science and Technology Studies, 23-25.
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would likewise argue that the process of normal science and its pedagogical practice necessarily
involve the protection of general beliefs against skepticism, until such time a paradigm shift
occurs. There are even arguments supporting the value of behaviors that would be considered
antagonistic to the Mertonian norms: “Secrecy is valued because it allows scientists to follow
through on research programs without worrying about other people doing the same work.
Dogmatism allows people to build on others’ results without worrying about foundations.””?3°

At first glance, the Mertonian norm of universalism would dictate that an amateur
weather enthusiast’s contribution to meteorology should be evaluated strictly against scientific
laws with a blind eye toward his or her background, but the fact that the controversy between
amateur and professional meteorologists has persisted for centuries is evidence to the contrary.
Similarly, Espy’s passionate adherence to his theory against evidence to the contrary after the
New Brunswick tornado—even against the initial counsel of his peer, Alexander Bache—
suggests that disinterestedness is often more difficult in practice than in theory.?*! Given these
many critiques of structural-functionalism, which as we see also apply to the discipline of
meteorology, the field of STS has generally evolved away from perspectives that focus on
structural frameworks, favoring instead those that focus on local agents and actions, of which
ANT is an example. Yet, Mertonian norms do still hold a place in the overall ethos of science, if

not as constraints for scientific action, then as useful rhetorical tools to ground the ideological

myth of science toward which those with a stake in the scientific process may wish to strive.

230 Sismondo, 29.

231 The case of Espy’s selective application of evidence toward defending his caloric rarefaction theory is a good

example of the Duhem-Quine Thesis in action, such that scientific theories can often withstand contrary evidence
because parts of the entire web of belief surrounding said theory is called into question—not just the theory itself.
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2.3 Operational Practice vs. Academic Research
2.3.1 THE FORECAST FLOOR AND THE RESEARCH LABORATORY

Parallel to the tension that exists between observational and theoretical research, another
long-standing controversy within meteorology exists at the nexus of the operational-research
dichotomy. Generally speaking, an operational meteorologist applies the science of the
atmosphere to real-time forecasting, whereas a research meteorologist applies the traditional
scientific method to better understanding the physics of the atmosphere—usually to weather
systems that have occurred in the past. In research, the meteorologist looks back and asks, “What
happened and why?” In operations, the meteorologist looks ahead and asks, “What will
happen?”232 Put another way, the researcher asks, “Why did something happen?” The operator
asks, “What do we do about it?” This subtle difference has led to a divergence in culture and
even jargon between the two types of meteorologists, with far-reaching impacts that have
influenced not only the pedagogy of meteorology in academia but also driven the evolution of
the technoscience itself.

Tom Nichols, in his book The Death of Expertise: The Campaign against Established
Knowledge and Why it Matters, stated rather declaratively:

Prediction is a problem for experts. It’s what the public wants, but experts usually
aren’t very good at it. This is because they’re not supposed to be good at it; the purpose
of science is to explain, not to predict. And yet predictions, like cross-expertise
transgressions, are catnip to experts.

In his analysis, Nichols speaks generally about experts, which for the most part, are in

disciplinary fields that are not necessarily rooted in the activity of prediction. The discipline of

232 One notable exception to this is the category of research that involves the experimental testing of numerical
weather prediction models. This type of research seeks to tune models to better capture the physics of real-time
weather. These researchers are thus often running the models in real-time in validation and verification studies.
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meteorology, on the other hand, developed on the premise that by understanding the physical
laws of the atmosphere, the weather can be predicted—at least to a certain extent. Thus, the
expertise of an operational meteorologist is indeed tied to his or her ability to make accurate and
reliable predictions. If the purpose of science is to explain, then is operational meteorology
considered a science? Research meteorologists would argue that forecasting is more art than
science,?3 but operational meteorologists would counter that science was necessary to devise the
appropriate forecast methods. Nichols goes on to say,

Experts and laypeople alike believe that because experts have a better handle on a
subject than others, they will have a better track record of prediction. For experts in the
hard sciences, this is always a stronger claim, because they use experimental methods to
determine the conditions under which the physical world will behave as they would
expect. When unpredictable things happen, scientists have a new starting point for
investigation. As the late science-fiction writer (and professor of biochemistry) Isaac
Asimov said, the words that have spurred the greatest scientific breakthroughs are
probably not “Eureka,” but “Gee, that’s funny.”?3*

Predicting the unpredictable is the task of the operational meteorologist, and reducing the limits
of predictability is the task of the research meteorologist—both of which can be experts in their
respective disciplines.

Whereas the forecaster must often make timely predictions based upon incomplete data,
the researcher must find suitable theories that explain those unpredictable phenomena regardless
of how much time it may take. Forecast operations are often driven by regular cycles of the
clock, with specific products due to be issued by certain hours of the day and night, so

forecasters have a persistent scythe of time at their backs. In contrast, research projects are often

limited only in scope and budget, with the researchers’ primary concern positioned on the proper

233 Again, a possible exception to this would be researchers devoted to numerical weather prediction, which aims to
transform prediction into a purely quantitative process. We will explore this further in Chapter 4.

234 Thomas M. Nichols, The Death of Expertise: The Campaign against Established Knowledge and Why It Matters,
Ist ed. (New York, NY: Oxford University Press, 2017), 196-97.
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assessment of a particular research question. Thus, forecasters are prone to develop methods of
timely pattern recognition that achieve predictable results in practice, regardless of theoretical
rigor, whereas researchers seek mathematical derivations to theoretical processes that may or
may not have practical implications for prediction. The operational meteorologist thinks in
pictures and patterns; the research meteorologist thinks in equations and code.

The difference in culture between meteorological forecasting and researching becomes
starkly evident when considering a switch in roles and setting: A researcher who is placed on an
operational forecast floor will likely spend too much time agonizing over the proper forecast,
reluctant to issue a prediction until more complete data is received or tested—but what use is a
forecast if it takes longer to write than for the actual weather to evolve and reveal itself?
Conversely, a forecaster who is placed in a research laboratory will likely be lost in a sea of
differential equations and computer code, awash in the semi-foreign language of calculus-based
physics, desperately wondering whether any of the theory can be applied to the real world.
Although all degreed meteorologists will have had academic training in calculus and physics,
operational forecasters do not typically use these mathematical methods while going about their
day-to-day tasks of formulating and writing weather forecasts. Cox does not overstate the
importance of this tension in driving the institutional evolution of meteorology:

Throughout the era, meteorology was marked by conflict between two very
different cultures and this apparently irreconcilable divide: “practical” weather
forecasting on one side, “pure” scientific research on the other. As early as the 1860s,
wherever scientists were in charge, as they were in Britain, they suppressed popular

forecasting. As late as the 1920s, wherever forecasters were in charge, as they were in the
United States, they quashed promising research.?*®

25 Cox, Storm Watchers, 73.
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But even with these differences, there are some interesting similarities between the
operational forecast floor and the research laboratory. Latour’s definition of a laboratory is,
simply put, “the place where scientists work.”?3¢ In defining an instrument within the context of a
laboratory Latour writes:

When we doubt a scientific text we do not go from the world of literature to

Nature as it is. Nature is not directly beneath the scientific article; it is there indirectly at

best....Going from the paper to the laboratory is going from an array of rhetorical

resources to a set of new resources devised in such a way as to provide the literature with

its most powerful tool: the visual display.?*’
In other words, a laboratory is not so much a recreation of nature, insofar as nature is considered
in its full complexity and splendor, but rather, a simplified representation that is either amplified
or transformed via instrumentation to allow a scientist to better use his or her sensory organs to
perceive a part of the data to answer a specific question. Latour defines an instrument as “any
set-up, no matter what its size, nature and cost, that provides a visual display of any sort in a
scientific text.”?3® Likewise, an operational forecast floor is similar to a laboratory in the sense
that the real atmosphere is reproduced by extension via hundreds of visual displays of satellite,
radar, and other observational data alongside numerical weather prediction models that depict
possible future states of the atmosphere. Thus, the forecaster on the operations floor behaves like
a scientist in the laboratory, visualizing and interrogating data to best understand nature—the
former focusing on the present and future, the latter focusing on the past. In his ethnographic
study of government meteorologists, Gary Alan Fine writes about the cognitive dissonance that
occurs with “sensing a wild world while remaining indoors, reading from machines and listening

to human accounts.” He continues:

236 Latour, Science in Action, 64.
237 Latour, 67.
238 Latour, 68.
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Machines create a form of representation that brings images of the outside world
into the laboratory, so that the world is simplified and used for purposes of prediction.
These images are not the things themselves but indicators of these things (for instance,
the amount of reflection measured by a radar indicating moisture in the air).
Instrumentation provides a transformation of the world in such a way as to make it usable
for purposes of prediction.?*°
So in this sense, although meteorologists cannot recreate the full atmosphere in a controlled
setting, their methods of simplifying, controlling, and interrogating parts of a complex system
inside a laboratory or forecast floor is not unlike other more tangible sciences such as physics or
biology, which likewise perform their inquiries through machines and instrumentation. In
Chapter 4, we will explore how the recent developments in numerical weather prediction afford

research meteorologists another type of laboratory, one that is virtual and exists in the non-

physical human-machine interface.

2.3.2 MILITARY AND CIVILIAN METEOROLOGY

The aforementioned operational-research tension can be traced back to the days of Joseph
Henry’s Smithsonian, manifesting throughout history in the complex dynamic between civilian
and military meteorological institutions. The Smithsonian’s weather operations before the Civil
War were a proof of concept that weather observers could communicate real-time weather data
to a central headquarters via the telegraph system. These operations were interrupted during the
Civil War, but the war gave rise to a new institution—the U.S. Army Signal Corps, which was
organized to facilitate Union Army communications on the battlefield. The weather operations at
the Smithsonian never recovered after the war, in part due to the dissolution of the network of

weather observers, especially across the South, and damage inflicted upon the Smithsonian due

239 Gary Alan Fine, Authors of the Storm: Meteorologists and the Culture of Prediction (Chicago: University of
Chicago Press, 2007), 49.
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to a fire that destroyed its weather records. After the war, Congress had planned to dissolve the

Signal Corps, but upon hearing of Henry’s suggestion that a national weather service be moved

into the Department of War, the Signal Corps received a new breath of life:

By the early 1870s, the first national forecasts were streaming out from the Signal

Corps’ Washington City office. They rapidly became absorbed into the routine of
American daily life. In Washington City they were posted at the War Department, the
Capitol, the National Observatory, and the Smithsonian; the corps had runners going out
three times a day to keep them updated....Forecasts for the rest of the country were
produced by the Washington City office—the forecasters there were called computers—
and were transmitted by telegraph to the regional weather offices, where they were
distributed for display at local post offices and railroad stations. The corps also sent the
forecasts to local chambers of commerce, agricultural associations, merchants’
exchanges, and boards of trade. In many towns they were displayed in the windows of
newspaper offices. In luxury hotels, they would be posted on an announcement board in

the lobby; commercial travelers and tourists formed the casual habit of checking them on
their way into breakfast.?*°

For decades, until radios became a primary method of communicating weather forecasts in the
1920s, the Signal Corps flew flags above railroad stations and post offices, which proved to be
popular across the rural West and throughout major American cities: “A flag of solid white
meant fair weather, while one of solid blue meant rain; red with a large black disk at the center
meant a storm; shite with a black disk was a cold wave.”?*! These flags were the brainchild of
General William Hazen, who served as the Chief Signal Officer of the Corps.?*? Unlike his
predecessor, Albert Myer, Hazen “was fascinated by basic scientific research. Myer had always
looked for immediate results; Hazen was willing to back projects that might not bear fruit for
years, if ever.”?*3 Even in these early days of weather operations in the United States, the tension

between practice and research was palpable. Under Hazen’s leadership, civilian experts and

240 Sandlin, Storm Kings, 120.

241 Sandlin, 130.

242 Hazen’s Signal Corps had also established the concept of standard clock times for the first time in the United
States, leading to the four standard time zones.

243 Sandlin, Storm Kings, 131.
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university academics were hired as full-time researchers and consultants, “including William
Ferrel, the man who had solved the feud between Espy and Redfield”?** with his application of
the Coriolis Effect to the description of the general circulation of the Earth’s atmosphere. As Cox
acknowledged, “In Ferrel’s hands, for the first time, the deflective force of Earth’s rotation
finally was given its appropriately fundamental place in shaping the behavior of the global winds
and the currents of the ocean....In the hands of this country boy, the American storm controversy
finally came to an end.”?*> And the source of the closure of this major meteorological black box
(Ferrel) would not have made as big of an impact were it not for the efforts of a Civil War hero
with a penchant for applying research to operations (Hazen).

Working—somewhat reluctantly—within the military structure of the Signal Corps was
Cleveland Abbe, the Corps’ senior civilian expert, who was “given a civilian scientific position
with the title of professor, in line with tradition of military academies.”?*® As Cox writes: “Abbe
had serious misgivings about....[putting] the responsibility for weather observations and storm
warnings in the hands of the Secretary of War and the U.S. Army’s Signal Corps rather than an
agency of civilians. Abbe had experienced firsthand the quality of weather observations made by
military men.”?*” Abbe wrote letters voicing his dissatisfaction with Army officers being placed
in charge of weather operations, claiming them to be unreliable and adding little value beyond
what could be done by telegraph operators. By contrast, those who had advocated for the Signal
Corps to assume the responsibility of weather operations argued that military discipline would
better serve the process of weather observing with regard to timeliness and regularity. On the

surface, this may appear to be a product of historical tensions between military and civilian

244 Sandlin, 131.

245 Cox, Storm Watchers, 68.
246 Cox, 97.

247 Cox, 94.
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institutions, but upon further analysis, this military-civilian tension was merely an institutional
manifestation of the operational-research dichotomy—a tension that would continue to the
present day.

Military forecasting is heavily operational, with a focus on products and results rather
than theory and inquiry. Conversely, scientific research is often process driven, with little
emphasis on product if the end result does not suitably answer the question of why or how a
physical process behaves. Military institutions live and die by standard operating procedures
(SOPs) and checklists, with rigorous training executed to compensate for the frequent turnover of
personnel relative to civilian institutions. For a military meteorologist, as long as a weather
forecast achieves a certain level of accuracy using a certain method—perhaps one based upon
simple pattern recognition, fully understanding the physical dynamics behind why or how that
method works becomes secondary. This heavy emphasis on operations stands in contrast to
civilian institutions, which are often characterized by the presence of more subject matter

248

experts**® who can drive more long-term innovation through scientific research. But this

expertise often results in less attention paid to the standardization of training, so consistency of
operations may be less certain than in a military environment. In the early days of the Signal
Corps, the crevasse between the culture of military operations and the need for civilian-driven
science was clear:

Despite the civilian and scientific nature of its mission, the Signal Corps’ Division
of Telegrams and Reports for the Benefit of Commerce was driven throughout by the
military character of its organization. Rules and regulations for the many enlisted men
were strict and according to code.

At the same time, the attitude of the few officers toward the scientific nature of
their work was casual, at best....Forecasting was accomplished entirely by rote,
connecting observations of like values of barometric pressure by drawing isobaric lines,

248 This is not to say that military institutions do not value subject matter experts. Rather, civilian institutions merely
provide more fertile ground for the development of subject matter experts because of the increased continuity of
personnel with less personnel turnover at a particular organization.
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which identified areas of low pressure, which were assumed to be centers of storms. That

was as far as it went, and just about as far as it would go for many years in the United

States.

...Weather forecasting may have been the mission, but there was no doubt that the

War Department was the master. Observer recruits received meteorological instruction

and other training at an old fort across the Potomac River in Arlington, Virginia. They

were instructed by some of the best weather scientists in the country, including Abbe,

Ferrel, and Loomis. Like servicemen everywhere, however, what most of them seemed to

recall of their Signal Corps training was not the weather science but the bedbugs, the bad

food, and the rigid boot camp culture of the place.?*°
Today, military and civilian meteorological institutions face similar personnel challenges.
Civilian meteorologist positions across the federal government and even in the private sector are
highly coveted, with competitive applicants far outnumbering the availability of positions.
Military meteorologist positions, on the other hand, are often assigned according to the needs of
the service, even if selected individuals have no interest in weather observing or forecasting—a
reality that is particularly evident in the enlisted ranks.

A military meteorologist who made a significant contribution to the field of meteorology
during this period of institutional uncertainty despite being caught in the military-civilian tension
was John Finley, who enlisted in the Signal Corps in 1877. As a college-educated recruit with a
specialty in the agricultural impacts of climate, Finley was assigned as an observer to study the
impacts of tornadoes across the Great Plains, known back then as “The Great American Desert.”
For years, Finley meticulously documented eyewitness reports and damage associated with
tornadoes, as well as the atmospheric conditions that preceded such violent events. One of
Finley’s primary contributions was to distinguish the terminology of tornado from hurricane.

Until then, many of the terms for the variety of atmospheric cyclones were used interchangeably

by the popular media and even by scientists. Finley argued in 1879 that his research was focused

249 Cox, Storm Watchers, 97-98.
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squarely on tornadoes, in contrast to the tropical cyclones and hurricanes that were the focus of
Redfield and Reid’s research, differing also from the works of Espy, Ferrel, and Yale professor
Elias Loomis—all of whom focused their theoretical developments on mid-latitude cyclones.
Through his exhaustive studies of tornadoes in the field across a decade, Finley was the first
person to systematically determine that “tornadoes associated with mid-latitude cyclones are
confined to the southeast quadrant of the storm.” He was also the “first to explain their
southwest-to-northeast paths as part of the upper flow of cold northwest winds behind the squall
line” and “was first to identify the set of surface conditions that promote the formation of
tornadoes.”?*° Thinking back to that heart-pounding moment as I navigated that Mobile Mesonet
ahead of that developing tornado just outside of Dumas, TX, those split-second decisions that I
made—based upon the black box assumptions of “facts” of supercell thunderstorm behavior—
would not have been possible without the seeds of knowledge planted by Finley well over a
century ago.

Interestingly, despite their many differences, one issue with which military and civilian
meteorologists seemed to agree from the late nineteenth and into the early twentieth century was
that tornado forecasting was impossible and held no value for public safety. Experts like Abbe
insisted that the damage associated with the panic induced by false alarms would overshadow
whatever benefit could have been derived from the forecast of such a rare and isolated event.
Finley’s expertise and enthusiasm for understanding and predicting tornadoes was repeatedly
hampered by an institutional reluctance to embrace tornado forecasting as a legitimate science.
As Cox writes:

Maybe Finley was too far ahead of his time. A nation eager for the enrichments of
Manifest Destiny was not really so eager to hear Finley’s dire warnings about the

230 Cox, 106.
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terrifying storms out there on the prairie and the plains. Certainly the officials of a new
national weather service authorized expressly for “the benefit of commerce” were not
enthusiastic. Finley’s study found many more tornadoes than anyone in Washington had
expected or evidently wanted to hear about. The brass of the Signal Corps rejected his
recommendations, eventually abolished funding for his research, and even forbade the
use of the word fornado in any weather forecasts.?>!
Herein we find the importance of politics in what may at first seem to be a purely scientific
problem. Determining the predictability of extreme, low-probability but high-impact events may
seem like a question that is or should be purely sequestered in the domain of mathematics and
statistics. However, that appearance is but an illusion created by Latour’s left-facing Janus who
looks upon the black box of facts that have already closed in the realm of “ready made science.”
In the realm of “science in the making,” with our observation of Finley as the entry point of our
present inquiry, we find politics and personalities in the front passenger seat—if not the driver’s
seat—of this scientific endeavor.

Political interests played a role in contributing to the controversy surrounding tornado
forecasting, as “Local government officials in the states and territories beyond the Mississippi,
real estate speculators, business associations, and all those involved in the clearing and
settlement of the prairies had begun to speak out against the pernicious idea that tornadoes were
common in their part of the country and that they posed any significant risk to the population.
Furthermore, although Finley was an effective scientist, he was not adept administrator. He had a
brash personality that often clashed with his superiors. As Cox observed:

The time to take advantage of his science was not right. It would be several
decades before scientists realized the real value of Finley’s research and how much, in
other circumstances, he and others might have accomplished. Part of the problem was the
character and personality of the nation’s first severe storms forecaster. Tornado
forecasting could have had a better advocate. When young recruits petitioned their

superiors to protest abusively harsh treatment during training, Finley was one of the four
officers who were singled out. In 1886, during a special Congressional investigation that

21 Cox, 102.
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eventually would lead to the transfer of the weather service to the Department of
Agriculture, there was Finely in the middle of it, offending his superiors with his
testimony.2>2
When Adolphus Greely assumed the role of Chief Signal Officer after General Hazen’s death, he
supported Finley’s tornado research but ultimately “considered tornado prediction to be a dead
issue.”?*3 Greely’s view was in lock step with civilian meteorologists.

In his report to Congress in the summer of 1887, he essentially dismissed Finley’s
forecasting project as a failed experiment. The problem with forecasting tornadoes, he
wrote, was that any prediction would surely result in a panic, and no prediction could be
specific enough about the tornado’s likely path to serve as an effective warning. “It is
believed,” Greely concluded, “that the harm done by such a prediction would eventually
be greater than that which results from the tornado itself.”?>*

Despite the controversy with whether tornadoes were predictable or were even worth predicting,

Finley’s greatest contribution as an Army Lieutenant to the historical literature on tornadoes was
his compilation of talks and papers that he published into a book in 1887 titled, Tornadoes: What
They Are and How to Observe Them,; with Practical Suggestions for the Protection of Life and

255 which was notably not published by the Signal Corps. Within just a few short years,

Property,
public sentiment in the Signal Corps’ ability to make accurate and reliable weather forecasts
deteriorated precipitously, exacerbated by some particularly severe storm seasons. “The agency
was becoming more and more deeply fractured by infighting between military operations officers

and civilian scientists. To the line officers of the Army, Finley was a college-educated junior

officer who had come up too quickly and too easily through the Signal Corps ranks. To the

232 Cox, 107.

253 Sandlin, Storm Kings, 166.

254 Sandlin, 166.

255 John P. Finley, Tornadoes: What They Are and How to Observe Them; with Practical Suggestions for the
Protection of Life and Property (New York: The Insurance Monitor, 1887).
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civilian scientists, he was a take-no-prisoners military man.”?*® The weather mission of the
Signal Corps was officially transferred into the Department of Agriculture as the civilian
Weather Bureau in 1891.

For the next three decades, the civilian Weather Bureau continued to be mired in
bureaucracy and struggled to advance the scientific methods of meteorology. Returning to the
aforementioned operational-research dichotomy, the Weather Bureau of the late nineteenth
century and early twentieth century could be said to have been much too focused on the latter,
remaining too attached to practical and traditional methods of forecasting devoid of the
analytical and quantitative rigor that would have been necessary to improve upon the accuracy
and reliability of weather forecasts at the time. In the 1920s, when commercial and military
aviation started to become a major industry, new demands were placed on weather forecasters,
but the reputation of the Weather Bureau had been languishing for years. Charles Lindbergh, the
celebrity aviator of the Spirit of St. Louis, was famously critical of the Weather Bureau’s
unreliable weather forecasts: “In a quickie memoir published immediately after his first
transatlantic flight, he made a particular point of saying that he always flew ‘paying almost no
attention to weather forecasts.” They were so unreliable, he said, that ‘I do not want to condition
my mind with them.””?%’

In an effort to inject the latest research into Weather Bureau operations, Swedish
meteorologist Carl-Gustaf Rossby was hired to provide a new perspective on weather analysis

and forecasting. The famous Bergen School of Meteorology in Norway had developed a new

Polar-Front Theory that explained the structure of mid-latitude weather systems.?*® However,

236 Cox, Storm Watchers, 108.

257 Sandlin, Storm Kings, 211.

258 The Polar-Front Theory still forms the foundation of modern synoptic meteorology. The terminology and
symbols associated with “cold fronts,” “warm fronts,” “stationary fronts,” and “occluded fronts” associated with
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Rossby’s efforts were met with intense resistance from his peers, who “complained that his
methods of frontal analysis would require hundreds of new weather stations just to obtain enough
data; Rossby told them that they hadn’t needed data before because they were obviously just
making their forecasts up.”>*® Rossby’s short tenure came to an abrupt end after Charles
Lindbergh requested a forecast directly from Rossby and applauded it for being “the best weather
forecast he had ever received,”?®° effectively amplifying the Weather Bureau’s institutional
shame. In 1928, Rossby assumed a professorship in meteorology at MIT. In the years that
followed, his theoretical work in atmospheric dynamics completely transformed the field of
meteorology from one based upon traditional practice to one grounded in quantitative rigor. His
seminal work explained the relational dynamics between the Coriolis and inertial forces?®* as
well as the propagation of the mid-latitude jet stream, a phenomenon now known by
meteorologists as “Rossby Waves.” As Cox put it, Rossby “would singularly transform
American meteorology from a wasteland into a leading international center of the science.”22
But his institutional success did not become lasting until circumstances allowed him to forge a
personal friendship over decades with Francis Reichelderfer, who was a U.S. Navy Lieutenant at
the helm of Naval Aerology when he first met Rossby. It was not until 1939, when Reichelderfer

became the head of the Weather Bureau, did Rossby return as the Assistant Chief for Research

mid-latitude cyclones are so firmly rooted in modern meteorology that those concepts are routinely referenced in
local and national news broadcasts around the world.

259 Sandlin, Storm Kings, 212.

260 Cox, Storm Watchers, 183.

261 Prior to Rossby, meteorology had an incomplete understanding of the Coriolis Effect. The work of Ferrel had
suggested that all atmospheric circulations were subject to the Coriolis Force, but Rossby provided further insight
into the dynamics behind the ratio between the Coriolis and inertial forces at play for different scales of atmospheric
motion. Rossby’s work led to the understanding that atmospheric circulations such as tornadoes are too small to be
significantly impacted by the Coriolis Force, with such circulations better described by “cyclostrophic flow,” which
is a balance between the pressure gradient and centrifugal forces. Only larger scale atmospheric circulations such as
tropical and mid-latitude cyclones are significantly affected by the Coriolis Effect.
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and Development to finally succeed in modernizing the methods of the American institution of
weather prediction. Thus it came to pass that a friendship that bridged the gap across the
military-civilian and operational-research divide was what ultimately brought the field of
meteorology in the United States into the modern era. Without hyperbole, “the father of modern
American meteorology was not an American but a Swede,” as it was “Rossby who finally
dragged the U.S. Weather Bureau into the twentieth century,” and it was “he who created the
first American university programs in meteorology and set the nation on a course of scientific
excellence.”?%3

With much of the world engulfed in war in early twentieth century, military meteorology
received a new breath of life, particularly during a time when the accuracy and reliability of
Weather Bureau forecasters were in question. Rossby’s efforts to establish meteorology
departments across American universities went hand-in-hand with the war effort, spinning up
emergency training for over 7,000 military meteorologists at universities such as “MIT, New
York University, the University of Chicago, UCLA...and Caltech, as well as key military
centers....When military meteorologists realized that they knew too little about the Tropics to be
effective in that theater,?®* Rossby helped organize the University of Chicago’s Institute of
Tropical Meteorology in Puerto Rico.”?% It was this period in history that established the
condition of possibility that set the course of evolution of our military-civilian weather

institutions through the modern era.

263 Cox, 179.

264 Interestingly, military meteorology today is currently still struggling with the lack of appropriate tropical
meteorology training. Because tropical meteorology is still considered a niche topic, associated with unique
challenges arising in part from a reduction in the Coriolis Effect near the equator, military schoolhouses often do not
spend more than a day or two focusing on tropical meteorology. And yet, unstable governments and potential flash
points in international security are often most prevalent across tropical maritime regions.
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In the late 1930s, the U.S. Army Air Corps consisted of nearly 200 aviation
meteorologists, but with World War 11, the U.S. Army Air Forces grew to hundreds of thousands
of personnel that required far more meteorological support. Colonel Don McNeal, who directed
the school for weather officers in Grand Rapids, Michigan, was a hot-headed instructor with a
famously difficult temper, and “he reserved his deepest rages for the civilian Weather Bureau.”
He “despised the Weather Bureau men who were being brought in by the Pentagon as
administrators, instructors, and advisers. He thought they were insufferably arrogant about their
superior meteorological knowledge and looked down on his cadets with contempt.”?6¢ This
arrogance was ironic, given that the Army Air Force at the time was more forward leaning and
was teaching the new European theories of synoptic meteorology and weather forecasting that
many civilians at the Weather Bureau were still wary to adopt.

When a tornado struck Tinker Air Force Base in Oklahoma on 20 March 1948, Captain
Robert Miller—a weather officer trained in Grand Rapids with his forecasting skills forged
across the tropical Pacific during the war?®’—had a front-row seat to history. Over thirty aircraft
were destroyed that night, and on the next day, Captain Miller and his supervisor, Major E. J.
Fawbush were summoned by a board of senior officers from the Pentagon “to explain just how
the Air Force could have lost more than ten million dollars” worth of aircraft in under a
minute.”2%® Miller, like his instructors in Grand Rapids, held a deep distrust for the Weather
Bureau, which still had a ban on tornado forecasts. Miller “believed that he had been led to make

the wrong call in his evening forecast because he hadn’t realized how untrustworthy the upper-

266 Sandlin, Storm Kings, 218.

267 Miller was known for his ability to quickly analyze weather maps by subjectively drawing them freehand, an
ability that his civilian meteorologist counterparts greatly admired in the years after the war. The value of subjective
weather map analyses will be explored further in Chapter 3.
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air data supplied by the civilian Weather Bureau was. His mistake, as he put it in his memoirs,
was that he hadn’t been ‘astute enough’ to grasp that civilian meteorologists as a class were
worthless.”?®® The investigative board recommended that the military and civilian meteorologists
collaborate on ways to better predict tornadoes, but the “Weather Bureau really did look down on
the military’s weather officers, just as Miller darkly suspected, and any spirit of cooperation they
may have felt during the war had long since melted away.”?°

After the investigative board issued its recommendations, Fawbush and Miller
immediately went to work poring over the existing literature on tornadoes, which was
remarkably sparse. By that time, no book had been written about tornadoes since Finley’s work
in 1887. But in combing through what limited research there was, they determined that tornadoes
favored some combination of convective instability and vertical wind shear in the atmosphere.
The exact physical mechanism eluded them, but Miller thought “he’d had a kind of intuition. He
couldn’t quantify it. He couldn’t even describe it clearly—then or later,” but “Miller had
gradually evolved a sense that the forces at play in the atmosphere took on a characteristic shape
just before a tornado descended.”?’!

Only five days after the tornado hit Tinker Air Force Base, Miller’s intuition was put to
the test. Atmospheric conditions on 25 March 1948 looked eerily similar to 20 March, and
General Fred Borum, the base commander of Tinker Air Force Base, asked Captain Miller and
Major Fawbush whether or not they were going to issue a tornado forecast. Miller recognized

that the likelihood of a tornado hitting the same exact location twice in a week was

infinitesimally small, but he also could not shake his gut instinct. He found himself in a catch-22:

269 Sandlin, 223.
270 Cox, Storm Watchers, 223.
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either ignore the tell-tale signs of a tornadic weather day and risk preventable damage and
injuries, or break precedent and issue the nation’s first-ever tornado warning. “Fawbush
reluctantly wrote out the forecast. Miller typed it and sent it on to base operations,” Sandlin
writes. Then “[Miller] and Fawbush remained where they were, sunk in gloom, certain they were

about to become laughingstocks.”?’2

After the forecast was issued, personnel across Tinker Air Force Base immediately went
to work securing aircraft and preparing for the incoming storm. That evening, in a stroke of
universal serendipity (one would be hard-pressed to call this “luck™), a tornado once again struck
the base. But thanks to the forecast issued hours in advance, “the total damage was barely half of
what it had been a week earlier, and there were no injuries at all among the base personnel.

Fawbush and Miller became “instant heroes.”?”® Over the course of the following year, Fawbush

and Miller issued more tornado forecasts, but

These forecasts were all kept confidential. They were classified documents issued
through the military’s own communication network for the benefit of base personnel
only. Fawbush and Miller didn’t attempt to make them public. Public forecasting was the
exclusive business of the civilian Weather Bureau. But they were quickly growing
uncomfortable with their position. On the one hand, they didn’t want to be court-
martialed for leaking classified documents; on the other, they didn’t want to be held
responsible for civilian deaths because they’d failed to warn people of imminent danger.

Besides, the forecasts were beginning to leak out anyway. Military people in the
know were calling their relatives and warning them if they were in a threat area.
Discreetly, and only with the tacit sanction of their superiors, Fawbush and Miller began
notifying certain civilian authorities like the Red Cross and the Oklahoma Highway
Patrol whenever they issued a new forecast.?’*

Over the course of the 1950s, given the success of the Air Force’s Severe Weather Warning

Center and the proven ability to issue tornado forecasts—at least for a general geographic region
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of heightened threat—the Weather Bureau’s hand was forced by public demand and
sociopolitical considerations into reconsidering their long-standing institutional ban on issuing
tornado forecasts, albeit the process was slow and halting. Attempts by Fawbush and Miller to
share their operational forecast method were initially met with extreme skepticism by their
civilian counterparts. Eventually, the Weather Bureau encouraged amateur participation from
weather spotters similar in spirit to military spotter networks, providing training to amateur
weather enthusiasts in the field to help confirm the existence of certain types of severe weather
such as tornadoes. These spotter reports complemented the development of weather radars, and
by the late 1950s in the 1960s—after decades of controversy and sociopolitical wrangling,
combined with some serendipitous tornadoes like those that struck Tinker Air Force Base—the
Weather Bureau finally adopted a strategy of issuing tornado forecasts: a regional threat area
would be defined as a “tornado watch” when atmospheric conditions were generally favorable
for the development of tornadoes, followed by a “tornado warning” for a specific location if and
when a tornado was indicated by radar or confirmed by a trained spotter.

The story of Captain Miller embodied the controversies that straddled the operational-
research and military-civilian divides of the field of meteorology. His distaste for theory went
hand-in-hand with his contempt for civilian forecasters: “The new theoretical approaches to
meteorology left Miller at best indifferent and at worst enraged. His students observed that he
didn’t want to hear about any rival ideas...His teaching method consisted of a relentless drilling
in his own forecast guidelines.”?”> When the Weather Bureau founded the Severe Local Storms
Unit in Kansas City, which was later renamed the National Severe Storms Forecast Center,

“Miller fiercely resisted cooperating with it. He routinely refused to share any data at all with
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SELS until he had issued his own predictions. He still blamed the Weather Bureau for rejecting
his ideas, and the ones they hadn’t rejected he believed they’d stolen.”?7
Today, though the operational-research and military-civilian controversies are perhaps
less visceral than in the days of Finley, Rossby, and Miller, the cultural differences that drove
those controversies remain, from the operational forecast floor to the research laboratory, from a
military command to a civilian agency. Cox succinctly summarizes both the operational-research
and military-civilian divides:
The ham-handed military culture only exaggerated the elements of sharp division
within meteorology that had emerged during the second half of the nineteenth century.
On one side, the practical men representing commercial interests, public safety, and
convenience saw meteorology as a service. On the other, scientific men saw in the
motions of the atmosphere great mysteries that could only be solved in fundamental
research.?”’
The military-civilian institutional tension continues to this day, rooted primarily in the
operational-research cultural dichotomy that has defined the meteorological field since its
inception. We will return to these controversies in the modern context to motivate our

discussions in Chapters 3 and 4 as we explore the complex networks associated with weather

observations and weather prediction.

2.4 The Agency of Controversies

As we have seen, American meteorology as a technoscience since the eighteenth century
has not only been characterized by controversy but has also been driven by them. From the
debate over the place of amateur meteorological contributions alongside professional scientific

endeavors, to the tension that exists between observational empiricism and analytical

276 Sandlin, 237.
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theorizing—the latter of which manifesting in the cultural divide between operations and
research and between military and civilian institutions—we see that our understanding of the
skies and our ability to predict the weather has been and always will be deeply rooted in
controversy. But these controversies are neither merely a superfluous part of meteorological
history, nor a problem that necessarily requires a solution. Rather, as researchers studying the
technoscience of meteorology from the lens of complexity, we can trace associations originating
from these epistemic controversies—Ilike spokes on a wheel—to tell the story of meteorology as
a living, breathing, and moving discipline, one where the controversies themselves have agency.
In his book, The Order of Things: An Archaeology of the Human Sciences, French
philosopher Michel Foucault established the notion of “epistemes,” which is the epistemological
field or structure of unconscious rules that sets the conditions of possibility for scientific
knowledge and discourse at a certain place and time. Each side of the controversies examined in
this chapter can be conceptualized as distinct epistemes—entire ways of thinking, learning, and
communicating that are influenced by unconscious rules unique to each community. For
example, the collective acceptance of the importance of regular observations governs the
behavior of an amateur meteorologist’s acts of journaling and documenting changes in the
weather, some of whom do so with a near-religious zeal, like Jefferson who carried a
thermometer in his pocket. The collective acceptance of certain types of mathematical notation
imposes unconscious limits and rules on how analytical meteorological theories are derived. The
social norms of operational forecasters likewise place an emphasis on recognizing weather
patterns, so what a forecaster sees is different from what a researcher sees, even if presented the
same weather scenario. These epistemes may seem at first to stand in duality with each other, but

they all contribute to our understanding of meteorology in qualitatively unique ways.
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Field experiments such as VORTEX2 are focal points for the “clash of civilizations”
between multiple epistemes. The principal investigators were either researchers at a government
laboratory or faculty members at an academic institution—masters of theory—working alongside
technicians and students, some of whom were self-professed storm chasing hobbyists. Without
the real-world experience of those student storm chasers, many of whom were tasked as
navigators of the Mobile Mesonets, the theorists would not have been able to connect visual cues
of the clouds to appropriate decisions in the face of imminent changes in storm behavior. In
addition, the researchers engaged in real-time forecasting efforts each day to decide on which
storm to target with the armada of instruments, a task not typical of those who work in the
research community. Thus, support from the operational forecasters back at the home station in
Norman, Oklahoma was crucial to the success of the field experiment. However, forecasters
alone would not have been able to execute the VORTEX?2 project, because theorists were
required to know what research questions to ask. Research informed operations, and operations
supported the research. Amateur experience empowered the real-world application of theory, and
theoretical research formed the foundation of collecting real-world observations.

In describing the utility of controversies as an entry point to research using the ANT
methodology, Latour asserts that “The task of defining and ordering the social should be left to
the actors themselves, not taken up by the analyst,” and that “to regain some sense of order, the
best solution is to trace connections between the controversies themselves rather than try to
decide how to settle any given controversy.”?’® Thus, in contrast to the structural-functionalist
framework, “instead of taking a reasonable position and imposing some order beforehand, ANT

claims to be able to find order much better after having let the actors deploy the full range of
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controversies in which they are immersed.”?’® In response to potential critiques against the

relativism that is implied by this methodology, Latour draws a metaphor to advances in geology:
...every scientific discipline is a slow straining in devising the right sort of
relativism that can be adapted to the data at hand. Why would sociology alone be
forbidden to invent its own path and be requested to stick to the obvious? Now that
geologists have accepted the notion of cold and rigid continental plates floating freely
over the hot, molten seabed that seeps out of deep oceanic rifts, are they not, so to speak,
on “firmer ground?” Similarly, ANT claims that we will find a much more scientific way
of building the social world if we abstain from interrupting the flood of controversies.
We, too, should find our firm ground: on shifting sands. Contrary to what is so often said,
relativism is a way to float on data, not drown in them.?%°
Throughout this chapter, we dissected the necessity of symmetrically investigating black
boxes by opening them to study scientific facts before they became facts. We deployed the two-
faced Janus illustration to show that “science in the making” is often starkly different from the
cleanly-packaged perspective of “ready made science.” But more than just serving as entry
points into sociological research of a technoscience, controversies—when deployed properly—
can be seen as a way to drive the discourse surrounding an unresolved scientific issue in a way
that leaves no stone unturned. For it may be that the greatest atrocity of science is accidentally
coming to a conclusion—or a consensus—without first considering all possibilities.
Unfortunately, because STS “looks at science and technology from the outside, applying
frames of analysis not indigenous to science and technology,” as Sismondo acknowledges,
“some scientists and engineers think that the field is hostile toward science and engineering, or
that some of its concepts are attacks on the legitimacy of scientific and technical research.” For

example, many scientists are uneasy about the social construction framework of sociology, since

it seems at first glance to question the objectivity and legitimacy of the scientific process.
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However, it is important to remember that the purpose behind sociological critique is to
understand and to elicit further inquiry, which one can argue is actually a scientific-like mindset,
rather than to merely criticize the scientific method itself. In other words, STS seeks “not to
simply check or challenge scientific and technical knowledge, but to understand its sources and
meanings,” and that “controversy studies are intended to show that there is no decisive evidence
for or against scientific claims, that there is no agreed-upon formula that inexorably leads to one
answer over the other,” which aids in “understanding the nature of the closure of debates.”?8!

By exploring the intricacies of controversies within the technoscience of meteorology, we
may perhaps come across ways in which we can bridge the so-called “Valley of Death” between
operations and research and between practice and theory. The tension that exists within
meteorology between operational forecasting and theoretical research is shared across numerous
other disciplines, most famously by the medical community. It is often said that the best medical
researchers do not necessarily make good doctors and vice versa. Likewise, a professor of
meteorology at a university may struggle to forecast the chance of rain in three days for a
particular location, and a forecaster may not remember how to derive the quasi-geostrophic
vorticity equation. So although the telos of our research is not to solve the controversies at hand,
the act of better understanding them can set the conditions of possibility for the emergence of
ideas and actions that can horizontalize the disciplinary and discursive divides that surround each
controversy. The recent focus on Research-to-Operations (R20) and Operations-to-Research
(O2R) programs within meteorological centers to bring researchers and forecasters into dialogue

with real-time weather is a step in the right direction, but the technical aspects of such
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collaborations will only go so far until the cultural and even linguistic differences between the
discourse communities are bridged.

In a 2021 lecture I gave at the U.S. Military Academy at West Point about responding to
future typhoon and tsunami disasters in the Asia Pacific, I charged the cadets to not only think
outside the box but to think big and to bridge interdisciplinary, interagency, and international
divides, particularly when engaging in humanitarian assistance and disaster response operations.
To do so would require not only an inquisitive mindset, but also a mastery of the social-technical
challenges that will inevitably pervade every controversy that may arise. I spoke about the need
to apply what I called the “scientist-leader mindset” to all actions, because in science we ask,
“Why?” but in leadership we ask, “Why not?”” And I charged the cadets to always remember the
human element behind the laws of nature, because humanitarian crises are not zero-sum games,
and compassion is power.

There are two other major controversies within the technoscience of meteorology that
primarily emerged during the latter part of the twentieth century: the tension between the
physical and social sciences, and the debate between public and private sector meteorological
services. These controversies continue to rage to this day, and the evolution of meteorology into
the future will strongly depend upon the evolution of these controversies and the black boxes that
may close along the way. We will delve into these controversies over the course of the next
several chapters as we navigate the networks that form our contemporary meteorological

assemblage.
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CHAPTER 3

Weather Analysis: A Superposition of Science and Art

“A correct hand-drawn streamline analysis must be beautiful. If the picture is ugly, then the
analysis is wrong. If the picture is beautiful, then the analysis might be correct. Beauty is an
insufficient but necessary condition for the accuracy of a hand-drawn streamline analysis.”

~ Steven Lyons, 2005

3.1 Observing the Atmosphere: A Network of Networks
3.1.1 DYNAMO

The ship pitched and lurched against the rising and falling of 12-foot ocean swells as they
passed underneath the hull. The gale-force,?®? westerly winds had churned the seas into an
agitated, frothy mix of water and foam, with whitecaps dancing along the crests of the waves.
Visibility was low, and the captain directed the ship to churn toward the west perpendicularly
against the oncoming swells to prevent the vessel from being caught and rolled between wave
crests. I stood on the deck of the ship, hands gripping the railing, and gazed aft toward the waters
beyond the stern. The horizon temporarily disappeared from view as the ship descended the front
face of each wave, only to rise again a few seconds later as if attempting to touch the clouds,
with a wall of water obscuring the view. Off in the distance, the turbulent clouds swirled into a
funnel, and moments later, a waterspout appeared for a brief minute before disappearing back
into the stormy chaos—an ephemeral apparition nearly 10,000 miles away from where Benjamin
Franklin once pondered the nature and essence of waterspouts.

It was Thanksgiving Day, 24 November 2011, and I was serving aboard the R/V Roger

Revelle, a research vessel operated by the Scripps Institute of Oceanography and assigned to the

282 A “gale” is officially defined by meteorologists as a sustained wind of at least 34 knots, which is equivalent to
tropical storm intensity.
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Dynamics of the Madden-Julian Oscillation (DYNAMO) Field Experiment. Jointly funded by
multiple agencies including the National Science Foundation (NSF), Office of Naval Research
(ONR), National Oceanic and Atmospheric Administration (NOAA), and National Aeronautics
and Space Administration (NASA), the DYNAMO Field Experiment deployed an array of ships,
aircraft, and instruments into the equatorial Indian Ocean to shed light on the mystery of the
Madden-Julian Oscillation (MJO) at the ocean-atmosphere interface.?8* With the participation of
over 100 students and scientists from 19 universities and 11 national centers and laboratories,
combined with the international component of a sister field experiment that included Australia,
France, South Korea, India, Indonesia, Japan, Kenya, Maldives, Seychelles, Sri Lanka, Taiwan,
and the United Kingdom, this was the largest collaborative effort in history to study the MJO in
an extremely remote part of the world. What is special about the equatorial Indian Ocean that
supports the upscale growth of thunderstorms (i.e., atmospheric convection) that initiates the

planetary circulation of the MJO? What are the boundary layer?%*

dynamics that govern the
amplification of an MJO event? What ocean-atmosphere feedback cycles are crucial for the

development of an MJO? By collecting data in an effort to answer these questions, the long-term

goal of DYNAMO is to improve numerical model simulations and predictions of the MJO cycle,

283 The MJO is a natural planetary-scale, intraseasonal oscillation that modulates tropical convection with impacts to
weather systems around the world. With a period of approximately 30-90 days, the MJO is characterized by
increased tropical rainfall and convection slowly moving from west to east along the equator, amplifying over the
warm waters of the Indian and western Pacific Oceans. The MJO is known to modulate tropical cyclone activity
with climatological teleconnections that reach around the world and can affect even snowstorms in New England.
MJO prediction is one of the “holy grails” of meteorology, as it is considered one of the keys to extending forecast
lead times to the one- to two-week timeframe. For a detailed review of the MJO, see Chidong Zhang, “Madden-
Julian Oscillation,” Reviews of Geophysics 43, no. 2 (2005), https://doi.org/10.1029/2004RG000158.

284 The “boundary layer” is what meteorologists call the complex interface between the land and the atmosphere or
between the ocean and the atmosphere. It is the region where the effects of friction, turbulence, moisture transfer,
and radiational heating present particular challenges for both conceptual and numerical modeling efforts.
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which could extend the overall practical predictability limit of forecasts for all types of
weather.?$?

Taking only a brief respite to enjoy a Thanksgiving dinner, with tables and chairs
strapped down in the galley amidst the roll of the 12-foot seas, our crew of the R/V Roger Revelle
diligently deployed an array of instruments to collect atmospheric and oceanic data. We launched
weather balloons to sample the vertical temperature and moisture profile of the atmospheric
boundary layer and deployed sensors underwater to measure the oceanic feedback. I was one of
the radar technicians onboard responsible for running the TOGA C-Band Doppler Radar.
Working 12-hour overnight shifts, I supervised the selection of horizontal and vertical radar
scans, targeting individual storm cells every 10 minutes as they developed over the equatorial
Indian Ocean. The office wherein I operated the radar every night was an enclosed space
completely filled with computer monitors, electrical wires, clocks, and cables. With only one
porthole to the outside world, the entire space was essentially a laboratory filled with what
Latour would call “visual displays,” or what Gary Alan Fine would recognize as a place where
we were “sensing a wild world while remaining indoors,” except the “indoor” space was actually
confined to a ship bobbing up and down with the rolling seas in the midst of the active phase of
the MJO.

So what happened to the data that we were collecting? Where did the quantitative streams
of physical data go after they were observed by the array of instruments and converted by
machines to a series of computer code and graphics? Most immediately, the data were displayed

by the monitors that filled the shipboard office to facilitate the collection of yet further data, all

285 For a comprehensive treatment of the current dynamical theories of the MJO, see C. Zhang et al., “Four Theories
of the Madden-Julian Oscillation,” Reviews of Geophysics 58, no. 3 (2020): e2019RG000685,
https://doi.org/10.1029/2019RG000685.
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of which was archived for future research. But as physically isolated as the ship may have
seemed, the observational data being collected by the scientists onboard were passed in real time
to the other platforms in the DYNAMO project, and that network of platforms was itself
communicating with the wider community of meteorologists back in the United States and in all
of the partner nations that were contributing to this field experiment. In remote oceans around the
world, often the only data that operational meteorologists can use for real-time forecasting are
derived from satellites, so to have in-situ observations being collected by scientists located on-
site was a rare occasion.

When we analyze single-point data and trace the wider network of weather observations,
we necessarily encounter the unique challenges of spatiotemporal scale. Those gale-force
westerly winds that we had observed aboard the R/V Roger Revelle in the central equatorial
Indian Ocean were part of the larger MJO circulation, which was itself associated with the
eventual development of a tropical cyclone. In the absence of in-situ observations, those periodic
weather balloons launched from the deck of our ship provided crucial information for those
operational meteorologists who had to issue forecasts for tropical cyclone development in that
region. I provided the weather balloon data in real time to the Joint Typhoon Warning Center in
Pearl Harbor, Hawaii, and that single-point data was enough to support their issuance of a
Tropical Cyclone Formation Alert off of the southern tip of India. And yet, without the aid of
other tools like satellite imagery—whose orbital gaze from outside the Earth’s atmosphere
offered a third dimension from which observations could be made—it would have been
impossible for us, the scientists aboard the R/V Roger Revelle, to perceive other than through

inductive reasoning that we were sitting in the southwestern periphery of a developing tropical
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cyclone. Our single-point observation of westerly winds was but a piece of a larger atmospheric
and oceanic puzzle.

How can we reconcile the micro-macro dichotomy that exists between a meteorological
observation at a point and the observations at a collection of points? How do larger-scale
depictions of weather systems emerge from various networks of different observational
platforms working in simultaneity? What institutions are required to sustain this network of
networks? What techniques do meteorologists have at their disposal to transform local data
points into a large-scale understanding of evolving weather systems? Answering these questions
requires addressing the problem of spatiotemporal scale as it manifests in the network of
meteorological observations. And as we will explore in this chapter, the techniques and
institutions that seek to address the problem of scale in weather observations are uniquely
positioned at the technology-human interface, requiring a combination of objective and
subjective analysis methods. Thus, by investigating the weather analysis techniques and the
global system of meteorological observations upon which they rest, we find fertile ground upon
which to establish the value of qualitative insight within an otherwise quantitative science.

To examine the quantitative-qualitative relationship in meteorological data analysis, we
begin by exploring the differences between in-situ and remotely-sensed atmospheric
observations—the former being observation via “touching,” with the latter being observation
from a distance—both of which require different technologies. Once these different types of
observations are collected, they are mapped across time and space, rendering the problem of
spatiotemporal scale eminent in the process. We then discuss the cultural and physical space of
the so-called “map room,” where observational data meets the human analyst and where

objective and subjective methods of data analysis converge. The rest of the chapter then tackles

130



the problem of tropical cyclone initial position, intensity, and wind field analysis as a case study
to illustrate the process of bringing together quantitative and qualitative data. Importantly, we
find that even the most quantitative of datasets in a scientific field like meteorology can have
significant components that are derived from subjective methods, suggesting that the scientific

process hinges on a plurality of data types and sources.

3.1.2 IN-SITU OBSERVATIONS. STATIONS, AIRCRAFT, SHIPS, AND BALLOONS

As discussed in Chapter 2, the birth of meteorology as an American science was
intimately tied to the development of the telegraph and the network of volunteer weather
observers scattered throughout the expanding country through the nineteenth century. As
Rebecca Solnit writes, “Telegraph messages traveled almost instantly as electrical impulses over
the wires, a technology that telephones and the Internet would only elaborate....Many of the
early telegraphic lines followed the railroad tracks, and they replaced the railroad as the fastest
communications technology,” such that “The distances between places that had once been
measured at ten miles an hour or less was wavering, drawing closer, almost dissolving.”?%¢ This
seeming “annihilation of time and space” is analogous to Karl Marx’s description of capital as
that which necessarily conquers space and accelerates time.?*” In contrast, journalist Andrew
Blum, in his recent book, The Weather Machine: A Journey Inside the Forecast, contends that
“when it came to the weather, the telegraph had the opposite effect: It created time and space,”
noting that “As soon as information could be exchanged across distances, disparate pieces of the

sky could be fit together like a puzzle.”?®® This difference in descriptors for the effect of the

286 Rebecca Solnit, “The Annihilation of Time and Space,” New England Review (1990-) 24, no. 1 (2003): 14-15.
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telegraph upon time and space is a product not merely of differences in analysis, but of
spatiotemporal scale. From the perspective of communication, the telegraph’s near-instantaneous
transmission served to contract time and space; whereas from the perspective of a weather map,
the telegraph enabled meteorologists to map the patterns of weather systems for the first time,
thereby expanding the conditions of possibility for analyzing storms. “‘The weather’ no longer
merely described the conditions at a specific place on earth but weather patterns that stretched
thousands of miles. The weather became bigger than individual experience.”?*

Prior to the Civil War, the first institution to take the lead in coordinating weather
observations across the United States was the Smithsonian, which under Joseph Henry’s
leadership, established the first formal network of standardized weather observations to fulfill the
needs of both meteorological theory and practice:

The Smithsonian meteorological project was the first major scientific undertaking
of the new institution. In pursuit of theoretical goals related to the storm controversy, it
charted the path of storms across the nation. In pursuit of practical goals related to
western settlement, it explored the climate of the North American continent. In pursuit of
institutional goals related to the Smithsonian charter, it soon became...the “national
center” for atmospheric research in the mid-nineteenth century.?*

The Smithsonian linked volunteer weather observers together not only in space and time, but
also by procedure. The institution established standardized guidelines, official forms, and
provided calibrated instrumentation to observers across the country who kept journals and
submitted monthly reports of local weather. The Smithsonian also collated observations from
various private sector companies (e.g., telegraphs, railroads, canals) along with those from other

government agencies. The Smithsonian’s main building opened on the Washington Mall in 1855,

and inside the lobby hung a giant cloth map of the United States upon which the reports from

289 Blum, 13-14.
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weather observers around the country were plotted. Color-coded paper disks indicating different

weather conditions—rain (black), snow (blue), cloudiness (brown), and fair weather (white)—

291

were pinned to the map based on the reports,~”" affording Americans the ability to simply glance

at a map and not only comprehend the current weather across space, but also visualize the
potential for changes in weather through time. This map became a cultural mainstay of the mid-
1850s:

Each day Espy compiled the latest weather information from his spotters network
and had the major cities and towns on the map marked with their current conditions. It
almost immediately became a landmark. All over Washington City, people would say
casually to each other, “Let’s meet under the map.” Many visitors read a political
message into it: its daily display of information from all over the country was a symbol of
the way America was growing from a scattering of isolated communities into a single
interconnected nation. Students of meteorology were impressed to see, each day, proof of
a truth first put forward by Benjamin Franklin: that weather systems in America weren’t
random, but moved in grand sweeps from southwest to northeast.?%?

The Smithsonian’s meteorological project was a successful proof-of-concept that
demonstrated that in the age of near-instantaneous communication ushered in by the telegraph,
simultaneous weather observations could allow meteorologists to map the structure and track the
movement of weather systems. “Once the news could travel faster than the winds, then the winds

need no longer come as a surprise,”?*?

as Blum so eloquently stated, “The ability to know the
weather in many places at one time was the first step toward knowing the weather in one place at
many times, most usefully times in the future.”*** And as Fleming observed, one immediate

consequence of the availability of coordinated weather observations is that it “produced an

important shift of emphasis in meteorology from weather science to weather service,” such that

291 Blum, The Weather Machine, 15.
292 Sandlin, Storm Kings, 77.

293 Blum, The Weather Machine, 13.
294 Blum, 14-15.
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“The efficiency of a network in bringing timely and accurate warnings to the public took priority
over more theoretical concerns.”?® Ultimately, this development fueled the science-service
tension between the epistemes of research and operational meteorology, the clash of which was
embodied by the decisions that confounded the preparedness and warning process ahead of
Hurricane Sandy.

Weather observations up through the early twentieth century were predominantly
conducted using in-situ technology, as was the case for the majority of scientific data collection
methods. In other words, observations were recorded using instruments that directly sensed the
environment in its immediate vicinity. From the thermometer that Jefferson carried in his pocket,
to the barometer mounted on the bridge of a ship at sea, to the anemometer or wind vane atop a
church steeple, traditional weather instruments formed the bedrock of weather observations made
near the surface of the earth.2°® After the Smithsonian meteorological project was sunset post-
Civil War, through the establishment of the Army Signal Corps’ weather mission, to the eventual
transfer of weather services to the civilian Weather Bureau and then the modern National
Weather Service, the need for coordinated, standardized weather observations was the constant
thread through which these institutional changes could be traced.?’

With the advent of the field of aviation and the safety requirements that arose from the

increase of commercial and military flights, many weather stations became co-located with

airports, and the modern Automated Surface Observing Systems (ASOS)?*® have become a joint

2% Fleming, Meteorology in America, 1800-1870, 141.

296 Surface observations, colloquially known by meteorologists as “surface obs,” are in contrast to upper-
tropospheric, or “upper-air,” in-situ observations made by aircraft and weather balloons.

297 A full discussion of the process of collecting weather observations through various instruments is beyond the
scope of this work. For readers interested in a practical overview of observing the weather or becoming involved
with the process of weather observing, see Stephen Burt, The Weather Observer’s Handbook, 1st ed. (Cambridge,
UK: Cambridge University Press, 2012).

298 These systems report temperature, dew point, visibility, sky condition, pressure, wind, present weather, and
precipitation accumulation.
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operation between the National Weather Service,?®® Federal Aviation Administration,**° and the
Department of Defense.’*! Many observing stations that were once staffed by trained weather
observers have been replaced by automated systems, which has greatly increased the spatial
density and temporal fidelity of weather observations. As weather observing evolved alongside
aviation through the twentieth century, the process of making official weather observations and
reports became intertwined with aviation standards and culture. Today, surface observations at
airports are reported in METAR/SPECI format,*?? a globally recognized code understood by all
pilots and meteorologists, standardized by the International Civil Aviation Organization,*** and
administered by the World Meteorological Organization.3*

Although weather observation networks were initially established on the ground, the need
to understand the dynamics of the three-dimensional atmosphere led to the development of
radiosondes attached to weather balloons. Invented in France in 1929, these instrument packages
were modified and improved by the U.S. Navy and eventually adopted by the U.S. Weather
Bureau. Today, there are around 1,300 weather balloon launch sites around the world,*% with

radiosonde observations coordinated twice per day at 0000 and 1200 UTC as part of the

29 NOAA, “Automated Surface Observing Systems” (NOAA’s National Weather Service), accessed August 8,
2021, https://www.weather.gov/asos/asostech.

300 Federal Aviation Administration, “Air Traffic Organization Policy: Surface Weather Observing” (U.S.
Department of Transportation, January 15, 2020),
https://www.faa.gov/documentLibrary/media/Order/Order JO 7900.5E.pdf.

301 Office of the Federal Coordinator for Meteorological Services and Supporting Research, Federal Meteorological
Handbook Number 1: Surface Weather Observations and Reports (Washington, DC, 2017), https://www.icams-
portal.gov/publications/fmh/FMH1/FMH1.pdf.

32 NOAA, Training Guide in Surface Weather Observations (Silver Spring, MD: U.S. Department of Commerce,
1998), https://www.weather.gov/media/surface/SFCTraining.pdf.

303 “ICAO Safety,” Weather Conditions Worldwide, accessed August 11, 2021,
https://www.icao.int/safety/iStars/Pages/Weather-Conditions.aspx.

304 World Meteorological Organization, Manual on Codes: International Codes, Volume 1.1, Annex Il to the WMO
Technical Regulations, Part A - Alphanumeric Codes, 2019th ed., vol. 1.1 (Geneva, Switzerland: Secretariat of the
World Meteorological Organization, 2019), https://library.wmo.int/doc_num.php?explnum_id=10235.

305 The density of upper-air observation stations is much less than surface stations, so weather balloon launches are
more sparse than surface weather stations.
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globally-standardized 0000, 0600, 1200, and 1800 UTC synoptic times.?*® Although the
technology of radiosondes attached to weather balloons is now many decades old, the vertical
resolution of the in-situ thermodynamic data that these radiosondes collect is still greater than
what is currently possible via remotely-sensed satellite platforms. Likewise, other in-situ data
from aircraft in flight (e.g., pilot reports or PIREPs) and ships at sea provide crucial observations
that are ingested into the global weather observational network.

Perhaps the greatest demonstration of the present and enduring value of in-situ data
collection is the U.S. Air Force Reserve’s 53' Weather Reconnaissance Squadron, also known as
the “Hurricane Hunters.” Established in 1944 and stationed at Keesler Air Force Base in Biloxi,
Mississippi, the “Hurricane Hunters” routinely deploy WC-130] aircraft into tropical cyclones
that may have the potential of threatening the United States. Purposely operating at a low altitude
to sample the near-surface winds of a tropical cyclone, the aircraft fly in specific patterns and
deploy dropsondes®’ to locate the cyclone’s center of circulation and minimum central pressure
while also determining its maximum sustained winds.?*® An example of a successful civil-
military partnership, the “Hurricane Hunters” fly their missions in close coordination with the
National Hurricane Center in Miami, providing in-situ data to enable forecasters to diagnose the

current position and intensity of tropical cyclones. This data can be particularly useful in

306 These so-called “synoptic times™ are the standard data collection and forecast production times followed by
meteorological agencies around the world. In addition to radiosonde observations from weather balloon launches,
numerical computer models are also run at these synoptic times, and tropical cyclone forecast centers around the
world set their tropical cyclone analyses valid at these synoptic times and generally update their forecast cycles at
six-hourly intervals. Complementary to the METAR/SPECI surface observations, another type of surface
observation called the Surface Synoptic Observation (SYNOP) is typically transmitted every six hours, following
the synoptic times.

307 Dropsondes are similar to radiosondes in that they are instrument packages designed to collect in-situ
atmospheric data while flying through the atmosphere. However, rather than being attached to a weather balloon,
dropspondes are designed to be deployed from aircraft and are attached to a miniature parachute to enable a
controlled fall speed.

308 Strictly speaking, the maximum sustained wind is determined by the meteorologists at the National Hurricane
Center based upon the raw data collected by the “Hurricane Hunters.”
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diagnosing the structure of developing tropical cyclones, which often have weak circulations that
are difficult to analyze using only satellite techniques. In addition to the U.S. Air Force, the
National Oceanic and Atmospheric Administration (NOAA) also operates its own “Hurricane
Hunters,” consisting of two WP-3D Orion aircraft, flying missions into tropical cyclones
primarily for research purposes but are often called to join the Air Force “Hurricane Hunters” in
operational missions to support the National Hurricane Center.

These “Hurricane Hunter” flights are the meteorological equivalent of a warfighter’s
operations at the “tip of the spear.” To routinely deploy a crew of human meteorologists and
pilots into the heart of the most intense storms on Earth is a risky endeavor—and may even seem
somewhat arcane given the arsenal of remote sensing technologies available to the modern
forecaster—but the flights have proven to be the best and most reliable method to pinpoint the
center of circulation and maximum sustained winds of a tropical cyclone. Some of the latest
research suggest the possibility of deploying Unmanned Aircraft Systems (UAS) for the
purposes tropical cyclone sampling, but there are currently no operational systems in use at this
time.3%

These in-situ data gathered from aircraft reconnaissance flights and dropsondes raise an
interesting question: How does one convert these point measurements of data to an areal
description that is characteristic of the tropical cyclone as a whole? In other words, the nature of
in-situ observations implies that the data points are spatially limited; each piece of data is time-
stamped, but only represents a single point. How then can such spatially limited and discrete data

make the “quantum leap” to describe a complex, continuous storm that is situated in four-

309 NASA has developed weather applications for UAS such as the Global Hawk, but these high-altitude systems
would not be able to sample the near-surface winds that would be required to precisely locate the center of
circulation and maximum sustained winds of a tropical cyclone.
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dimensional space and time? Herein we find ourselves once again mired in the problem of

spatiotemporal scale, and it is one that does not have an easy operational solution.

3.1.3 REMOTELY-SENSED OBSERVATIONS: RADAR AND SATELLITE

In contrast to in-situ data collection methods, remotely-sensed observations are those that
depend upon technology that act at a distance to acquire data about an object without making
physical contact. This data is often collected and communicated via electromagnetic signals, and
remote sensing technology can generally be divided into two categories: active and passive
sensors. Active sensors are those that emit electromagnetic radiation and measure the amount of
backscatter received at the source, whereas passive sensors measure the radiation naturally
emitted or reflected by the object toward the sensor.

Today, the primary remote sensing technologies used by meteorologists are radars and
satellites, both of which were rooted in the technological needs that arose from national security
imperatives and military conflicts since World War I. As Blum maintained, “In peace, observing
the weather is utility work, like swabbing the decks and trimming the trees. But in war,
observations become secrets, and weather forecasts are weaponized. The desperation for them
has led to expanded networks and new technologies.”*!° During World War II, British scientists
discovered in their prototypical radar displays the appearance of transient patterns of “noise” of
unknown origin alongside the signals of actual aircraft. These radar echoes were eventually
determined to be patterns of falling rain, which for a meteorologist was not noise at all, but was
crucial information about precipitation. The discovery of radar applications to weather observing

was an important—albeit accidental—scientific legacy of the war. At Tinker Air Force Base in

310 Blum, The Weather Machine, 62.
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Oklahoma, an old radar unit from a decommissioned B-29 bomber was commandeered for use
by the weather officers. That radar became instrumental when Captain Miller and Major
Fawbush issued their pioneering tornado warnings.

An example of active remote sensing, weather radars operate by emitting pulses of
microwave radiation, some of which is backscattered in the presence of precipitation. The
amount of backscattered radiation received at the antenna (i.e., radar reflectivity) is then run
through an algorithm to estimate the intensity of the precipitation. Unlike continuous-wave
radars, weather radars leverage the timing between pulses to determine the radial distance of
reflectivity echoes that are indicative of precipitation. The phase shift that occurs for particles
moving with a velocity toward or away from the radar, known as the Doppler Effect, can be used
to derive the radial velocity of the winds to and from the radar.3!! The ability to see rain, hail,
snow, and sleet from afar revolutionized weather observation, and with the advancement of
Doppler radar, this remote ability to see even extended to the invisible motions of the wind.

The first network of Weather Surveillance Radars was deployed in 1957, upgraded in
1974, and most recently upgraded again in 1988 to include Doppler technology. Today, this
network of Weather Surveillance Radars-1988 Doppler (WSR-88Ds) form the Next Generation
Weather Radar (NEXRAD) system, consisting of 160 Doppler radar stations operated jointly by
the National Weather Service, Federal Aviation Administration, and U.S. Air Force.*'? This
network of WSR-88Ds has resulted in major advancements in the detection of microbursts*!? and

tornadoes, with significant improvements to aviation safety and severe weather warnings.

311 For a physical and mathematical treatment of weather radar theory, see Ronald E. Rinehart, Radar for
Meteorologists (Columbia, Mo: Rinehart Publications, 2010).

312 “Next Generation Weather Radar,” National Centers for Environmental Information (NCEI), September 22,
2020, http://www.ncei.noaa.gov/products/radar/next-generation-weather-radar.

313 Microbursts are intensely concentrated downdrafts of air and precipitation in a thunderstorm that can lead to
extreme turbulence. They are a hazard for aviation, particularly for aircraft on final approach to landing. After many
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Over the last several years, the majority of WSR-88Ds were upgraded yet again to
include dual-polarization capabilities. With alternating pulses of horizontally and vertically
polarized electromagnetic waves, “dual-pol” radar enables meteorologists to determine the two-
dimensional, cross-sectional shape of hydrometeors, or precipitation particles.?!* Operational
meteorologists can use this data to infer the #ype of precipitation that is falling. For example,
hydrometeors with the shape of a flattened oval are likely raindrops, those with a more spherical
shape are likely pellets of sleet or graupel, and those with anomalous shapes are likely
snowflakes. Determining the type of falling precipitation has historically been a challenge with
cascading impacts to operational meteorology, particularly in the activity of quantitative
precipitation estimation.®!> Volunteer crowdsourcing efforts like the mPING project have
provided useful “ground truth” to calibrate precipitation type in radar research.

Although dual-pol weather radar technology can reduce the uncertainty associated with
determining the type of detected precipitation, it is still bound by the temporal limitations of
traditional radar mechanics. In order to sample the full volume of the atmosphere surrounding a
radar, a mechanical antenna needs to fully rotate across several elevation angles, which for the
WSR-88Ds take approximately five to six minutes.?!® In this amount of time, microbursts can
develop and impact aircraft, and tornadogenesis can occur with little warning.?!” Because of
these temporal limitations, the National Severe Storms Laboratory (NSSL) in Norman,

Oklahoma has been undertaking research into Multi-Function Phased Array Radar (MPAR). The

aircraft disasters through the twentieth century were linked to microbursts, research including the seminal work of
Dr. Theodore Fujita and the developments of NEXRAD has led to vast improvements to public safety in the skies.
314 “Research Tools: Dual Polarized Radar,” NOAA National Severe Storms Laboratory, accessed August 29, 2021,
https://www.nssl.noaa.gov/tools/radar/dualpol/.

315 Malte Neuper and Uwe Ehret, “Quantitative Precipitation Estimation with Weather Radar Using a Data- and
Information-Based Approach,” Hydrology and Earth System Sciences 23, no. 9 (September 16, 2019): 3711-33,
https://doi.org/10.5194/hess-23-3711-2019.

316 «“Next Generation Weather Radar.”

317 The warning lead times are themselves limited by the time it takes for a WSR-88D to complete a volume scan.
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phased array radar unit being tested in Norman was adapted from a U.S. Navy system in the
1970s, but this could become the next generation of weather radars. Rather than relying on a
rotating antenna to mechanically scan a volume of the atmosphere, MPAR can use a fixed panel
of transmitters to electronically direct the radar beam and target regions of the atmosphere
without moving parts, thereby vastly reducing the temporal resolution of volume scans. The five
to six minutes between scans would effectively be reduced to just a fraction of a minute.?'8

For all its benefits, radar technology in general still has its spatiotemporal limitations.
Those pulses of electromatic radiation have a maximum range, and the further away from the
radar station, the higher the elevation of the radar beam, due in part to the initial elevation angle
and also to the curvature of the earth. The earth effectively curves away from the radar beam,
and as such, even if weather radars had unlimited range, they would still be unable to see over
the horizon. What matters to meteorologists and decision-makers is the amount and type of
precipitation that falls near the surface (and the behavior of the winds as derived from the motion
of those hydrometeors), so the utility of radar diminishes with increasing distance away from the
radar site. Once again, we see the return of the ever-present problem of spatiotemporal scale.
When supplemented with in-situ observations, the areal view of radar data can be quite powerful,
but gaps in coverage exist, and some scholars have noted the socioeconomic and even racial
disparities in parts of the United States with respect to radar network coverage.®!’

To partially resolve the problem of scale that plagued radar and other weather observing

systems of limited perspective, another remote sensing technology was required, one that was

318 “Multi-Function Phased Array Radar,” text, NOAA National Severe Storms Laboratory, accessed August 29,
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also rooted in the war effort of the 1940s but added a new dimensionality to the data collected by
leaving the bounds of Earth itself. In his address to the American Astronautical Society in 1956,
Dr. Harry Wexler, former Director of Meteorological Research for the U.S. Weather Bureau,
gave a visionary statement about the potential utility of a remote sensing platform that exists
outside of the Earth’s atmosphere:

Since the satellite will be the first vehicle contrived by man that will be entirely
out of the influence of weather, it may at first glance appear rather startling that this same
vehicle will introduce a revolutionary chapter in meteorological science—not only by
improving global weather observing and forecasting, but by providing a better
understanding of the atmosphere and its ways.32

When German rocket engineer Wernher von Braun launched the V-2 rocket on behalf of Nazi
Germany as a “vengeance weapon,” nobody could have entertained even the thought of that
event someday catalyzing the development of a life-saving weather observation technology. But
as is often characteristic of the evolution of the objects of technoscience, the relations between
subjects and events often seem to serendipitously associate and dissociate, with the mapping and
remapping of networks rendering the simple dualities of right and wrong and good and evil moot
in the eyes of history.

In October 1946, after the German scientists were brought to the United States to
continue their rocket research, a 35 mm camera was launched with a V-2 at White Sands Proving
Ground in Nevada. This landmark event inspired Francis Reichelderfer of the U.S. Weather
Bureau to request prints to share with weather offices around the country as a proof of concept

that a top-down view of the weather was possible. The prospects of weather reconnaissance via

satellite even caught the attention of the RAND Corporation, but their chief concern—alongside

320 “Drawing Found at NOAA Predicted the Potential of Meteorological Satellites,” National Environmental
Satellite Data and Information Service, March 13, 2017, https://www.nesdis.noaa.gov/content/drawing-found-noaa-
predicted-potential-meteorological-satellites.
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those of some meteorologists—was that satellite weather observation would act merely as
cameras above the clouds, and that no quantitative information could be derived from those
images.*?! This initial concern, that satellite images may provide limited value due to an inability
to quantify the data, was representative of a common refrain through the technoscience of
meteorology in the decades hence: that the value of a weather observation or forecasting method
is directly proportional to its objectivity or its quantifiability. As the tools and techniques of
meteorology gradually allowed for the embrace of logical positivism, quantitative methods have
increasingly displaced conceptual models and pattern recognition techniques often derived from
years of trial and error—a reality that undergirds and amplifies the tension that exists between
research and operational meteorologists. Experienced forecasters often claim that the subjective
aspects of interpreting the weather still add value to modern quantitative techniques, but how can
such value be conceptualized? How do we place the real and tangible aspects of pattern
recognition within the context of modern meteorological technoscience? And how does this
relate to the problem of spatiotemporal scale that recurs in our discussion of weather observing?
On 1 April 1960, TIROS-1, the first true weather satellite was launched into orbit by
NASA aboard a Thor-Able rocket, which was based on the V-2 technology. For the first time in
history, humans were treated to a complete view of their own floating home from above—a
water-borne world shrouded in clouds, falling away toward a spherical horizon. That evening,
President Dwight Eisenhower remarked that “the Earth doesn’t look so big when you see that
curvature.”?? Although the mission of TIROS-1 lasted just a little over two months, the

subsequent TIROS-3 satellite provided the first top-down glimpse of a hurricane that enabled
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what was at the time the largest evacuation in U.S. history ahead of Hurricane Carla in
September 1961. Thus, the humanitarian implications of weather satellite technology for life-
saving decision-making became immediately clear, and the technoscience of meteorology
stepped fully into the duality between the “optimistic ideology of globalism and the terrifying
threats of the nuclear age.”?* The jostling of Cold War geopolitics formed the common thread
that tied together the technology of weather satellites and intercontinental ballistic missiles;
without one, there could not have been the other—an ever-present civil-military duality that has
marched alongside the evolution of meteorology as a technoscience since the nineteenth century.
When President John F. Kennedy pronounced to a joint session of Congress on 25 May
1961 his belief “that this nation should commit itself to achieving the goal, before this decade is
out, of landing a man on the moon and returning him safely to the earth,” he added a lesser-
known request that had far-reaching impacts to meteorology, stating that “an additional 75
million dollars—of which 53 million dollars is for the Weather Bureau—will help give us at the
earliest possible time a satellite system for world-wide weather observation.”3?4 The national
desire to advance not only American meteorology but also the meteorology of the world was
sparked by Cold War geopolitical competition, but it ushered in an era of scientific global
cooperation that continues to this day. Blum summarized this duality most bluntly: “Weather tied
the world together, but the technology of the weather had the potential to pull it apart. Even
knowing that the civilian and military needs have always been enjoined, it’s a harsh realization:

We learned to see the whole earth thanks to the technology built to destroy the whole earth.”?23
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Today, weather satellites can be broadly categorized into two types: geostationary
satellites (GEOs) and low-earth orbiting satellites (LEOs). GEOs are the most well-known type
of weather satellite, producing the classic animated images of moving clouds that are broadcast
by every evening news station. Flying along a geosynchronous orbit at 35,786 km above the
Earth’s equator, GEOs orbit at the same angular velocity of the Earth, which enables the satellite
to remain fixed over the same position relative to the Earth’s surface.*?° This feature of GEOs
enables images to be taken at specific intervals of time, then looped together to capture a time
lapse of moving weather systems. Each GEO can capture a “full disk” image of the entire
hemisphere, and imagery from several GEOs positioned at different longitudes can be stitched
together to provide a global view of evolving weather systems. Given the expense of satellites,
the Coordination Group for Meteorological Satellites (CGMS)*?7 was established in 1972 to
support the global coverage of geosynchronous weather satellite data.**®

Although GEOs are considered a staple of remotely-sensed weather observations, they do
have some drawbacks, including their relatively lower data resolution, given their distance away
from the Earth determined by their orbital radius. Weather systems near the poles are also more
difficult to observe in GEOs, since they fall near the edge of the viewing domain with increased
parallax error. These shortcomings are where LEOs shine. They orbit much closer to the Earth’s

surface, enabling an orbital period of approximately 2 hours or less. As the Earth rotates under

the orbit, the sensors aboard the LEOs sweep across the planet and collect data in high-resolution
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swaths, like peeling an apple with a paring knife. Some LEOs fly along polar orbits, whereas
others follow sun-synchronous orbits, the latter of which enable data collection at a given
location at approximately the same time each day. The primary drawback of LEOs is of course
the more temporally-discrete data that is collected within these limited swaths. Whereas GEOs
can watch the evolution of weather systems across an entire hemisphere at intervals of a few
minutes, LEOs may only observe a specific storm twice within a 24-hour period. Thus, although
the data from LEOs have a higher spatial resolution, the lower temporal resolution must be
compensated by integrating the data from a constellation of LEOs or through algorithms that
stitch and blend data from other sources.

Radars and satellites have revolutionized the technoscience of meteorology by enabling
remote sensing of weather observations, extending the reach of sensory perception of the
atmosphere beyond immediate surroundings. But even more importantly, the data derived from
radars and satellites occur not only at a point but across an area, and when different wavelengths
of electromagnetic radiation are leveraged, that area can be sensed at different depths in the
atmosphere, adding entirely new dimensions to the data analysis. However, gaps in data still
exist: radars are range limited, GEOs cannot see beyond Earth’s curvature, LEOs detect only
strips of data that can often miss the target storm of interest—and all are temporally limited to a
certain extent. So even with all of their benefits, the remote sensing technologies of radar and
satellite still cannot fully address the problem of spatiotemporal scale introduced at the start of
this chapter: How can we reconcile the micro-macro disconnect between the meteorological

observation at a point and the four-dimensional structure of an evolving weather system?
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3.1.4 A GLOBAL NETWORK OF LOCAL DATA POINTS

On 25 September 1961, a mere two weeks after Hurricane Carla’s landfall in Texas,
President Kennedy addressed the United Nations General Assembly about nuclear disarmament
in the age of the space race and pointed to weather observation as a means toward which global
cooperation could be achieved:

The new horizons of outer space must not be driven by the old bitter concepts of
imperialism and sovereign claims. The cold reaches of the universe must not become the
new arena of an even colder war. To this end, we shall urge proposals extending the
United Nations Charter to the limits of man's exploration in the universe, reserving outer
space for peaceful use, prohibiting weapons of mass destruction in space or on celestial
bodies, and opening the mysteries and benefits of space to every nation. We shall propose
further cooperative efforts between all nations in weather prediction and eventually in
weather control.??

The foundations of this dream of global cooperation in weather prediction were laid nearly a
century prior, beginning with the International Meteorological Organization (IMO), which was
established in 1873 by national weather services across Europe and the United States. As a
nongovernmental entity, the IMO facilitated the exchange of weather information across national
boundaries during the age of telegraphy, but nations were not compelled to follow set policies.
As Paul Edwards writes,
The IMO case was typical of pre-World War II scientific internationalism. For
seventy-five years, the organization remained a cooperative nongovernmental association
of national weather services. The principle of interaction was explicitly voluntary. As a
result, IMO standards and policies functioned only as recommendations, which nations
were at liberty to refuse or simply ignore. In practice, national identity and independence

often mattered more than international standards, though the polite language of scientific
exchange muted national rivalries.?
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These concerns reflected the geopolitical attitudes of the late nineteenth into the early twentieth
centuries, a time when the world grappled with issues of power, imperialism, and sovereignty.
As the world wars awakened global consciousness to our own potential for self-destruction, and
as the failure of the League of Nations catalyzed the establishment of the United Nations,
questions of politics and power within the context of the sciences came to the forefront of
international deliberations. Some meteorologists in the IMO primarily identified as scientists,
rather than as representatives of a specific nation, preferring to keep the scientific discussions as
apolitical as possible. On the other hand, others within the IMO argued that in order for data
exchange to be of value to research and forecasting, international standards, norms, and policies
should be enforced, insisting that “the road to better science lay through political
commitment.”*3! The deliberations centered on who should be in control of an international
scientific organization: the scientists, or the politicians? With the post-war optimism at a high
and the groundwork of the United Nations laid, the World Meteorological Convention of 1947
determined that a new institution, the World Meteorological Organization (WMO) would be
formed in 1950 as a specialized agency of the United Nations, where “professional status would
remain primary, that nations would retain equal rights as members, and that governments would
not control its deliberations,” but meteorologists could now “call upon the power of government,
via the authority (and the finances) of the UN” to implement policies and standards.*3?

Today, the WMO is headquartered in Geneva, Switzerland and is governed by the World
Meteorological Congress, which meets once every four years and consists of 193 member
nations and territories. One of the crowning achievements of the WMO was the creation of the

World Weather Watch (WWW) in 1963. Consisting of three core components—the Global
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Observing System, the Global Data Processing and Forecasting System, and the Global
Telecommunication System—the WWW established the technological and political
infrastructure to coordinate the collection of global weather observations, process the weather
analyses and forecasts, and then distribute them between weather services around the world.?*
Edwards maintained that the WMO and the WWW ushered in a transition “from voluntarist
internationalism, based on an often temporary confluence of shared inferests, to quasi-obligatory
globalism based on a more permanent shared infrastructure,” which Edwards calls
“infrastructural globalism,” defined as “the more general phenomenon by which ‘the world’ as a
whole is produced and maintained—as both object of knowledge and unified arena of human
action—through global infrastructures.”** Edwards rightfully critiques the notion that
technological advancements like the WWW follow a natural, incremental progression as in the
positivist view of scientific knowledge generation, arguing instead that the entire infrastructural
system of the WWW is an achievement of technopolitics—a testament to the power of political
will feeding back and supporting the development of a physical science:

The World Weather Watch could be understood simply as a series of incremental
improvements in an existing global network, driven by an inexorable process of
technological change (and some of its planners have described it this way). But this is to
misconstrue its significance as a technopolitical achievement. It marked the successful
transfer of key standard-setting and coordinating powers from national weather services
to a permanent, globalist intergovernmental organization. Unlike its many predecessors,
this global data network has persisted now for four decades, gathering momentum as it

grows. It is a genuinely global infrastructure that produces genuinely global information.
Virtually all nations contribute data and receive, in turn, WWW data products.®3?

333 «“World Weather Watch,” World Meteorological Organization, September 10, 2015,
https://public.wmo.int/en/programmes/world-weather-watch.

334 Edwards, “Meteorology as Infrastructural Globalism,” 230.

335 Edwards, 249.
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Thus, we can consider this infrastructural space of weather observations as setting the
condition of possibility for weather analysis. Because our understanding of the physics of the
atmosphere evolved alongside the global infrastructure supporting weather observations, the
development of formal theories of meteorology have historically been skewed toward the

336 particularly in the mid-latitudes of the Northern Hemisphere where the study of

synoptic scale,
meteorology in laboratories, forecast centers, and the halls of academia have historically been
focused. The Norwegian Polar-Front Theory of the Bergen School was a prime example of such
a development. Relatively speaking, meteorology at other spatiotemporal scales and in the
tropics lagged behind, a bias that is not unlike that against the Global South, a phenomenon that
has been exhaustively studied by international relations scholars.**” However, for meteorology,
the mid-latitude synoptic-centric focus of theories and academic curricula are driven not only by
geopolitical biases, but also the infrastructural constraints imposed by the Global Observing
System. For example, during the pre-satellite era, synoptic-scale weather systems were the most
likely to be observed given that surface weather observation stations at major airports were the
primary means by which weather maps were analyzed. The typical distance between airports,
being on the order of several hundred kilometers, allowed for synoptic-scale weather systems to

be resolved.?*® Thus, we see the problem of spatiotemporal scale once again returning to the fore,

manifesting in the natural state of the atmosphere to organize into weather systems at various

99 G

336 Derived from the Greek word synoptikos, meaning “seen together,” “synoptic meteorology” is the subdiscipline
that focuses on the dynamics of weather systems with a horizontal scale of approximately 1,000 km. These weather
systems include mid-latitude high- and low-pressure systems and frontal systems and traditionally include weather
driven by polar jet dynamics. Tropical cyclones fall just below synoptic scale, with tropical meteorology generally
considered its own subdiscipline.

337 For example, see Sinah Theres KloB, “The Global South as Subversive Practice: Challenges and Potentials of a
Heuristic Concept,” The Global South 11, no. 2 (2017): 1-17, https://doi.org/10.2979/globalsouth.11.2.01.

338 This is in contrast to smaller mesoscale weather systems such as thunderstorms, tornadoes, gust fronts, and
microbursts, our understanding of which strongly depended upon the development of remote sensing technologies
such as Doppler radar before dynamical theories were able to be formulated.
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scales across space and time and intertwined with the infrastructural complexities of weather
observing.

The framework of ANT affords us a tool to analyze meteorological observational
networks given the unique juxtaposition of spatiotemporal scales nascent within these networks.
Sismondo describes ANT as a “materialist theory,” in that “science and technology must work
by translating material actions and forces from one form into another.”*

The working of abstract theories and other general knowledge appears a miracle
unless it can systematically be derived from or traced to local interactions, via hands-on
manipulation and working machines, via extractions from original settings, via data, and
via techniques for summarizing, grouping, and otherwise exploiting information. This is
the methodological value of materialism.>*

Within the realm of meteorological data gathering, each observation of temperature, moisture,
wind speed, wind direction, and cloud cover is a depiction of a local data point, tagged in a
specific position in both space and time. It is in the collection and compilation of these local data
points across multiple observational platforms and across multiple geographic and temporal
domains wherein weather information can be inductively “upscaled” into coherent patterns of
storms and weather systems. This “upscaling” would not be possible without each machine and
each human that is involved in collecting, recording, and communicating each local data point;
and yet, this upscaled picture is entirely different than each of its parts. Piecing together a
network of data points involves the work of atmospheric dynamics and meteorological theory,
which provide a conceptual framework whereby coherent patterns of data can become storms
that are tracked, traced, and extrapolated. Thus, a primitive type of predictive power emerges

from the simple scaling up of observational data.>*!

3% Sismondo, 4An Introduction to Science and Technology Studies, 83.
340 Sismondo, 83.
341 The topic of prediction and the process of weather forecasting is the focus of Chapter 4.
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Within the halls of operational weather forecasting centers, it is often said that the best
guidance for making a new forecast is the previous forecast. In other words, the current
diagnostic behavior of a storm can provide useful information for its short-term evolution given
the inertia of the system. If it was sunny today, then it will likely continue to be sunny tomorrow.
If it rained today, then it will likely continue to rain tomorrow. As a first-order approximation,
this type of persistence forecast has some climatological utility, but it obviously breaks down
during rapidly evolving weather scenarios. Sismondo continues, “Universal scientific knowledge
is the product of the manipulation of local accounts, a product that can supposedly be transported
through time and space to a wide variety of new local circumstances. But such universal
knowledge is only applicable through a new set of manipulations that adapt it once again to those
local circumstances (or adapt those local circumstances to it).”**? Likewise, once a coherent
picture of a weather system is derived from individual, local data points, that larger-scale picture
must then be re-translated back down to the local scale in order for the scientific knowledge to
derive power and to have agency. For example, once we know that the westerly winds observed
by the R/V Roger Revelle are part of the southwestern quadrant of a developing tropical cyclone
near the southern tip of India, meteorologists can then ask, “Where will the developing tropical
cyclone go? And how intense will it become?”” A few days later, that tropical cyclone would
move into the Arabian Sea and affect the local communities across western India and Pakistan.
Any information about the storm’s potential impacts to those local communities—and the
subsequent preparedness and response actions from local officials who are spurred to action by
this information—require the re-translation of the larger-scale picture of the storm back down to

the local scale.

342 Sismondo, An Introduction to Science and Technology Studies, 83.
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Latour often critiques the use of “social context” to describe the mystical ether within
which subjects and objects supposedly interact with its so-called “social” surroundings. This type
of sociological discourse often follows studies of science and scientists, but at what point can the
science or scientists be divorced from the “society” within which they inhabit and have agency?
Latour summarizes the aforementioned problem of spatiotemporal scale as applied to sociology
with this quote, initially introduced in Chapter 1: “When you put some local site ‘inside’ a larger
framework, you are forced to jump. There is now a yawning break between what encloses and
what is enclosed, between the more local and the more global.”*** This notion is analogous to a
primitive understanding of storm dynamics, wherein a storm is treated as a static object, with its
motion merely a result of being advected by the surrounding winds in its environment. This type
of approximation may suffice for a first-order, persistence forecast based on climatology, but it
absolutely does not capture the reality of the complex, dynamical interface between the storm
and its environment. A storm is not a static, impermeable object; rather, it is an ever-changing
fluid entity that may have discrete features but ultimately blends seamlessly with the macroscale
environment it inhabits. Thus, although it may be convenient to quantify the structure and
intensity of a storm, to measure its dimensions and describe its evolution through time, such
quantifications are based upon rather nebulous and sometimes arbitrary definitions of the
boundaries of the storm. Upon further investigation, the storm and the environment are one and
the same, with the fluid interactions at the storm-environment interface occurring on the local
scale. Hence, we see the importance of what Latour calls “localizing the global” and
“redistributing the local:”

The reason why it’s so important to practice this symmetric operation is that once

both corrective movements are done in succession, another entirely different
phenomenon will move to the foreground: our attention will begin to concentrate on the

343 Latour, Reassembling the Social, 173.
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“connectors” that will then, and then only, be allowed to freely circulate without ever
stopping at a place called “context” or “interaction.” When the two moves are carried out
together, the social world will begin to transform itself for good; it will take a new and
more plausible shape—a shape that allows one to travel without sudden hiccups, a shape
that might lend itself to the later work of assembling, collecting, and composing.34*
I argue that this methodological vision of sociology can and should be applied to not only studies
of the technoscientific field of meteorology, but also applied in spirit by meteorologists in their
studies of the atmosphere itself. It can be tempting to artificially discretize and draw boundaries
between a storm and its environment in order to facilitate quantitative hypothesis testing to yield
statistically significant results—in fact, this practice could even be considered a pre-requisite for
applying the traditional scientific method of classical physics to atmospheric research. However,
some element of holistic insight into the complex system that comprises the atmosphere as a
whole is lost as a result.>*> So how do we address this methodological conundrum?

Returning to the primary thesis of this dissertation, we must remind ourselves as
researchers and practitioners that although the scientific method based upon logical positivism
has given us great insight into the physical workings of the atmosphere, such quantitative
methods are necessarily bound by assumptions and definitions that artificially constrain the
complexity of the real atmosphere. These constraints, then, leave room for epistemological value
to be gained by other more subjective, qualitative, or interpretive methods that either account for
a greater proportion of the complex system or that capture modes of thinking that extend beyond

the mathematical. In the subsequent two sections, we will explore the value of subjective weather

map analysis as well as the utility of pattern recognition in as technical an operation as tropical

344 Latour, 192-93.

3% This is analogous to parcel theory, introduced in Chapter 1, which artificially discretizes the atmosphere into
invisible parcels of air. This theoretical practice facilitates quantitative calculations and the development of
thermodynamic and kinematic theories in meteorology, but the adiabatic assumption of no heat transfer between the
hypothetical air parcel and its environment breaks down in the real atmosphere, introducing errors in the process.
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cyclone analysis. By doing so, we evaluate the artistic contributions to the technoscience of
meteorology and situate the value of such contributions within the modern infrastructure of

weather observation.

3.2 Weather Map Analysis
3.2.1 THE MAP ROOM

Bespectacled meteorologists in their dress shirts and pressed slacks, huddled around rows
of black-and-white DIFAX maps hanging on the wall, staring intently at a live satellite feed,
gently tapping their feet to the rhythm of the clouds, enveloped in the musty smell of old charts
and books... This is a common scene from a “map room,” where meteorologists traditionally
gather to deliberate and pore over the latest weather data streaming in from a variety of
observational sources. Harkening back to the days when people huddled around the map of the
country in the lobby of the Smithsonian, the map room is the sacred sanctum sanctorum of any
weather office, a place where the current weather is diagnosed and where the future weather is
conjured in the minds of the forecasters. Academic institutions of meteorology often provide a
space that simulates an operational map room, allowing for the monitoring of active weather
systems while also doubling as a lounge for students to socialize in a supportive environment of
mutual learning and to work on their laboratory assignments. The map room is to the
meteorologist as the dissection table is to the biologist, a place where the pulse of science beats
with a meditative ambience that is as regular as the 24-hour clock on the wall that marks the
passage of each synoptic hour.

The essence of a map room is an open space, one that embodies open dialogue and

collaboration. Most operational weather forecast centers also have computers situated around a
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“forecast floor,” which operates similarly to a map room. Cubicles are often nowhere to be
found, except in administrative offices that support the primary operations. As Gary Alan Fine
writes, this open workspace “suggests a critical difference between public science and academic
science. There is no place of retreat; the individual worker is not treated as an autonomous
creator of knowledge but as an organizational cog, part of a corporate enterprise with only the
local culture to provide some measure of autonomy.... The structure of weather service offices
emphasizes that these workers are producing collective products, not linked to personal
perspectives, leaving only the writing of the forecast as a matter on which a forecaster can place
his stamp.” But even academic science has borrowed this open culture of collaboration with the
presence of well-equipped map rooms. Rather than meteorologists just being an “organizational
cog,” doing the bidding of bureaucratic policies and standard operating procedures, I argue that
the practice of weather analysis is necessarily collaborative. The analyst must wield the power of
artistic license and subjective interpretation in a way that best represents concrete, observational
data, and the path to success is through vigorous discussion with peers on the forecast floor or
map room.

Over the decades, within these map rooms, meteorologists developed their own jargon
that departed from the more rigorous vocabulary of fluid dynamics theory. Planetary Rossby
waves became “longwaves,” mid-tropospheric vorticity maxima became “vort maxes,” and
projected states of the future atmosphere became “progs.” This jargon would not be
understandable to researchers training in traditional fluid dynamics; they are to be found only in
the language of operational forecasters and to students of forecasting who have regularly spent
time on a forecast floor or map room. This jargon is a manifestation of the idioculture of a map

room, which Fine defines in his earlier work as “a system of knowledge, beliefs, behaviors, and
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customs shared by members of an interacting group to which members can refer that serves as
the basis of further interaction. Members recognize that they share experiences, and these
experiences can be referred to with the expectation that they will be understood by other
members.”*¢ Idioculture can differ from macroscale cultural norms, such as the Mertonian
norms of science. Along the same vein as Latour’s concept of localizing the global, Fine
admonishes that a “view of culture separated from interaction arenas downplays the local
knowledge that structures action,” and that ultimately, “cultures are grounded in local
interaction, and as a result we must focus on those spaces in which work gets done—shopfloor
cultures.”**7 It is within these map rooms and forecast floors that the value of artistic
interpretation of weather data takes center stage, complementing the quantitative methods of

numerical weather analyses.

3.2.2 ISOPLETHS AND STREAMLINES

In our discussion of weather observing thus far, we have demonstrated the pervasive and
all-encompassing nature of the micro-macroscale dilemma that we have heretofore referred to as
a problem of spatiotemporal scale. Deriving areal information about a weather system from in-
situ point data is a non-trivial process. It is aided by radar and satellite remote sensing, but to
fully render the current state of the atmosphere in a way that is digestible to the human mind,
comprehensive maps of data must be generated by compiling from numerous in-situ and
remotely sensed data sources. The process by which point data is converted into two-dimensional

contours on a map is often referred to in meteorology as the “analysis” process. Long before the

346 Gary Alan Fine, With the Boys: Little League Baseball and Preadolescent Culture (Chicago: University of
Chicago Press, 1987), 125.
347 Fine, Authors of the Storm, 69.
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advent of objective numerical weather prediction techniques, which is addressed in Chapter 4,
subjective techniques of weather analysis were developed as a means to partially solve the
problem of spatiotemporal scale.

One of the most valued, traditional skills of a meteorologist is the ability to draw
subjectively interpolated contour lines of mean sea-level pressure, geopotential heights,
temperature, dewpoint, and other atmospheric variables by hand using point data from weather
stations plotted on a geographic map. Usually involving a large box of colored pencils and
erasers, this type of subjective hand-analysis technique is known as isoplething, which for the
majority of the twentieth century served as the primary means by which meteorologists analyzed
and “digested” the current data or initial conditions of weather systems. Resembling a
topographic map, isobars—or isopleths of constant pressure—are often drawn in the mid-
latitudes to diagnose the structures of weather systems near the surface, and with the application
of geostrophic and quasi-geostrophic theory, can be used to infer the directionality and time
evolution of winds. However, in the tropics, where these theories break down due to the Coriolis
force imparted by the Earth’s rotation being an order of magnitude less, another technique called
streamline analysis is implemented, which are a series of lines tangent to the path of the wind
from a ground-relative (or Eulerian) perspective.

Although these initial condition analysis methods are effective and one’s ability to
perform this task well has been considered a true test of the skill of a meteorologist, the
subjectivity of the technique and its difficult reproducibility renders this more of an art than a
science. As advancements in numerical weather prediction continue to accelerate and develop as
a science unto itself, major questions arise: Are conceptual, subjective techniques such as the

hand-analyses of isobars and streamlines still a valuable diagnostic technique? At what point will
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objective techniques from high-resolution global numerical weather prediction models surpass
the skill of the human forecaster? If that time has already come, then what added value does the
meteorological analyst on a forecast floor provide? What will become of the role of the human
analyst in the not-so-distant future as meteorological applications of machine learning, artificial
intelligence, and quantum computing techniques mature? For a meteorologist, the ever-
improving computing tools evoke these serious professional concerns and ontological questions

that cut to the heart of what it means to be a weather observer, analyst, or forecaster.

3.2.3 THINKING IN FOUR DIMENSIONS

Analyzing the weather is more than just collecting data. There is something almost
magical about the act of connecting point data and having a dynamical, multi-dimensional map
jump out from the data. Like viewing a magic eye poster, a properly analyzed weather map
allows for a macroscale picture to emerge from an otherwise noisy and meaningless field of
microscale data points. A horizontal weather map analyzed at a specific elevation or pressure
level can then be “stacked” with maps at other elevations and pressure levels to provide a three-
dimensional picture of the atmosphere. Further analyses performed at different times and then
conceptually threaded together to capture the time evolution of weather systems effectively
allows the analyst to build a four-dimensional diagnostic picture of the atmosphere.

Regardless of the quantitative advantage of subjective versus objective analysis
techniques in this era of modern computing, I argue that the practice of subjective map analysis
still holds qualitative value in training the analyst to mentally process data and think four
dimensionally. The act of connecting dots of in-situ point data, interpolating gradients of values,

and mentally merging both in-situ and remotely sensed data can help the analyst visualize and
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internalize details of the initial state of the atmosphere that may otherwise be overlooked if he or
she simply took a computer-analyzed map at face value. Furthermore, because human forecasts
depend upon that human’s proper analysis of the initial state of a weather system, constructing an
accurate mental image of that initial state is as important as performing an accurate map analysis.
In other words, even if an objectively-analyzed, computer-generated analysis were more
quantitatively “accurate,” if the human forecaster does not properly internalize the initial state of
the atmosphere conceptually, the accuracy of his or her forecast would also be degraded. Thus,
the qualitative value of hand-analysis techniques holds even if their quantitative value relative to
objective techniques comes into question.

Tim Vasquez writes, “Hand analysis is an activity that heightens one’s own situational
awareness. It causes the analyst to immerse oneself in the data and integrate all of the
information into a unified picture of the atmosphere. Information is gained by the process, not
the result.”*® This emphasis on process rather than result is an important paradigm that seems at
first to be contradictory to the traditional scientific method, but as we have demonstrated through
the application of complexity theory and the framework of ANT, process and relations can often
provide important insight and value, even if they are more difficult to quantify.

Analysts who master the art of hand analysis often claim to gain an intuitive edge over
those who may default to only using computer-analyzed maps, particularly in scenarios when
there is a split in computer model guidance wherein there is near-equal probability of different
weather scenarios playing out into the future. Particularly for chaotic systems that are naturally

sensitive to minute changes in initial conditions, as long as human forecasters are still in the

3% Tim Vasquez, Severe Storm Forecasting, 1st ed. (Garland, Tex: Weather Graphics, 2009), 10-11.
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business of prediction, a conceptual grasp of the initial state of a forecast is a necessary
prerequisite for properly using quantitative tools.

The intuitive edge afforded by a proper hand analysis cannot be physically quantified, so
as computing technology continues to advance, the art of hand analysis has gradually begun to
lose its academic and operational luster. For the vast majority of meteorologists, hand analysis is
quickly becoming a lost art, one that is taught in academia as a 101-level assignment but is rarely
used operationally. Only a small handful of operational forecast centers today preserve the art of
hand analysis.** That said, it is unique among modern quantitative sciences that there still exist
some methods of operational weather analysis that fall into the gray area between quantitative
and qualitative techniques, being quantitative in practice but qualitative in essence, but still
demonstrating sufficient value against more objective techniques. One such method is the
Dvorak Technique of tropical cyclone intensity estimation, which we will explore in the

following section.

3.3 Observing and Diagnosing Tropical Cyclones
3.3.1 DUALITY OF DISCRETENESS AND CONTINUITY IN OPERATIONS

No discussion of the superposition of science and art in weather analysis would be
complete without a focus on tropical cyclones. Within the spatiotemporal spectrum of
atmospheric phenomena, tropical cyclones are considered sub-synoptic scale, but are large

enough to be influenced by the Coriolis force.*>* Of the many types of storms that are known to

349 As of this writing, mesoscale meteorologists at the Storm Prediction Center in Norman, Oklahoma and tropical
meteorologists at the Joint Typhoon Warning Center in Pearl Harbor, Hawaii are two forecast centers that still
regularly practice the art of hand analysis as part of daily operations.

350 This results in tropical cyclones rotating counterclockwise in the Northern Hemisphere and clockwise in the
Southern Hemisphere.

161



exist, tropical cyclones are the most devastating, given their wide swath of characteristically high
winds and storm surge that can last from hours to days, wreaking havoc across large areas of
ocean and land across the tropical and subtropical regions of the world. Known as hurricanes in
the North Atlantic and Northeast Pacific and as typhoons in the Northwest Pacific, tropical
cyclones are an ideal object of study for our analysis of weather operations. They are also useful
when exploring the value of forecasts, which we will consider in Chapter 4.

Our analysis is facilitated by the “discreteness” of tropical cyclones, which is unique
among weather systems, allowing them to be individually tracked and named. This discreteness
allows tropical cyclone analyses and forecasts to be operationally distilled down to three primary
descriptors: position, intensity, and size. These descriptors correspond to the meteorological
variables of tropical cyclone motion or track, maximum sustained wind speed, and wind field,
which are relatively easier to describe both qualitatively and quantitatively compared to other
meteorological phenomena such as visibility, ceiling heights, freezing level, etc. Given their
relatively discrete nature, tropical cyclones can also be easily counted, with frequency of
occurrence being used in studies of interseasonal and intraseasonal climatological
teleconnections and as a proxy to detect changes in cyclone activity on longer climate change
time scales.

Operationally, by agreement through the WMO,*! analyses of tropical cyclones by the
United States are issued every six hours by synoptic time plus three hours (03Z, 09Z, 15Z, 217),
with each analysis cycle consisting of the forecaster’s determinization of the cyclone’s initial

position (latitude and longitude of the low-level circulation center), the maximum sustained

351 “Tropical Cyclone Programme,” World Meteorological Organization, accessed August 18, 2019,
https://www.wmo.int/pages/prog/www/tcp/operational-plans.html.
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winds, and the 34-/50-/64-knot wind radii.’*? In an operational setting, where time pressure and
data scarcity often reign supreme, this initial analysis is just a “best guess,” more formally
known as the real-time best track dataset. This real-time best track is typically determined by a
trained tropical cyclone forecaster, based on multiple sources of data to include in-situ
observations as well as remotely-sensed data. This process kicks off the so-called tropical
cyclone “warning” or “advisory” cycle.’3 After analyzing the initial position, initial intensity,
and initial wind field, the tropical cyclone forecaster will typically submit that information in a
so-called “Tropical Cyclone Vitals” file to numerical modeling centers to initialize computer
models for use in the following synoptic time. This injects human analysis into an otherwise
automated computing task, which once again demonstrates the value of the superposition of
subjective and objective techniques within the tropical cyclone analysis process.?>

Each tropical cyclone analysis cycle also includes the production of a forecast, and most
of the reputable forecast agencies around the world issue point forecasts for tropical cyclone
position, intensity, and wind field at 6, 12, 24, 36, 48, 72, 96, and 120 forecast hours (i.e., out to
five days). As a tropical cyclone progresses through its life cycle, the forecast is updated every

six hours, and forecast error can be calculated for both track and intensity. Mean departures from

352 “National Hurricane Operations Plan” (Washington, DC: Office of the Federal Coordinator for Meteorological
Services and Supporting Research, May 2020).

333 The Joint Typhoon Warning Center calls routine six-hourly tropical cyclone forecasts “warnings,” whereas the
National Weather Service calls those forecasts “advisories.” This difference in terminology is due to differences in
mission. As part of the civilian National Weather Service, the National Hurricane Center and the Central Pacific
Hurricane Center must issue public “warnings” such as “hurricane warnings” and “tropical storm warnings” along
coastlines to alert the public of impending tropical cyclone conditions. The Department of Defense, of which the
Joint Typhoon Warning Center is a part, does not have a public warning mission, so that term is used to refer to the
tropical cyclone forecast package.

354 This superposition of human and computer analysis can be viewed through the lens of cybernetics, a topic that is
raised in Chapter 4.
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the best track can be calculated using various statistical methods against the operational agency

355 356,357

forecasts>>> as well as the numerical weather prediction model forecasts.
This regular six-hourly cycle of tropical cyclone analysis and forecasting injects a steady
element of spatiotemporal discreteness into tropical cyclone operations. But in reality, storms are
continuous phenomena and their behavior may not necessarily coincide with the artificial six-
hourly time steps that are imposed upon their life cycles. Because rapid fluctuations in storm
behavior can affect emergency management and preparedness efforts ahead of a tropical cyclone
landfall, operational forecast centers have tried to adapt to such situations by allowing for
updates in between analysis cycles. This is particularly important given the fact that the WMO-
established three-hour window beyond synoptic time results in tropical cyclone forecasts being
already three hours old upon issuance. The National Hurricane Center will routinely issue partial
“intermediate advisories” at the three-hour mark in between six-hourly full advisory packages,**8
and the Joint Typhoon Warning Center will also issue three-hourly tropical cyclone position
updates known as “JTUPs” when a tropical cyclone threatens one of six major military
installations in the Northwest Pacific.3%

Because of the continuity of fluid changes in the atmosphere, regardless of how frequent

the updates, there will always be scenarios that fall in between operational actions, which then

355 WWRP/WGNE Joint Working Group on Forecast Verification Research, “Verification Methods for Tropical
Cyclone Forecasts” (World Meteorological Organization, November 11, 2013).

356 J. T. Heming, “Tropical Cyclone Tracking and Verification Techniques for Met Office Numerical Weather
Prediction Models,” Meteorological Applications 24, no. 1 (2017): 1-8, https://doi.org/10.1002/met.1599.

357 Wenqing Zhang et al., “An Integrated Approach for Assessing Tropical Cyclone Track and Intensity Forecasts,”
Weather and Forecasting 32, no. 3 (March 9, 2017): 969-90, https://doi.org/10.1175/WAF-D-16-0161.1.

358 These intermediate advisories are issued when a tropical storm or hurricane watches and warnings are issued for
a coastline.

359 JTUPs are issued when the tropical cyclone passes within 180 nautical miles of Andersen Air Force Base,
Kadena Air Base, Fleet Activities Sasebo, Fleet Activities Yokosuka, Marine Corps Air Station Iwakuni, and Cheju
Do. JTUPs are also issued when at least one of those installations sets Tropical Cyclone Condition of Readiness II or
when directed by U.S. Indo-Pacific Command.
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requires forecasters to “catch up” to nature by either modifying or amending an existing forecast.
Such is the challenge of having to issue temporally discrete, deterministic forecasts for a
continuous, chaotic, and probabilistic system. But before delving into the forecast process, the
first task of a tropical cyclone forecaster is to diagnose a cyclone’s initial position, intensity, and
wind field. Given the technological advancements in weather observations over the last several
decades, it may come as a surprise to some that this diagnostic process can often be a rather

subjective endeavor, requiring forecasters to rely heavily on pattern recognition and intuition.

3.3.2 INITIAL POSITION

The initial position is arguably the first and most important variable to consider when
analyzing a tropical cyclone, because without knowing where the center of circulation is,
forecasts regarding the future motion of the storm would be rendered meaningless.
Operationally, the center of circulation of a tropical cyclone is defined at the level of the surface
wind field, because that is the level where the cyclone’s impacts are felt. But because tropical
cyclones are three-dimensional phenomena, the structure of the circulation can tilt and deform
with altitude depending on the environmental conditions surrounding the cyclone. In the
presence of vertical wind shear,**° the mid- to upper-tropospheric center of circulation can be
significantly displaced from the position of the low-level or surface circulation. In open ocean
regions where there is a dearth of in-situ wind observations, satellite imagery becomes the
primary data source for determining the position of the low-level circulation center (LLCC) of a

tropical cyclone.

360 In meteorology, vertical wind shear is defined as the vector difference between upper-level and lower-level
winds. In other words, vertical wind shear is the change in wind direction and speed with height.
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Most tropical cyclone forecast centers will typically have a satellite analyst independently
determine a “satellite fix” outside of the primary tropical cyclone forecaster’s real-time best track
process. This is to preserve the benefit of having a satellite data analysis process that is
independent of other factors that may play into the forecaster’s qualitative thinking (e.g., forecast
consistency, smoothing of track, persistence). This satellite fix is an estimate of the LLCC
position based purely on satellite imagery. For intense tropical cyclones with a well-defined eye,
this process is simple; but for the vast majority of cyclones of weak to moderate intensity,
performing a satellite fix is a non-trivial process that requires pattern recognition skills, a good
bit of intuition, and plenty of squinting at a geostationary satellite animation displayed on a
computer monitor. Sometimes, a LLCC cannot be identified in a geostationary satellite image,
owing to a canopy of cirrus clouds that may obscure the surface structure of a developing
tropical cyclone. In those cases, microwave imagers and scatterometry sensors flying aboard
LEOs, which can see through cirrus canopies, become crucial to the positioning of the LLCC.
However, as we have previously discussed, LEOs only provide sporadic data over a specific
location (up to twice a day), and with a moving storm, proper sampling of the data is not
guaranteed. So satellite analysts and tropical cyclone forecasters routinely need to mentally
extrapolate LEO data through space and time to match the specific advisory or warning cycle,
depending upon when the LEO snapshot is available.

The process of qualitatively determining the position of the LLCC via satellite imagery,
the need to spatially and temporally extrapolate from different satellite sources, and the tropical
cyclone forecaster’s final decision on the real-time best track position based upon a combination
of independently-derived satellite fixes and other sources of in-situ data such as surface or ship

observations—all point to a harsh reality: The entire quantitative tropical cyclone forecast
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package is built upon the qualitative determination of the cyclone’s initial position! This reality
may be a tough pill to swallow for staunch positivists, but this is the starting point for all tropical
cyclone operations. Whereas the operational value of subjective hand-drawn streamline analyses
may be debatable as computer models improve into the future, the importance of intuition and
pattern recognition in satellite imagery analysis is undeniable. I have personally witnessed many
forecasters make a subjective assessment of a nascent tropical cyclone’s development potential
simply based on the “look™ it has in satellite imagery. This “look™ is difficult to quantify, but it is

absolutely critical for the next step in the diagnostic process: assessing the cyclone’s intensity.

3.3.3 INITIAL INTENSITY

Tropical cyclone intensity is defined as the “maximum sustained surface wind” averaged
over a certain duration of time. In the United States, tropical cyclone forecasting agencies use a
one-minute average wind hypothetically measured at ten meters above open ocean. The
international WMO standard is a ten-minute average, adopted by forecast centers such as the
Japan Meteorological Agency. Others such as the India Meteorological Department and the
China Meteorological Administration®! use a three-minute and two-minute average,
respectively.’®? The longer the duration of wind averaging, the lower the average wind speed,
given the nature of wind gusts being instantaneous outliers that are “washed out” with longer
averages. This leads to national and institutional differences in tropical cyclone intensity

databases, but approximate correction factors have been identified to convert between different

361 Ming Ying et al., “An Overview of the China Meteorological Administration Tropical Cyclone Database,”
Journal of Atmospheric and Oceanic Technology 31, no. 2 (February 1, 2014): 287-301,
https://doi.org/10.1175/JTECH-D-12-00119.1.

362 For a comprehensive introduction to global tropical cyclone best track databases, see Hamish Ramsay, “The
Global Climatology of Tropical Cyclones,” Oxford Research Encyclopedia of Natural Hazard Science, May 24,
2017, https://doi.org/10.1093/acrefore/9780199389407.013.79.
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databases. Setting aside these differences in wind averaging, are there any issues that would
challenge the seemingly uncontroversial, quantitative definition of tropical cyclone intensity?
Are there any subjective externalities of the tropical cyclone intensity diagnostic process? To
answer these questions, we will investigate how tropical cyclone intensity is determined in a
real-time, operational context.

In the North Atlantic, the U.S. Air Force and NOAA routinely fly “Hurricane Hunter”
flights into tropical cyclones that threaten the United States, Central America, and the Caribbean.
These aircraft provide in-situ flight-level and dropsonde measurements of wind speed, which are
delivered to forecasters at the National Hurricane Center for analysis. These in-situ
measurements, along with the Stepped Frequency Microwave Radiometer aboard some of the
aircraft, have become the most reliable source of tropical cyclone intensity assessment for the
National Hurricane Center. However, due to limited resources, not all tropical cyclones can be
sampled by the “Hurricane Hunters.” In the Central Pacific, the “Hurricane Hunters” are
deployed only to certain tropical cyclones that threaten the Hawaiian Islands, and in the
Northwest Pacific, regular flights by the 54" Weather Reconnaissance Squadron from Andersen

363 Furthermore, an

Air Force Base on Guam were discontinued in 1987 due to funding cuts.
ironic consequence of effective tropical cyclone forecasting is that mariners are warned to leave
the area, so an accurate forecast effectively directs in-situ data points at sea to “run away” from

the storm! Thus, for the vast majority of tropical cyclones around the world, intensity is

diagnosed purely from satellite-derived data.

363 “Alircraft Reconnaissance,” Hurricanes: Science and Society, accessed September 13, 2021,
http://www .hurricanescience.org/science/observation/aircraftrecon/.
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By far the most significant contribution to satellite-based tropical cyclone intensity
estimation in the history of meteorology is the Dvorak Technique.?** Universally adopted by
tropical cyclone forecast centers around the world and having endured for fifty years, this
technique “has likely saved tens of thousands of lives in regions where over one billion people
are directly affected by [tropical cyclones],” and its “practical appeal and demonstrated skill in
the face of tremendous dynamic complexity place it among the great meteorological innovations
of our time.”*%> Vernon Dvorak developed his landmark technique when he was a government
meteorologist in the Synoptic Analysis Branch of the Environmental Science Services
Administration in Washington, DC. By poring over countless satellite images of tropical
cyclones at the dawn of the satellite era, Dvorak empirically recognized that a relationship exists
between a tropical cyclone’s cloud pattern and its intensity. Moreover, he discovered that
qualitative pattern recognition and subjectively-derived quantitative descriptors of a tropical
cyclone’s satellite signature could be combined with a conceptual model of tropical cyclone
intensity change to yield accurate estimates for maximum sustained surface winds.

At first glance, the Dvorak Technique consists of a complicated set of flow charts, tables,
and reference diagrams, but with proper training, it is beautiful in its simplicity and elegance,
recognized for its “absolute accuracy” and “internal consistency.”*®¢ According to the Dvorak

Technique, once the analyst determines the location of the LLCC based on satellite imagery,*¢’

364 Vernon F. Dvorak, “Tropical Cyclone Intensity Analysis and Forecasting from Satellite Imagery,” Monthly
Weather Review 103, no. 5 (May 1, 1975): 420-30, https://doi.org/10.1175/1520-

0493(1975)103<0420: TCIAAF>2.0.CO;2.

365 Christopher Velden et al., “The Dvorak Tropical Cyclone Intensity Estimation Technique: A Satellite-Based
Method That Has Endured for over 30 Years,” Bulletin of the American Meteorological Society 87, no. 9
(September 1, 2006): 1195-96, https://doi.org/10.1175/BAMS-87-9-1195.

366 Velden et al., 1197.

367 There is currently a debate among some operational tropical cyclone experts about whether or not the location of
the LLCC should be purely based upon satellite imagery as it was in the original Dvorak Technique. When the
technique was designed, the presence of high-resolution LEO data such as scatterometry was not yet available, so
satellite analysts were limited to only GEO satellite imagery when trying to find the LLCC. However, in the modern
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the intensity estimation proceeds according to this three-step process: (1) A qualitative
assessment of the 24-hour change in intensity based upon changes in the structure of cloud
features is performed (Model Expected T-number), (2) the current cloud structure is compared to
a table of cloud pattern schematics (Pattern T-number), and (3) a series of quantitative but
subjective measurements of satellite imagery is performed depending on the “scene type” of the
cyclone, such as the curved band technique,®® the eye technique, or the shear technique (Data T-
number). These T-numbers range from T1.0 to T8.0, with the former being assigned to the
weakest of tropical disturbances and the latter corresponding to maximum sustained winds of
170 knots. T4.0 approximately corresponds to the threshold hurricane and typhoon intensity of
65 knots. These T-numbers are normalized to the average climatological rate of intensification
for a typical tropical cyclone, increasing at about one T-number per day. Once the various T-
numbers are assigned, the analyst makes a subjective determination of the Final T-number based
on which of the above is the most representative while applying a series of constraints to control
the possibility of extreme outliers, and a “Current Intensity” T-number is determined. This is

then converted into the tropical cyclone intensity assessment in knots.>¢

age, other sources of data outside of GEOs allow for the analyst to more accurately determine the location of the
LLCC. Some experts now think that because the Dvorak Technique was developed with the assumption that the
location of the LLCC is known, a purist definition of using only GEO satellite imagery to locate the LLCC is no
longer necessary and that using all available methods to find the actual LLCC before proceeding with the Dvorak
intensity estimation process would yield more accurate results.

368 The curved band scene type analysis technique is perhaps the most interesting, given its novel quantitative-but-
subjective approach. To perform this analysis, the satellite analyst takes a 10-degree logarithmic spiral printed on a
transparent plastic sheet, physically holds it up to a computer monitor with an infrared satellite image displayed, fits
the spiral to the curvature of the convection within the tropical cyclone, and counts the distance of the convection
along the curve in octants. This number is then converted into a Data T-number. Although this technique is
considered one of the more quantitative within Dvorak Technique, it is ultimately still subjective given that the
fitting of the logarithmic spiral to the curved convection on the satellite imagery is a matter of the satellite analyst’s
opinion. Other scene types such as the eye technique can be more objective, but the curved band technique is more
frequently used since it applies to the majority of tropical cyclones that do not yet have a well-defined eye. At first
glance, holding up a sheet of plastic to a satellite image on a computer monitor may seem like an arcane, unscientific
endeavor, but this technique has proven time and time again to be one of the best methods of estimating tropical
cyclone intensity without aircraft reconnaissance!

3%9 Velden et al., “The Dvorak Tropical Cyclone Intensity Estimation Technique,” 1198-99.
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Because Vernon Dvorak hailed from the episteme of operational meteorology, his

23370

research has been lauded for its “straightforward and logical methodology”>’" and for being

“consistent” and “reproducible.””! Through the 1980s and 1990s, “there was a concerted WMO

training effort to educate forecasters in the use of proven/standard techniques for tropical cyclone

99372

forecasting, including the Dvorak technique,”’? with some minor regional modifications.>”®

Today, Dvorak’s legacy continues as the global standard for satellite-based tropical cyclone
intensity estimation. Even though his technique is neither objective nor quantitative relative to
modern computational standards, it has withstood the test of time by brilliantly tapping into an
innately valuable aspect of subjective tropical cyclone intensity analysis—that of using pattern
recognition to capture aspects of physical theory without necessarily requiring the analyst to
consciously apply that theory:

The technique relies on four distinct geophysical properties that relate organized
cloud patterns to [tropical cyclone] intensity. Two are kinematic, vorticity and vertical
wind shear, and two are thermodynamic, convection and core temperature. The strength
and distribution of the circular winds (and by implication, vorticity) in a [tropical
cyclone] organizes the clouds into patterns that Dvorak relates to the [maximum surface
wind]. External (environmental) shear is a kinematic force that acts to distort the vorticity
(and hence, the cloud pattern). Dvorak found that the degree of distortion was also related
to the [maximum surface wind]. Convection in the bands of the outer core of the cyclone
also figures in the cloud pattern recognition and scene type assignment. Using satellite-
measured [infrared] cloud-top temperatures in the [tropical cyclone] inner core, the
technique relates convective vigor to intensity.3’*

Studies have shown that the Dvorak Technique is both accurate relative to in-situ aircraft

reconnaissance observations of maximum sustained surface winds and internally consistent

370 Velden et al., 1197.

371 John A. Knaff et al., “An Evaluation of Dvorak Technique-Based Tropical Cyclone Intensity Estimates,”
Weather and Forecasting 25, no. 5 (October 1, 2010): 1362, https://doi.org/10.1175/2010WAF2222375.1.

372 Knaff et al., 1363.

373 Christopher Velden et al., “Supplement To: The Dvorak Tropical Cyclone Intensity Estimation Technique: A
Satellite-Based Method That Has Endured for over 30 Years,” Bulletin of the American Meteorological Society 87,
no. 9 (September 1, 2006): S6-9, https://doi.org/10.1175/BAMS-87-9-Velden.

374 Velden et al., “The Dvorak Tropical Cyclone Intensity Estimation Technique,” 1197.

171



across individual human analysts and different tropical cyclone forecast agencies with
remarkably small biases.>” Any biases and errors that do exist as a function of tropical cyclone
intensification rate, latitude, size, translation speed, and other variables are well known but do
not preclude this technique from being the primary method of tropical cyclone intensity
estimation in the absence of in-situ aircraft reconnaissance.>’ In recent decades, researchers have
developed automated and objective versions of the Dvorak Technique,®”” but they too come with
their own set of operational strengths and weaknesses, so they are primarily used as guidance to
supplement a forecaster’s tropical cyclone intensity assessment rather than to fully replace the
subjective Dvorak Technique.

The fact that the Dvorak Technique has endured for so long and has been accepted by the
global meteorological community even as objective computing techniques have dominated the
field is a testament to its novel and unique methodology. It is a prime example of the advantages
that emerge when quantitative empiricism is effectively combined with qualitative analysis. At
first glance, the Dvorak Technique should make staunch positivists uncomfortable. The first time
I personally witnessed a satellite analyst physically hold a 10-degree logarithmic spiral printed
on plastic transparency paper up to a computer monitor was a moment I will never forget. It
forced me to question the presumed essence of meteorology as a quantitative science. How could
it be that with all the advances of supercomputers, multivariate calculus, and multibillion-dollar
observation tools, a method based upon subjective human pattern recognition can still hold value

in this modern era? A U.S. Air Force report in 1974 acknowledged with great foresight that “The

375 Knaff et al., “An Evaluation of Dvorak Technique-Based Tropical Cyclone Intensity Estimates.”

376 Knaff et al., 1370-74.

377 Timothy L. Olander and Christopher S. Velden, “The Advanced Dvorak Technique (ADT) for Estimating
Tropical Cyclone Intensity: Update and New Capabilities,” Weather and Forecasting 34, no. 4 (August 1, 2019):
905-22, https://doi.org/10.1175/WAF-D-19-0007.1.
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[Dvorak] model will provide reliable estimates with data of poor quality, with conflicting
evidence, inexperience on the part of the analyst, and variations in the satellite camera
system.”’8 Nearly half a century later, that statement rings true. So for all of its subjective
imperfections, the Dvorak Technique’s greatest strength is its consistency, reproducibility, and
steadiness in the face of confronting as complex a system as a tropical cyclone.
The practical appeal and demonstrated skill in the face of tremendous dynamic
complexity place the Dvorak technique for estimating [tropical cyclone] intensity from
satellites among the greatest meteorological innovations of our time. Empirical
techniques such as the Dvorak method intrinsically rely on new generations of analysts as
champions to ensure they continue to improve. Dvorak’s greatest gift may have been to
give us time to continue providing reasonably consistent daily products to operations
while we try to understand the underlying physics of tropical cyclone intensity.>”
3.3.4 INITIAL WIND FIELD

Once the initial position and intensity of a tropical cyclone is identified, the final task of a
tropical cyclone forecaster before launching into the forecast process is to determine the initial
wind field. Operationally, this typically involves finding the 34-/50-/64-knot wind radii for each
quadrant of the tropical cyclone, depending on its intensity.**" The Dvorak Technique is intended
only to assist with estimating tropical cyclone intensity; it provides little to no value when
determining the overall tropical cyclone wind field. Although the relationship between maximum
sustained winds and minimum central pressure is well studied,*®! there is often little correlation

between those maximum sustained winds and the overall wind field of a tropical cyclone. An

exceptionally intense tropical cyclone can be rather small in size, such as Hurricane Andrew,

378 “Tropical Cyclone Position and Intensity Analysis Using Satellite Data,” Technical Report (APO San Francisco,
CA: Headquarters First Weather Wing (MAC), Department of the Air Force, 1974).

37 Velden et al., “The Dvorak Tropical Cyclone Intensity Estimation Technique,” 1208.

380 Not all wind radii are included for each tropical cyclone, since it depends on the intensity. For example, if the
maximum sustained winds of a tropical cyclone are only 60 knots, then the 64-knot wind radii would not exist.

381 Daniel R. Chavas, Kevin A. Reed, and John A. Knaff, “Physical Understanding of the Tropical Cyclone Wind-
Pressure Relationship,” Nature Communications 8, no. 1 (November 8, 2017): 1360, https://doi.org/10.1038/s41467-
017-01546-9.
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which devastated South Florida in 1992 as a Category 5 hurricane on the Saffir-Simpson
Hurricane Wind Scale. Conversely, a relatively weak tropical cyclone can have an extremely
large wind field, such as Hurricane Sandy, which was barely a Category 1 hurricane but was
associated with a wide swath of impact across the northeastern United States. Furthermore, the
process of analyzing the initial wind radii for a tropical cyclone requires understanding the two-
dimensional snapshot of the surface wind field based on often incomplete data. Thus, the primary
challenge of analyzing the initial wind radii of a tropical cyclone—much like analyzing the
initial intensity—requires a degree of qualitative judgment to account for the problem of
spatiotemporal scale.

The analysis of initial wind radii is a non-trivial matter that strongly depends upon the
timing of LEO satellite passes. Given the dearth of in-situ wind measurements near the surface of
open oceans and the relative scarcity of aircraft reconnaissance observations, the primary means
of wind field analysis is satellite based. Although satellite-derived atmospheric motion vectors
are available for some GEOs, they depend on the movement of low-level clouds, which are often
obscured by the cirrus canopies atop tropical cyclones. Tropical cyclone forecasters thus depend
on LEOs, particularly scatterometers, which derive surface wind vectors based on backscattered
radiation from capillary waves on the ocean surface. However, scatterometers have been aging
out faster than they are replaced, and global coverage has been decreasing with time. It is almost
a matter of luck for a forecaster to receive a swath of scatterometer data at just the right time
over the tropical cyclone in question for it to be usable during a synoptic warning cycle. When
satellite-based wind speed estimates are unavailable, the forecaster is left in the dark with respect
to analyzing the initial wind field of a tropical cyclone. Sometimes, the forecaster must resort to

persistence and simply extrapolate old data. Other times, microwave imagery on LEOs are used,
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but there does not currently exist any operationally reliable method to objectively derive wind
speeds and wind radii from simple microwave imagery.**? The inherent subjectivity of initial
wind radii analyses was such an important topic for meteorologists on Guam and elsewhere
across the Northwest Pacific that the Joint Typhoon Warning Center recently modified the
format of their Prognostic Reasoning Message based on customer feedback to include explicit
descriptions of how the initial wind radii are determined at the start of each tropical cyclone
warning cycle.

Returning to the duality of discreteness and continuity, another challenge of initial wind
field analysis arises from the fact that tropical cyclones are not discrete atmospheric phenomena,
even though they may be treated as such operationally. Consequently, when synoptic-scale
pressure gradients are oriented such that strong winds exist adjacent to but outside the immediate
envelope of a tropical cyclone’s influence, it can be difficult to define the extent of the tropical
cyclone’s winds. For example, when the scientists aboard the R/V Roger Revelle observed
sustained gale-force winds of 34 knots on the equator that Thanksgiving Day of 2011, were they
observing the inflow on the south side of a developing tropical cyclone near the southern tip of
India? Or were they observing the westerly wind burst along the equator that was part of the
MJO that was passing through? Studies have shown that the MJO can contribute to tropical
cyclogenesis through its westerly wind burst mechanism,*** but the phenomenon is ultimately a
chicken-or-the-egg paradox: the westerly winds of the MJO can enhance the inflow on the south

side of a developing tropical cyclone, and the cyclone itself could also tighten the horizontal

382 Microwave imagery on LEOs is preferable to the more traditional visible and infrared images on GEOs because
of its ability to see through the upper-level cirrus cloud deck that can obscure the low-level structure of a tropical
cyclone. There have been some efforts to develop methods to infer wind speeds and wind radii based on the
microwave structure of tropical cyclones, but no rigorous method like the Dvorak Technique is operationally
available for microwave imagery analysis at this time.

383 Minmin Fu and Eli Tziperman, “Essential Ingredients to the Dynamics of Westerly Wind Bursts,” Journal of
Climate 32, no. 17 (September 1, 2019): 5549-65, https://doi.org/10.1175/JCLI-D-18-0584.1.
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pressure gradient to accelerate the winds on its south side inside the MJO envelope. The
forecaster is thus confronted with yet another manifestation of the problem of spatiotemporal
scale: where do the winds of the MJO end and where do the winds of the tropical cyclone begin?
In other words, where would the forecaster draw the 34-knot wind radii for this particular
tropical cyclone? Indeed, forecasters at the Joint Typhoon Warning Center struggled with this, as
is often the case with MJO-induced tropical cyclogenesis. In this particular case, official tropical
cyclone formation was not declared until several synoptic warning cycles later after those winds
observed by the R/V Roger Revelle started to wrap inward toward the tropical cyclone center.
Exactly how much that wind must “wrap” is a matter of qualitative judgment.

The challenge of wind radii analysis also begs a somewhat philosophical question
regarding the concept of wind speed within the context of tropical cyclone intensity: Tangential
wind speeds of a tropical cyclone are assumed to peak in the eyewall and then fall off with
increasing radius based upon an idealized Rankine vortex in fluid dynamics,*** but such an
idealized and uniform ring of maximum winds rarely exists in nature, so what exactly do we
mean by tropical cyclone “intensity?” The operational definition was discussed in the previous
section, but is intensity truly a measure of the maximum sustained surface wind speed? Do we
truly know what that value is? Is that value even knowable? If it is, how do we account for the
natural asymmetries within the eyewall of a tropical cyclone? For example, when only one small
portion of the eyewall has winds of 115 knots, with the rest of the radius of maximum winds
exhibiting winds of 100 knots, is the tropical cyclone’s intensity 115 knots? Or would an
intensity of 100 knots or some weighted average of 105 knots be more characteristic of the

vortex? Furthermore, how do we account for limitations in data resolution? How does an in-situ

384 A Rankine vortex assumes that the tangential winds increase linearly to a radius of maximum winds (i.e., the
eyewall), followed by an exponential decrease outward.
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point measurement of wind from aircraft reconnaissance compare to an areal swath of wind
measured by a satellite with respect to interpretations of maximum sustained surface wind, and
subsequently, tropical cyclone intensity? The newest remote sensing technologies, such as
Synthetic Aperture Radar, shows promise in providing high-resolution data of tropical cyclone
wind speed, which can be of great use to forecasters.>®> However, data at such high resolution
introduces yet another layer of complexity to the analysis process. When each fine-scale wind
gust is rendered with high fidelity, the problem of spatial scale is amplified, potentially resulting
in a greater difficulty of quantifying the characteristic intensity of the tropical cyclone vortex.
These questions do not have easy answers, and they have significant impacts to meteorological
science and operations. We will explore these philosophical questions in subsequent chapters
when we consider the value of forecasts and think through the future of meteorology as a

technoscience.

3.3.5 POST-STORM BEST TRACK

Once the initial position, intensity, and wind radii of a tropical cyclone are set by the
tropical cyclone forecaster, the real-time best track is considered complete, and the forecaster can
then proceed into formulating a prediction for how those three variables will change into the
future. The forecast process and all of its institutional and social externalities, including how best
to conceptualize the value of a forecast, is the topic of Chapter 4. However, there is one final
aspect of the tropical cyclone observation and analysis process that we must consider to round

out our discussion of the superposition of science and art in meteorology.

385 Jochen Horstmann et al., “Tropical Cyclone Winds Retrieved from Synthetic Aperture Radar,” Oceanography
26, no. 2 (June 1, 2013), https://doi.org/10.5670/oceanog.2013.30.
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When ingesting and compiling real-time data from multiple sources, data latency can
become a challenge, particularly for data that arrives at discrete time intervals. For example, the
arrival time of those strips of scatterometry and microwave data from LEOs is a crucial part of
the tropical cyclone warning cycle. Because tropical cyclone forecasters generally have up to
three hours after synoptic time to compose and issue a tropical cyclone warning or advisory, if
LEO data arrives over one hour into that window, it is possible that the forecaster would need to
make a last-minute modification to the analyzed tropical cyclone position, intensity, or wind
radii. This scenario would impose a major time pressure on the forecaster, time that could have
been spent fine-tuning the final forecast discussion. This challenge embodies the essence of the
episteme of operational meteorology raised in Chapter 2: whereas a researcher has the luxury of
comprehensive in-depth analysis, an operational forecaster must make an analysis with often
incomplete—or late—data while under a time crunch. Operational scenarios that involve data
latency can subsequently amplify the tension between time and accuracy. Furthermore, when
presented new information at an inopportune time, the time pressure can push a forecaster to
either rush through the forecast amendment process or outright disregard the new data through a
self-imposed confirmation bias. This confirmation bias is often reinforced by the fact that many
of the initial analyses are made with an element of qualitative subjectivity, as we discussed in the
previous sections. In their totality, these human challenges can render the real-time best track
difficult to quality control, so adjustments are often made to the best track as the tropical cyclone
progresses. As new data comes in, forecasters on future shifts may look back and slightly adjust
the positions and intensities of previous analyses depending on the availability of satellite

imagery viewed in hindsight when time pressure is less of a burden.
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After a tropical cyclone season has concluded, operational tropical cyclone forecast
centers like the National Hurricane Center (NHC), the Central Pacific Hurricane Center (CPHC),
and the Joint Typhoon Warning Center (JTWC) will often make a systematic effort to review the
real-time best track dataset using all of the available archived in-situ and remotely-sensed data
and make necessary adjustments before releasing and publishing the final best track, which then
becomes the official dataset that is used by tropical cyclone researchers around the world.3#¢ This
“post-storm best tracking” process amounts to a meticulous and often tedious quality control
effort, with multiple levels of review passed between various trained staff, to include forecasters
and teams of forecasters. Each six-hourly data point is scrutinized, with tropical cyclone
positions adjusted to a tenth of a degree and intensities modified to the nearest 5-knot
increment.*®’

A fascinating aspect of the technoscience of meteorology is that operational forecast
centers are considered the keepers of official records and datasets.>®® The tropical cyclone best
track datasets released by the National Hurricane Center, Central Pacific Hurricane Center, and
the Joint Typhoon Warning Center are considered official, historical records of tropical cyclone
activity for each of their respective ocean basins. Likewise, for other meteorological phenomena
such as tornadoes, official records are kept by the Storm Prediction Center in Norman,
Oklahoma. In the words of tropical cyclone researcher Michael Fiorino, “What the Joint

Typhoon Warning Center says about a storm is ‘true.’ It is the truth, or we must at least treat it as

such.” Because there are no alternatives to the final best track record, research meteorologists

386 «JTWC Best Track Archive,” Joint Typhoon Warning Center, accessed August 18, 2019,
https://www.metoc.navy.mil/jtwe/jtwe.html?best-tracks.

387 At this time, not all tropical cyclone forecast centers provide post-storm best tracks of wind radii, but recent
research has explored the possibility of adding this to the best track archives in the future, particularly as wind radii
analyses gradually become more reliable.

388 Ramsay, “The Global Climatology of Tropical Cyclones.”
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around the world use these datasets to perform all of their science, from forecast verifications to
hypothesis testing to computer model calibrations to climate change assessments. In fact, some
operational meteorologists have expressed concern at just how much researchers take these
datasets at face value, often neglecting to consider just how much qualitative wrangling and
subjective decision-making goes into the best track process. However, there is not much of a
recourse; researchers rightly assume that operational meteorologists have at their disposal the
best real-time data, training, and skill to assess “reality” as it unfolds, even if that assessment has
an inherent margin of error that may never be knowable. Depending on the uncertainties inherent
in each analysis scenario, the exact margins of error within the analyses may exceed a tenth of a
degree for position and 5 knots for intensity, but those margins are implicit in the best track
dataset and are unquantifiable. With regard to the Dvorak Technique, Velden et al. summarized
the challenge to the best track dataset as follows:

The Dvorak method has also been an extremely important tool for the
development of our highly valuable [tropical cyclone] archives. The increasing demand
for greater certainty of environmental risk from [tropical cyclones] has pushed the
commissioning of critical reviews of the possibility for systematic bias in the historical
[tropical cyclone] datasets. ... These reviews show a potentially contentious emerging
issue: the historical datasets have unavoidably inherited any biases that are implicit in the
Dvorak technique.*®’

The best course of action for operational forecast centers is to take the best track process
as seriously as possible, knowing that even seemingly benign decisions can potentially skew the
datasets permanently for some researchers. For example, the first tropical depression of the 2016

Northwest Pacific season did not form until 27 May 2016, and the second tropical cyclone of the

season, Super Typhoon Nepartak, did not form until 3 July 2016—a rather late start to the

389 Velden et al., “The Dvorak Tropical Cyclone Intensity Estimation Technique,” 1208.
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tropical cyclone season.’*® Because that first tropical depression was such a marginal case, no
tropical cyclone warnings were issued for that system. Only upon further investigation after the
system had made landfall in China did forecasters at the Joint Typhoon Warning Center meet to
decide to add the minimal 25-knot tropical depression to the final best track record after-the-
fact.’! This decision was not a trivial matter. Because that summer of 2016 was at the end of one
of the strongest El Nifio**? events of the past century, questions arose about whether the late start
to the usual tropical cyclone season in the Northwest Pacific was dynamically related. Knowing
that researchers around the world were eagerly awaiting their published best track dataset, Joint
Typhoon Warning Center staff rigorously debated the significance of declaring that first tropical
depression and adding it into the official record, which would move the official onset of that
summer’s tropical cyclone activity up by five weeks, potentially skewing research results that
attempted to show a connection between El Niflo and delayed tropical cyclone activity in the
Northwest Pacific.

The externalities associated with how the best track datasets are constructed have also
been raised by researchers attempting to determine the relationship between anthropogenic
climate change and changes in tropical cyclone behavior. Studies have determined that climate
change will result in an increase in global tropical cyclone intensities but a decrease in global
tropical cyclone frequency—except the most intense, which will also increase in frequency.*

Superimposed upon this understanding are complexities associated with the gradual evolution of

390 Jillene M Bushnell and Robert J Falvey, “Annual Tropical Cyclone Report 2016” (Pearl Harbor, HI: Joint
Typhoon Warning Center, 2016), 1415, https://www.metoc.navy.mil/jtwc/products/atcr/2016atcr.pdf.

391 Though rare, these types of post-season additions do occur, particularly for marginal tropical cyclones.

392 The El Nifio Southern Oscillation is a natural planetary-scale, interannual oscillation of the ocean-atmosphere
system where the near-surface waters of the central and eastern equatorial Pacific Ocean anomalously warm and
cool in a three- to seven-year cycle. The warm phase is called “El Nifio,” and the cool phase is called “La Nifia,”
each of which result in a variety of climatological teleconnections across the entire world.

393 Thomas R. Knutson et al., “Tropical Cyclones and Climate Change,” Nature Geoscience 3, no. 3 (March 2010):
157-63, https://doi.org/10.1038/ngeo779.
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the best track datasets. Chris Landsea of the National Hurricane Center has critiqued climate
change studies for overlooking the fact that with technological improvements, modern best track
datasets often include weaker tropical cyclones that are now better detected. Likewise, the peak
intensities of tropical cyclones are likely better resolved with modern remote sensing technology.
The inclusion of shorter duration tropical cyclones has also been shown to skew the dataset,** so
questions of long-term changes in tropical cyclone intensity and frequency may be muddied by a
data resolution and operations problem. Along this similar vein, as high-resolution imagery from
remote sensing platforms like Synthetic Aperture Radar improve our ability to “see” regions of
higher winds in tropical cyclones, the inclusion of such data in the analysis process may skew
tropical cyclone intensities toward higher values.

With all of this in mind, we confront the essence of our thesis manifested within the
global tropical cyclone best track datasets—the entire positivist endeavor of quantitative,
statistical meteorological research rests upon data that is a superposition of science and art. The
entire global technopolitical infrastructure of weather observing is brought to bear with each
number in the matrix of best track data, but each number is determined based on qualitative
assessments that leverage pattern recognition and other subjective aspects of human judgment.
All of this is not to say that the quantitative studies built upon tropical cyclone best tracks are
somehow less relevant or less accurate given the inherently subjective aspects of the best track
datasets; rather, our discussion here is meant to call attention to the fact that even in the modern
infrastructure of technologically-driven quantitative research, qualitative analysis and subjective
decision-making still hold value; and not only do they have value, but they in fact form the

bedrock of all quantitative studies of tropical cyclones. In Chapter 5, we explore ways in which

394 Christopher W. Landsea et al., “Impact of Duration Thresholds on Atlantic Tropical Cyclone Counts,” Journal of
Climate 23, no. 10 (May 15, 2010): 2508-19, https://doi.org/10.1175/2009JCLI3034.1.
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we can leverage this insight to design future collaborative research that can transcend the
artificial quantitative-qualitative dichotomy, thereby freeing us to potentially break through

difficult research plateaus that have been restrained by all-too-narrow, self-limiting paradigms.3®>

395 One such example of a research plateau is the problem of tropical cyclone intensity forecasting, which is a major
topic of discussion in Chapter 5.
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CHAPTER 4

Weather Forecasting: An International Technopolitical Endeavor

“Perhaps some day in the dim future it will be possible to advance the computations faster than
the weather advances and at a cost less than the saving to mankind due to the information
gained. But that is a dream.”

~ Lewis Fry Richardson, 1922

4.1 Looking into the Future
4.1.1 THE TECHNOPOLITICS OF CONTROL AND PREDICTION

In tracing the network that arose from the innately human desire for understanding the
weather—from the modern Wireless Emergency Alert on our smartphones, to the launch of the
first geostationary satellites, to the people gathered around the first weather map in the
Smithsonian, to Benjamin Franklin’s wild tornado chase on horseback, and all the way back to
Aristotle’s Meteorologica—we find a common thread that ties these events together: our
collective human desire to control, or at least to see, the future. Benjamin Franklin’s theories of
storm motion and Thomas Jefferson’s near-religious zeal for logging regular weather
observations were not only for the sake of understanding, but also for the hope of someday being
able to predict the future of the weather. When James Espy formulated and avidly defended his
theory of rarefaction, his reputation as the “Storm King” came primarily as a consequence of his
passionate belief that strategically setting fires could be a means by which to control rain.3%
When John F. Kennedy addressed the United Nations General Assembly in 1961, he proposed
“further cooperative efforts between all nations in weather prediction and eventually in weather

control.”3%’

39 Cox, Storm Watchers, 37-38.
397 “Address by President John F. Kennedy to the UN General Assembly.”
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In all of these actions, we find that a desire for understanding the natural world often
leads to a desire for prediction, which can be deeply intertwined with the desire for control. As
James Rodger Fleming writes in his most recent work on weather and climate control,

The trinity of understanding, prediction, and control undergirds the dominant fantasies of
both science and science fiction. Understanding often involves reducing a complex
phenomenon to a set of basic laws or mechanisms....Prediction introduces the time
dimension in which the future state of a natural phenomenon is specified. If you
understand a phenomenon, scientists say, you should be able to predict its
behavior....Control is the third member of the trinity, but understanding does not imply
either predictability or control.3%®

The desire for control—or at least to predict—the weather has been a longstanding part of
humanity’s relationship with the skies. When John Finley published the first-ever book
attempting to make sense of tornadoes and to make basic recommendations for tornado
preparedness, his words carried such a depth of fatalistic poignancy that one cannot help but feel
empathy for the plight of those who have had to suffer at the hands of the unrelenting and
unsympathetic wrath of Mother Nature:

The people of the United States are no longer strangers to that dreaded aerial
monster, the tornado. A single experience of this awful convulsion of the elements
suffices to fasten the memory of its occurrence upon the mind with such a dreadful force
that no effort can efface the remembrance of it. The destructive violence of this storm
exceeds in its power, fierceness, and grandeur all other phenomena of the atmosphere.

For over two hundred years past the scientific records of this country have
furnished information concerning these storms. It is the same fearful story year after year,
of destruction and death, and the records are now sufficiently complete to show beyond
all contradiction or exception that tornadoes are indigenous to this country. They belong
here because our geographical position and the topography of the country are altogether
favorable for the conditions which give rise to their formation. No other country in the
world is scourged by them as in the United States of America....

The populous region of the United States is forever doomed to the devastation of
the tornado. As certain as the night follows day is the coming of the funnel-shaped cloud.
So long as the sun shines upon the vast regions in the Mississippi and Missouri valleys,

398 James Fleming, Fixing the Sky: The Checkered History of Weather and Climate Control (New York: Columbia
University Press, 2010), 9-10.
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there will forever occur those atmospheric conditions which terminate in the destructive

violence of the tornado.>*”

When reading this passage, it would be difficult not to empathize with humanity’s desire to tame
the untamed skies, to find a way out from under the perpetual specter of hazardous weather. In
the dramatic climax of the 1996 film, Twister, Helen Hunt’s character, Dr. Jo Harding, in the
midst of a seemingly suicidal mission to deploy sensors into an oncoming tornado and recalling
her childhood trauma, confronted her research partner who was trying to restrain her and
screamed in total exasperation: “You’ve never seen it miss this house, and miss that house, and
then come after you!”*"° We are but victims to the unfeeling and uncaring reality of nature’s
serendipitous acts of atmospheric destruction.

Attempts at weather control have had a long history, a story consisting of “a mixture of
the tragic and comedic genres,”*°! but manipulating the weather is not a priority among
contemporary meteorologists. With the exception of some local efforts to modify precipitation,
modern society has largely accepted that changing the course of a destructive storm is not only
technologically impossible at this time, but also impractical given the physical, political, and
economic costs associated with such an endeavor.*? Although certain types of weather
modification remains a legitimate field of research today, with efforts being primarily focused on
generating local precipitation for agricultural purposes, the act of controlling violent storm

systems such as tornadoes and hurricanes remains elusive.

39 Finley, Tornadoes: What They Are and How to Observe Them; with Practical Suggestions for the Protection of
Life and Property, 7-8.

400 Jan de Bont, Twister, 1996, http://www.imdb.com/title/tt0117998/.

401 Fleming, Fixing the Sky, 9.

402 For a full history of weather and climate modification efforts, see Fleming, Fixing the Sky.
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From a physics perspective, our ability to manipulate hurricanes is limited by the extreme
amount of energy produced by such a storm system. An approximate calculation of a hurricane’s
kinetic energy production due to wind is equivalent to half of the entire world’s electrical

403 and the release of heat energy in a hurricane is equivalent to several

generating capacity,
megaton nuclear bombs exploding every few minutes!*** Thus, to control a hurricane, we would
need to devise a way to harness or dissipate this amount of energy, which would be
astronomically expensive and well beyond the capacity of any nation’s resources. Furthermore,
hazardous weather systems such as hurricanes exist for a reason—to redistribute the Earth’s
surplus of heat from the tropical to the polar regions. Without hurricanes, the Earth’s thermal
energy imbalance would increase, leading to the potential for even stronger storms. So even if
we could someday develop the technology to disrupt the development of hurricanes, nature
would conjure some other way to redistribute its energy, perhaps by creating even more intense
storms in other parts of the world. Although the film The Day After Tomorrow (2004), directed
by Roland Emmerich, was an unrealistic and stereotypically exaggerated weather thriller, one
line in the screenplay stood out as an accurate summary of why storms exist: “The basic rule of
storms is they continue...until the imbalance that created them is corrected.”* Such is the
behavior of nature, and any unintended consequences of otherwise successful weather

modification efforts would be highly political with a major impact to international relations,

since it would be impossible to constrain the consequences within geopolitical boundaries.*?¢

403 NOAA Atlantic Oceanographic and Meteorological Laboratory, “How Much Energy Does a Hurricane
Produce?,” Hurricanes: Frequently Asked Questions (blog), June 1, 2021, https://www.aoml.noaa.gov/hrd-
fag/#hurricane-energy-production.

404 Marshall Shepherd, “Here’s Why We Cannot Just ‘Nuke’ Hurricanes,” Forbes (blog), May 13, 2019,
https://www.forbes.com/sites/marshallshepherd/2019/05/13/heres-why-we-cannot-just-nuke-hurricanes/.

405 Roland Emmerich, The Day After Tomorrow, 2004, http://www.imdb.com/title/tt0319262/.

406 A similar concern can be applied to proposed geoengineering solutions to combat anthropogenic climate change.
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Given the numerous contingencies and impossibilities associated with the modification of
major storm systems, the efforts of meteorologists over this past century have primarily turned
away from controlling to predicting the weather:

Weather shapes our choices of action. Being planners, we require guides for approaching

weather systems. Whenever we desire technical control, we anoint ritual knowledge

specialists. Sometimes we demand that the atmosphere be altered. This is the task of

rainmakers. For modern societies, prediction is the aim.40’
The ubiquity of weather forecasts and the fact that the weather touches nearly every aspect of our
lives, from the individual up through the national and international domains, implies that weather
forecasting as an action has agency over human society at all scales. Furthermore, because the
activity of weather forecasting is a convergence of the objective and subjective methods of
science and art infused with uncertainty, human consequences are amplified ahead of hazardous
weather, with broad and deep impacts to decision support, public safety, emergency
management, and international security. To know the future weather is to derive a certain level
of power and control over our personal and institutional decision-making. Thus, weather
forecasting—particularly when considering its upstream conditions and downstream impacts—is
an inherently political endeavor, one that cannot be divorced from the deeply human desire for
safety, security, and influence.

So, what constitutes the “political?” The word “politics” often has a negative connotation,
particularly within scientific circles, implying the pettiness of partisan politics, the rancor of
legislative policymaking, or even the complexities of interpersonal relationships within
organizations. In fact, many scientists consider politics to be the exact antithesis of science—an

embodiment of power, prejudice, and partiality that “contaminate” the mythical ideal of the

407 Fine, Authors of the Storm, 1.
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scientific process and should have no place in science. In academia, political science is
traditionally a study of governments and governance, drawing upon the fields of international
relations, philosophy, history, and other humanities and social sciences, but “politics” can have a
much broader meaning beyond just the institutions of government. In the words of Sankaran
Krishna, professor of political science at the University of Hawaii, “politics is...a means to
denaturalize the worlds we live in.” Although this sentiment is antithetical to the purpose of
natural science, I argue that it is worthwhile to examine both the natural and human dimensions
of weather forecasting, particularly when considering the value of a weather forecast.

In calling attention to the importance of drawing from a wide cross-section of the social
sciences, Eve Gruntfest writes, “When recommendations are made to ‘incorporate social science’
into meteorology, rarely is there clear idea of what that work would look like....when
considering ‘value’ of a weather product, economic value is only one way of measuring
importance. There are also cultural, social, historic, and intrinsic values to take into account.
There are also direct and indirect values.”*® When one considers the impact that weather
variability and extremes can have on micro- and macro-economics, emergency management,
national security policy, energy policy, critical infrastructure, and international peace, conflict,
and war, the political dimensions of weather forecasting become apparent.

To the political and social scientist, I assert that any examination of the political must
necessarily include both the natural and human aspects of the sciences. The importance of
contextualizing meteorological issues, events, and concepts underlies much of the political
discourse surrounding weather and climate, where the problem of spatiotemporal scale can be

easily lost in debate. By understanding the natural context of our “denaturalization” of the world,

408 Gruntfest, Weather and Society, 17.
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we necessitate a more pluralistic and what Jairus Grove, professor of political science at the
University of Hawaii calls an “ecological” perspective, such that “all of the things of the world
should set the agenda for research rather than our anthropocentric image of the world.”*%

To the meteorologist, I assert that considering the political aspects of a weather forecast
can be empowering. Operational meteorologists often think that their job ends as soon as the
weather event in question occurs and dissipates, with all societal impacts and consequences of
the storm left to social scientists and emergency responders. The prevailing notion is that the
science of weather forecasting falls only in the preparedness phase of the disaster cycle, not in
the response and recovery phases. However, I argue that if the technoscience of meteorology
were to ever actualize its purpose of saving lives and mitigating economic damage, then
acquiring a more pan-disciplinary view of the technopolitical endeavor of weather forecasting
would actually help with the forecast itself by facilitating the creation of customer-centric
products that have more value and serve a greater good.

The term technopolitics can be applied to our discussion of weather forecasting to include
all of the political influences, conditions, and consequences that surround the scientific activity
and technological infrastructure of weather forecasting. My use of technopolitics in this
discussion differs slightly from the broader terminology of technoscience; the former focuses on
geopolitical and institutional power with respect to weather forecasting and decision-making,
whereas the latter includes all aspects of the human-technology interface as it pertains to
meteorological activities oriented around the scientific method.

This chapter focuses on the technopolitics of weather forecasting to elucidate the

complex technological and political network that precedes, supports, and succeeds the

409 Jairus Grove, “Ecology as Critical Security Method,” Critical Studies on Security 2, no. 3 (September 2, 2014):
366, https://doi.org/10.1080/21624887.2014.982402.
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international endeavor of weather forecasting. After a brief overview of the typical weather
forecast process, we consider numerical weather prediction as a technology that serves two
purposes: as a tool for advancing the science of weather forecasting, and as a means by which
weather forecasting is strategically securitized through effective operational decision support.
Finally, we explore how the predictability of weather manifests geopolitically as international
cooperation and competition, with a focus on tropical cyclone forecasting. Throughout this
chapter, we consider ways in which we can rethink the value of a weather forecast through the
lens of technopolitics.

This technopolitical sojourn should not only shed light on the political issues surrounding
the technoscientific infrastructure of weather forecasting, but also motivate scientists to consider
the institutional and geopolitical network within which the science of weather forecasting is
embedded. Ultimately, this discussion is more than just an academic exercise, since a successful
scientific engagement with the political is necessary if science is to serve its societal purpose. An
aversion toward politics may sour the appetite of scientists to engage with the policy process, or
worse, may compel scientists to disengage from considering the consequences of their scientific
actions, which would be counterproductive if the aim of science is to improve the human
condition. Considering the political influences, conditions, and consequences of a scientific
action like weather forecasting—so long as it does not affect the scientific method—should not
detract from the science behind that action; rather, that contextualization should motivate more
effective and ultimately more valuable products and services. With this meteorological case in
mind, we then consider the benefits of pluralizing controversies, tensions, and dualities as we

rethink science’s relationship with society in Chapter 5.
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4.1.2 THE FORECAST PROCESS

Although the official procedures of composing a weather forecast differ depending on
institution and context, operational meteorologists generally follow this process: (1) observe the
initial state of the atmosphere through surface and upper-air data alongside radar and satellite
imagery, (2) subjectively analyze the observational data and synthesize with objective analyses
tools, (3) establish a conceptual framework by diagnosing the four-dimensional “synoptic
pattern” for the present weather regime, (4) reference numerical weather prediction models for
guidance into possible futures, and finally, (5) compose the forecast and write the forecast
products. These correspond to Tim Vasquez’s “four key elements” of the forecast process:

410 which have parallels to medicine and other

“observation, analysis, diagnosis, and prognosis,
scientific fields that involve assessing the present and predicting the future.

During all phases of the forecast process, the forecaster may orient his or her
spatiotemporal understanding according to what has been called the “forecast funnel,” beginning
with an analysis of the larger hemispheric scale down to the synoptic and mesoscales, with the
time spent on each scale increasing inversely to the spatial scale as in an inverted “time
pyramid.”*!! In other words, the forecaster would typically begin with an analysis of larger scale
features but ultimately spend more time analyzing the smaller scale features.*'? Vasquez also
writes that a “balanced forecast” is one where “Each forecast tool is used on its own merits then

is synthesized with the other tools,” where “Discrepancies and problems don’t affect other

tools,” so an analysis of trends and the leveraging of experience are built upon numerical models,

419 Tim Vasquez, Weather Analysis & Forecasting, Color Edition (Garland, TX: Weather Graphics, 2015), 183.

411 Both the “forecast funnel” and the “time pyramid” are conceptual schematics to reframe the problem of
spatiotemporal scale introduced in the previous chapter. Ultimately, these represent mental schemes that allow the
forecaster to make sense of the atmosphere, but with tradeoffs on the spatial and temporal scales depending on the
points of focus, which can be a matter of opinion or style.

42 NOAA, “The Forecast Process - Forecasting the Future,” National Weather Service (NOAA’s National Weather
Service), accessed September 21, 2021, https://www.weather.gov/rah/virtualtourforecast.
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weather maps, and observational data like a three-legged stool, with each leg standing
independently of each other. This is in contrast to an “unbalanced forecast,” where “Poorly
skilled forecasters usually build from the bottom upward...forcing the next higher level to ‘fit’
on top,” where “Improper analysis of one product topples the entire forecast.” In this case,
experience, trends, and observations are all sitting on top of numerical models as a crutch, and
discrepancies can ruin the entire forecast process.*!3

The terms “forecasting” and “predicting” are often used interchangeably in colloquial
parlance, but these are actually two different concepts within the discipline of meteorology and
of data science in general. Prediction is “concerned with estimating the outcomes for unseen
data,”** which could be performed using any number of techniques, such as multivariate
statistical regression. In contrast, forecasting can be considered a specialized type of prediction
in that it specifically concerns the future. Certain models can make predictions based on
correlations without necessarily projecting into the future, and some numerical modeling studies
that seek to determine sensitivities to certain variables can perform ‘“hindcasts,” which are
predictions made at some point in the past that are then compared with actual observational data.
This differs from human forecasters who must make a prediction of the weather into the as-yet-
unknown future. In short, computers predict; humans forecast.

In this chapter, we interrogate the technology of numerical weather prediction, which has
increasingly become a major—albeit occasionally controversial—cornerstone of weather
forecasting. It is both a scientific and a strategic technology: scientific, in that it is a ubiquitous

tool for the dynamical analysis of current/historical/idealized weather and real-time operational

413 Vasquez, Weather Analysis & Forecasting, 184.
414 Matthias Déring, “Prediction vs Forecasting,” Data Science Blog, December 9, 2018,
https://www.datascienceblog.net/post/machine-learning/forecasting_vs_prediction/.
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weather forecasting; strategic, in that it has been leveraged by nation-states as an instrument to
ensure public safety and national security. In this analysis, we draw from philosophers and
thinkers who have sought to position technology in our increasingly complex human-machine
environment. Then, returning to the quasi-discrete phenomenon of tropical cyclones, we explore
the international dimensions of forecast operations and naming conventions, borrowing from
international relations theory to think through the challenging dynamics at the intersection of
weather forecast services and geopolitics. We then conclude with a discussion of ways in which
we can rethink and conceptualize the value of a weather forecast.

The purpose of this analysis is to demonstrate the multi-faceted and multi-dimensional
intersections between the science and technology of weather forecasting and the sociopolitical
network within which it resides, continuing the overarching theme of illustrating that the
technoscience of meteorology not only arose from but is perpetuated by controversies, tensions,
and dualities. All of this then frames our discussion in the next and final chapter where we will
consider the possible futures of the technoscience of meteorology and of the sciences at large
with this primary question in mind: How can we effectively pluralize these dualistic

controversies and tensions to resolve some of the most intractable research problems?

4.2 Numerical Weather Prediction
4.2.1 A TECHNOPOLITICAL DREAM FULFILLED

Numerical weather prediction (NWP) is a rapidly growing discipline consisting of the
application of computational fluid dynamics to atmospheric prediction, leveraging
supercomputing technologies to simulate the evolution of weather systems in real time.

Conceptual meteorological models once dominated the field of weather forecasting for the
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majority of the twentieth century, being the only reliable way to practice the art of forecasting
the development and evolution of weather systems. But as in-situ and remote sensing
technologies expanded in recent decades alongside computing capacity, objective analyses of the
atmosphere became possible and served as the impetus for the development of NWP.

The concept of “computing” the future evolution of weather systems can be traced back
to the original ideas of British mathematician Lewis Fry Richardson. Exhibiting a passion for
mathematics early in his career, Richardson developed a finite difference method*!” to
approximately solve partial differential equations to assist with his work of draining water from
peat bogs before turning his attention to applying such a method to weather forecasting. He was
appointed the Superintendent of Eskdalemuir Observatory in 1913 as part of the United
Kingdom’s Meteorological Office, known as the “Met Office,” before resigning to work for the
Friends Ambulance Unit in France in 1916 during World War 1. After the war, he briefly
returned to the Met Office before resigning again when the Met Office was reorganized under
the Air Ministry, which oversaw the Royal Air Force.

As a Quaker and staunch pacifist, Richardson was “a conscientious objector, but he
served gallantly and uncomplainingly through times of danger and strenuous effort.”*!¢ His
obituary in the 1954 issue of the Quarterly Journal of the Royal Meteorological Society even
went so far as to write, “Richardson was completely sincere and consistent in his detestation of
war and was profoundly shocked when in the inter-war years he found that those interested in the

diffusion of war gases were most interested in his meteorological researches. So shocked was he,

413 Finite differencing is a numerical methods technique in mathematics that approximates derivatives by
discretizing the change in a function with respect to an infinitesimally small change in space and/or time. This
discretization of an otherwise continuous derivative allows multivariate calculus equations to be mapped and
computed along a grid or matrix of data as in the case of NWP.

416 D Brunt, “Obituary Notices,” Quarterly Journal of the Royal Meteorological Society 80, no. 343 (1954): 127,
https://doi.org/10.1002/qj.49708034344.
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that he proceeded to destroy all the unpublished papers he had still in his possession and until
1948 he published nothing meteorological.”*!7 In reflecting on his own life, Richardson
acknowledges his Quaker upbringing, “I have a prejudice that the moral evil in war outweighs
the moral good, although the latter is conspicuous. This prejudice is derived from the Quakers,
who brought me up. I am not ashamed of it.”#!® Interestingly, Richardson’s pacifist nature did
not preclude him from making contributions to meteorology; on the contrary, and perhaps a bit
ironically, his strong moral and political convictions was what propelled him to manifest his
mathematical talents in a way that eventually revolutionized weather forecasting. As Peter Lynch
observed, “Richardson’s genius was to apply quantitative methods to problems that had
traditionally been regarded as beyond ‘mathematicisation,” and the continuing relevance and
usefulness of his work confirms the value of his ideas,” and Richardson himself acknowledges
that one of his motives for research is “my prejudice that scientific method is more trustworthy
than rhetoric.”#!?

In 1947, after years of devoting the latter part of his career to “developing mathematical
theories of human conflicts and the causes of war,”*?° Richardson’s greatest contribution to
peace studies was arguably the publication of his quantitative work, Arms and Insecurity: A
Mathematical Study of the Causes and Origins of War,**' which laid the foundations for the

establishment of academic political science programs devoted to quantitative methods of

research into human conflict. In the preface, Richardson invokes the qualitative tension that

417 Brunt, 127.

418 Lewis Fry Richardson, Arms and Insecurity: A Mathematical Study Of The Causes And Origins Of War, ed.
Nicolas Rashevsky and Ernesto Trucco (Literary Licensing, 2012), xv.

419 Richardson, xv.

420 peter Lynch, The Emergence of Numerical Weather Prediction: Richardson’s Dream, 1st ed. (New York:
Cambridge University Press, 2014), 12.

421 Richardson, Arms and Insecurity.
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exists between science and politics, framing the importance of applying the former to the latter in
a quantitative way:

It is so customary for political writings to flow on with journalistic ease that many people
seem to regard ease as a characteristic of thought about politics, whereas really it is only
a characteristic of popularization. Mankind is surely more complicated than lifeless
matter. It is therefore not reasonable to expect that we should understand mankind by
using techniques simpler than those required for physics. The very rapid advance of
physical science has not depended on pleasant reading in newspapers, but has been
greatly aided by difficult reading in the journals of learned societies. Any research worker
usually feels that it would be futile and almost immoral to attempt to popularize his
discovery until it has been submitted to the few who are capable of judging it critically.
The present author agrees with that research-ethic, but has experienced the following
peculiar difficulty in attempting to apply it. The subject here treated, namely quantitative
history, is not at present cultivated under the auspices of any one learned society; indeed
it falls between two stools, because the historians, and other students of human nature,
are in general strongly adverse from mathematics, whereas the mathematicians are apt to
regard politics and history as incalculable.*2

It is rare in modern history, particularly since the early twentieth century, for scientists and
mathematicians to publish research on issues of politics and ethics, but Richardson’s penchant
for applying quantitative methods of research to objects that would otherwise be left to other
modes of inquiry forced him into the unconventional space between science and philosophy. And
it was his willingness to position himself as a researcher within this technopolitical juxtaposition
that allowed him to break the research constraints that eventually led him to revolutionize
multiple disciplines, including both meteorology and the political sciences.

423

In his landmark 1922 work, Weather Prediction by Numerical Process,*>> Richardson

established the theoretical basis upon which the fluid flows of the atmosphere could be

approximately solved using the mathematical technique of finite differencing. Richardson first

7,424

expressed interest in meteorology in 190 and by 1911, he had conceived of his dream of a

422 Richardson, xiii—xiv.
423 Richardson, Weather Prediction by Numerical Process.
424 Lynch, The Emergence of Numerical Weather Prediction, 14.
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hypothetical “forecast factory.” He imagined that this factory, if filled with 64,000 human
computers, would be able to integrate the mathematical equations fast enough to keep pace with
the changing weather in real time:

After so much hard reasoning, may one play with a fantasy? Imagine a large hall
like a theatre, except that the circles and galleries go right round through the space
usually occupied by the stage. The walls of this chamber are painted to form a map of the
globe. The ceiling represents the north polar regions, England is in the gallery, the tropics
in the upper circle, Australia on the dress circle and the Antarctic in the pit. A myriad
computers are at work upon the weather of the part of the map where each sits, but each
computer attends only to one equation or part of an equation. The work of each region is
coordinated by an official of higher rank. Numerous little “night signs” display the
instantaneous values so that neighbouring computers can read them. Each number is thus
displayed in three adjacent zones so as to maintain communication to the North and
South on the map. From the floor of the pit a tall pillar rises to half the height of the hall.
It carries a large pulpit on its top. In this sits the man in charge of the whole theatre; he is
surrounded by several assistants and messengers. One of his duties is to maintain a
uniform speed of progress in all parts of the globe. In this respect he is like the conductor
of an orchestra in which the instruments are slide-rules and calculating machines. But
instead of waving a baton he turns a beam of rosy light upon any region that is running
ahead of the rest, and a beam of blue light upon those who are behindhand.

Four senior clerks in the central pulpit are collecting the future weather as fast as
it is being computed, and despatching it by pneumatic carrier to a quiet room. There it
will be coded and telephoned to the radio transmitting station. Messengers carry piles of
used computing forms down to a storehouse in the cellar.

In a neighbouring building there is a research department, where they invent
improvements. But there is much experimenting on a small scale before any change is
made in the complex routine of the computing theatre. In a basement an enthusiast is
observing eddies in the liquid lining of a huge spinning bowl, but so far the arithmetic
proves the better way. In another building are all the usual financial, correspondence and
administrative offices. Outside are playing fields, houses, mountains and lakes, for it was
thought that those who compute the weather should breathe of it freely.*?®

As romantic and impractical as Richardson’s “forecast factory” was, it presented an interesting
thought problem that conceptually presaged the modern supercomputers that operate around the

clock on massively parallel processors with investment from federal agencies to continuously run

NWP models that predict the evolution of weather systems as they unfold in real time.

425 Richardson, Weather Prediction by Numerical Process, 219-20.
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By the time of his initial departure from the Met Office in 1916, Richardson had already
completed his theoretical work of applying finite differencing to weather prediction.*?® However,
he wanted to test his theory by calculating a real-world example to demonstrate the predictive
power of his equations, impressively revising his manuscript while transporting the wounded in
the Friends Ambulance Unit from 1916 through 1918. By his own account, “During the battle of
Champagne in April 1917 the working copy was sent to the rear, where it became lost, to be re-
discovered some months later under a heap of coal.”*?” Although Richardson claims, “It took me
the best part of six weeks to draw up the computing forms and to work out the new distribution

in two vertical columns for the first time,”*?8

speculating that with more human computers it

would presumably be possible to keep pace with the weather, some meteorological historians
have pointed out that “At a civilised 40-hour week the forecast would have extended over six
months,” and that “It is more likely that Richardson spent perhaps ten hours per week at his

chore and that it occupied him for about two years, the greater part of his stay in France.”**°

430 50 regardless of

Richardson also noted that “My office was a heap of hay in a cold rest billet,
the amount of time he actually spent on his calculations, it is important to acknowledge just how
impressive this manuscript revision was, given the circumstances. As Lynch lauded, “It is a
source of wonder that in the appalling conditions prevailing at the front he had the buoyancy of

spirit to carry out one of the most remarkable and prodigious feats of calculation ever

accomplished.”®3! It is no exaggeration that the most revolutionary work that set the conditions

426 Richardson, viii—ix.

427 Richardson, ix.

428 Richardson, 219.

429 Lynch, The Emergence of Numerical Weather Prediction, 16.
430 Richardson, Weather Prediction by Numerical Process, 219.
1 Lynch, The Emergence of Numerical Weather Prediction, 16.
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of possibility for modern weather forecasting was borne in the trenches of World War I after
being lost and recovered in battle.

Although Richardson’s sample forecast was unrealistic, the theoretical underpinning
behind his calculations were rigorous, and several decades passed before meteorologists began to
realize the pioneering gravity of his work. With only minor tweaks to the theory, Richardson’s
equations became applicable, particularly as computing technology matured through the
twentieth century. As Lynch summarizes, “Richardson’s forecast came to grief through his use
of uninitialised data: his calculated pressure tendency was two orders of magnitude too large, due
to anomalously large amplitude gravity wave components in his data. Initialisation using a digital
filter produces data that yields realistic tendencies. Richardson’s methodology was
unimpeachable and is essentially the same as current practice in NWP,” adding that although
other meteorologists had contributed to the maturation of weather prediction as a science, “it was
Richardson who actually had the vision and the audacity to put to a practical test what earlier
scientists had seen only in a theoretical context. For that alone, he is worthy of our

admiration.”*32

4.2.2 COMPUTING THE WEATHER

After Richardson laid the theoretical groundwork of weather prediction through
numerical computation, Lynch claims that “meteorology is now firmly established as a
quantitative science, and its value and validity are demonstrated on a daily basis by the acid test

of any science, its ability to predict the future.”**3 Although a full review of the mathematics of

432 Lynch, 250.
433 Lynch, 250.
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modern NWP is well beyond the scope of this dissertation,*** I offer a brief summary of the
NWP process and operational cycle in this section to provide the reader a foundational
understanding of this technological cornerstone of modern weather forecasting before delving
into our analysis of NWP as a scientific and strategic technology.

Through the twentieth century, the quantitative theoretical developments of meteorology
have evolved as an application of classical fluid dynamics to different spatiotemporal scales of
the Earth’s atmosphere. All dynamical theories that describe the evolution of weather systems
are built upon Newton’s laws of motion. When describing fluid motions, Newtonian mechanics

manifests as the foundational Navier-Stokes Equations:

Conservation of Mass

a—p+Vopu:0

ot

Conservation of Momentum

a—qu(u-V)u:—1Vp+F+HV2u
ot p p

Conservation of Energy
o€
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Derived from Newton’s Second Law of Motion, these equations reduce the chaotic nature of the
atmosphere into a more mathematically manageable problem of classical mechanics, but they
presuppose that the atmosphere consists of discrete air parcels with extensive properties that can

be quantified and measured. We know from our previous discussion that the approximation of

434 For an introductory but technical treatment of NWP, see Thomas Tomkins Warner, Numerical Weather and
Climate Prediction, 1st ed. (New York: Cambridge University Press, 2011).
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parcel theory is at odds with our real-life experience of the weather, which consists of
continuously flowing patterns of change that cannot be so readily discretized. However, the
equations of classical mechanics are currently the best suited to apply Richardson’s finite
differencing techniques for NWP models, so the Navier-Stokes Equations serve as the
disciplinary foundation of a first course in atmospheric dynamics.

A student of meteorology builds upon these Navier-Stokes Equations to develop
conceptual-but-analytic models such as Quasigeostrophic Theory,***> which explains the
development, maintenance, decay, and movement of synoptic scale mid-latitude cyclones, using

only two analytical equations:

Quasigeostrophic Omega Equation
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diagnostic equation differential geostrophic vorticity advection geostrophic temperature advection diabatic heating

Quasigeostrophic Height Tendency Equation
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prognostic equation geostrophic vorticity advection differential geostrophic temperature advection differential diabatic heating v?rtical variation
of static stability

A full explanation of all of the variables contained in these two equations is omitted,**® but these

equations are included here in their full forms as an illustration of the culmination of a century’s

435 For a full treatment of the dynamics of synoptic scale meteorology, see Gary Lackmann, Midlatitude Synoptic
Meteorology: Dynamics, Analysis, and Forecasting (Boston: American Meteorological Society, 2012).

436 The first diagnostic equation explains how point-circulations in the atmosphere (vorticity) and changes in
temperature (advection and diabatic heating) can lead to vertical motion of the air (omega), the latter of which serves
as a proxy for good weather (sinking air) and bad weather (rising air). This first equation is intimately tied to the
second prognostic equation, which explains how vorticity and temperature advection, combined with condensational
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worth of meteorological research and the capstone of today’s undergraduate degree in
meteorology. With Quasigeostrophic Theory—among other theories of synoptic-dynamic
meteorology—meteorologists tie quantitative theory to analytically rigorous concepts,
empowering forecasters to better interpret diagnostic and prognostic weather maps. More
advanced concepts of fluid dynamics are introduced in graduate school, to include tensor
analysis and numerical methods of finite differencing, which seek to approximate the solutions
of such partial differential equations:
In principle, a prediction for a finite time interval can be obtained by summing a
succession of infinitesimal time changes of the meteorological variables, each of which is
determined by their distribution at a given instant of time. However, the nonlinearity of
the equations and the complexity and multiplicity of the data make this process
impossible in practice. Instead, it is necessary to resort to numerical approximation
techniques in which successive changes in the variables are calculated for small but finite
time intervals over a domain spanning part or all of the atmosphere.*’
Although mathematical equations are rarely used explicitly in day-to-day operational
meteorology, the interdependent network of atmospheric variables play out in the forecast
process implicitly, particularly when interpreting the dynamics of NWP model visualizations.
The majority of operational NWP models are initialized at the synoptic times, so they are
run every six hours on supercomputers that integrate the predictive equations out to one to two
weeks into the future for global weather models and out to a few days for higher resolution

mesoscale models. Each time the model is run, the forecast output from the previous model run

is used as a background “first guess” to determine the new initial conditions of atmospheric

(diabatic) heating and vertical variations in stability can lead to changes in the depth of a weather system, which in
turn, affect atmospheric pressure distributions that then change the winds that circulate around and steer the weather
systems. These two equations describe a complex feedback, where temperature and pressure patterns intertwine in a
grand dance of atmospheric variables, propelling mid-latitude weather systems through space and time.

437 Joseph P. Gerrity et al., “Weather Forecasting and Prediction,” Access Science, 2020, 4,
https://doi.org/10.1036/1097-8542.742600.
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variables. This model environment is then modified through the data assimilation process, which
consists of a complex algorithm that ingests the latest observations from in-situ and remote-
sensing platforms in a way that maintains consistency with the background, resulting in an
objective, model-derived analysis field that then serves as the new initial condition from which
the equations of motion are numerically integrated into the future.**® Since the most advanced
models are run for the entire globe, this data assimilation process necessarily requires that all
nations with the ability to collect weather data share their observations via a standardized format
so that these NWP models can be run on a global domain. Once the equations are mathematically
integrated forward with time, the NWP models output future atmospheric data at certain time
steps that are then post-processed into maps that are understandable by the human forecaster.
This process is repeated for each NWP model run cycle.

Since the atmosphere is a chaotic system, the further an NWP model looks into the
future, the less accurate the prediction. Thus, the forecast error is the deviation of the model
forecast from reality—or the actual state of the atmosphere—with each cycle of the initialization
and data assimilation process serving as an attempt to correct for this discrepancy using real-time
observations. Like a rudder on a ship or the ailerons on an airplane, NWP is a tool that applies a
continuous process of small self-corrections. Over the last several decades, NWP models have
continued to improve, showing a decrease in error and increase in skill for each forecast hour,
and “the 5-day forecast is now as accurate as the 3-day forecast was in the early 1970s.”4°

Today, NWP serves as the cornerstone of all weather forecasting efforts, although the

physics schemes and parameterizations differ depending on the scale of the processes being

438 Data assimilation is a technical subfield within the science of NWP. For a technical treatment of this crucial step
within the NWP cycle, see Eugenia Kalnay, Atmospheric Modeling, Data Assimilation and Predictability, 1st ed.
(New York: Cambridge University Press, 2002).

439 Gerrity et al., “Weather Forecasting and Prediction,” 4.
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resolved. Recent advancements in NWP have been described as a “quiet revolution,” because
although it is not considered a breakthrough in fundamental physics, “the impact of numerical
weather prediction is among the greatest of any area of physical science. As a computational
problem, global weather prediction is comparable to the simulation of the human brain and of the
evolution of the early Universe, and it is performed every day at major operational centres across
the world.”#40

As NWP continues to advance alongside computing technology, so too does our
scientific understanding of the atmosphere. As Lynch points out, “There is a strong symbiosis
between numerical weather prediction and theoretical meteorology. Advances in our
understanding of the physics and dynamics of the atmosphere and ocean are soon exploited in
computer models, and these models themselves provide us with a powerful method of exploring
the behaviour of the real atmosphere and ocean.”**! The discipline of NWP has become a
technoscience unto itself, raising major questions about the operational implementation of NWP
models: What is the place of NWP in the human weather forecast process? Are subjective
techniques such as hand-analysis of weather maps still a valuable diagnostic technique? At what
point will the objective analysis techniques of NWP surpass the skill of the human analyst? If
that time has already come, then what added value does the weather forecaster at a weather
forecasting agency provide? What will become of the role of the human forecaster in the not-so-
distant future as meteorological applications of machine learning, artificial intelligence, and
quantum computing mature? For a meteorologist, the ever-improving tools of NWP evoke these

not only professional concerns but also ontological questions that cut to the heart of what it

440 peter Bauer, Alan Thorpe, and Gilbert Brunet, “The Quiet Revolution of Numerical Weather Prediction,” Nature
525, no. 7567 (September 2015): 47-55, https://doi.org/10.1038/nature14956.
4“1 Lynch, The Emergence of Numerical Weather Prediction, 248.
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means to be a forecaster. To shed light on these questions, we must first establish a proper
understanding of the philosophical basis upon which NWP can be understood as a scientific

technology of weather forecasting.

4.2.3 A SCIENTIFIC TECHNOLOGY

In the modern era, “technology” is often popularly used as a term to broadly describe a
machine or form of automation that is an instrument that extends the abilities of the human body,
thereby surpassing our physical and biological constraints in some way. Airplanes allow us to
travel great distances in a short amount of time, the internet allows us to communicate over those
distances instantaneously, and the miracles of modern medicine have allowed us to defy or even
control the evolutionary forces that have charted the biological course of humanity through
millennia. But is technology truly just a form of instrumentality and automation? Or does it have
a broader meaning beyond the machine? How do we account for the social aspects that shape the
techno-human relationship? In order to understand the future of weather forecasting and the
evolving value of the human forecaster, it behooves us to place NWP within the proper
technological context.

In his essay, “The Question Concerning Technology,” German philosopher Martin
Heidegger famously proclaimed that “the essence of technology is by no means anything
technological,” and that “the essence of a thing is considered to be what the thing is.”**? In other
words, understanding the essence of technology is the crucial task at hand, and that essence is not

just a series of electrical circuits. Heidegger goes on to assert that “Technology is a way of

442 Martin Heidegger, The Question Concerning Technology, and Other Essays, Reissue ed. (New York: Harper
Perennial Modern Classics, 2013), 4.
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444 which is to say that we

revealing”** that necessarily “enframes” objects as “standing-reserve,
artificially reduce an object’s potentialities by exploiting them for some purpose, and that by
doing so, an object’s value becomes nothing more than what can be measured. This stands in
contrast to the Greek concept of alétheia or the Roman veritas, which describe the beauty of
natural revealing or poiesis,** like a cumulonimbus cloud that grows and unfolds without any
human intervention. Modern technology as a type of enframing, on the other hand, would enable
us to use an aircraft to fly transects through the nascent cumulus cloud to take observations and
analyze its constituent parts and then predict the cloud’s eventuality as a mature thunderstorm or
cumulonimbus, but in so doing, we “interrupt” the process of natural revealing. If technology
were merely the felos, then either of the above would result in the same understanding of a
mature thunderstorm or cumulonimbus cloud, but Heidegger would argue that this artificial
“interruption” of the latter would in fact act to conceal the natural, immeasurable character of the
former. Heidegger concludes,

Because the essence of modern technology lies in Enframing, modern technology
must employ exact physical science. Through its so doing, the deceptive illusion arises
that modern technology is applied physical science. This illusion can maintain itself only
so long as neither the essential origin of modern science nor indeed the essence of
modern technology is adequately found out through questioning. ... The essence of
modern technology shows itself in what we call Enframing.

Thus, Heidegger critiques modern science’s attachment to extensive properties over intensive

properties, which are philosophical concepts that Gilles Deleuze adapted from thermodynamics

to describe additive properties that can be measured and divided (such as volume) vice properties

443 Heidegger, 12.
444 Heidegger, 17-19.
435 Heidegger, 11-13.
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that cannot be discretized but can still result in a qualitative change in the system (such as
temperature, patterns of weather systems, etc.).*4¢

So where does NWP stand in relation to the Heideggerian definition of technology?
Thermodynamically, an NWP model quantifies the atmospheric variables—even the infensive
ones—using the extensive technique of finite differencing, which is a mathematical procedure
that converts continuous functions and processes into an artificial grid of discrete cells wherein
data is contained, thereby introducing an analysis error that originates from the self-imposed
horizontal, vertical, and temporal resolutions. Because of limited and finite computing power,
spatiotemporal resolution is often sacrificed for the benefit of a model that runs quicker to meet
operational needs. Thus, in the Heideggerian sense, NWP is a modern technology that enframes
the continuity of fluid flow into artificially discretized chunks of space and time. However,
because NWP takes the form of a computer simulation that does not actually “interrupt” the
natural unfolding or revealing of storm systems, this Heideggerian framework of understanding
technology is insufficient for our analysis of NWP.

Perhaps a more apt perspective on the technology of NWP that preserves its character as
a simulation of the natural atmosphere comes from French philosopher Gilbert Simondon, who
wrote about the “concretization” of technical objects in his book, On the Mode of Existence of
Technical Objects:

Concretization gives the technical object an intermediate place between the
natural object and scientific representation. The abstract technical object, in other words
the primitive technical object, is far from constituting a natural system; it is the
translation into matter of a set of notions and scientific principles that are deeply separate
from one another, which are attached only through their consequences and converge for
the purpose of the production of a desired effect. This primitive technical object is not a

natural, physical system, it is the physical translation of an intellectual system. For this
reason, it is an application or a bundle of applications; it comes after knowledge, and

46 Gilles Deleuze, Difference and Repetition, 2nd ed. (London: Bloomsbury UK, 2014).
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cannot teach anything; it cannot be examined inductively like a natural object, precisely
because it is artificial.**’

Simondon’s analysis of the abstract technical object is an apt description of NWP in its earlier
stages. The simplest NWP models rely heavily on parameterizations, with a course grid scale that
introduces significant errors, rendering them “far from constituting a natural system.” Many of
the earliest NWP models of the twentieth century were developed to test the analytical fluid
dynamics theories that were discovered decades prior, such that they could be considered a
computer-based translation of “an intellectual system” that “cannot teach anything” and “cannot
be examined inductively like a natural object.” However, with the development of ever-more
powerful supercomputers, NWP models—particularly modern global models—have become far
more skillful in predicting the weather days and even weeks in advance. In effect, these more
advanced models have become “concretized,”
... which is to say the evolved technical object, comes closer to the mode of existence of
natural objects, tending toward internal coherence, toward a closure of the system of
causes and effects that exert themselves in a circular fashion within its bounds, and it
moreover incorporates a part of the natural world that intervenes as a condition of
functioning, and is thus part of the system of causes and effects.**
Indeed, the most realistic and skillful NWP models tend “toward internal coherence” and “a
closure of the system of causes and effects,” which is the desired outcome of the science of
NWP. In contrast to the idealized simulations and data-denial experiments of historical weather
for purposes of research—which would be a more abstract technical object—operational NWP
actually “incorporates a part of the natural world that intervenes as a condition of functioning,”

illustrated by our earlier discussion about the data assimilation process. Real-world atmospheric

data are ingested into modern NWP models in a never-ending attempt to close the forecast error

47 Gilbert Simondon, On the Mode of Existence of Technical Objects, trans. Cecile Malaspina and John Rogove, 1st
ed. (University Of Minnesota Press, 2017), 49.
448 Simondon, 49.
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gap. The scientific technology of NWP continuously strives to achieve a more “concrete”
character, thereby giving up the artificiality, customizability, and adaptability of the simpler,
idealized models. Thus, through the lens of the Simondonian theory of technology applied to the
world of weather forecasting, the telos of modern NWP is to reduce adaptability for the purpose
of enhancing precision and accuracy.

We have established that NWP is a modern technology that attempts to simulate natural
processes as accurately as possible, but to what extent can NWP be considered a machine? Of
course, the massively parallel supercomputers within which NWP models are run certainly are
machines in the traditional sense of the word, consisting of hardware that is tangible and can be
physically engineered. But what about the NWP software itself—are the models considered
“machines” in themselves? Are they “machinic,” in that they produce novelty in excess of the
sum of its parts; or are they merely “mechanical,” in that they are nothing more than discrete
pieces of computer code strung together to produce a desired scientific outcome? This is an
intriguing and important question, the answer to which requires the convergence of science,
engineering, and philosophy. As Simondon eloquently stated:

The machine, as an element of the technical ensemble, becomes that which increases the

quantity of information, increases negentropy, and opposes the degradation of energy: the

machine, being a work of organization and information, is, like life itself and together
with life, that which is opposed to disorder, to the leveling of all things tending to deprive
the universe of the power of change. The machine is that through which man fights
against the death of the universe; it slows down the degradation of energy, as life does,
and becomes a stabilizer of the world.**

Interestingly, quantum physicist Erwin Schrédinger shares a similar sentiment by

invoking the Second Law of Thermodynamics in his essay, “What is 1ife?”*° A machine, much

like life itself, exists as a local mechanism by which the ever-increasing entropy of the universe

449 Simondon, 21.
430 Schrodinger and Penrose, What Is Life?
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appears to temporarily halt or reverse, thereby giving the illusion of order arising out of disorder.
In the words of Norbert Wiener, the founder of the field of cybernetics, or the science of the
human-machine relationship:

As entropy increases, the universe, and all closed systems in the universe, tend
naturally to deteriorate and lose their distinctiveness, to move from the least to the most
probable state, from a state of organization and differentiation in which distinctions and
forms exist, to a state of chaos and sameness. ... But while the universe as a whole, if
indeed there is a whole universe, tends to run down, there are local enclaves whose
direction seems opposed to that of the universe at large and in which there is a limited
and temporary tendency for organization to increase. Life finds its home in some of these
enclaves. It is with this point of view at its core that the new science of cybernetics began
its development.*’!

Since NWP exists in the virtual space of a computer simulation, one cannot readily apply the
concepts of “entropy” or “negentropy” to the machine of NWP. However, cybernetics can still be
useful when trying to understand the technology of NWP. With NWP, we convey the four-
dimensional evolution of future weather in a way that is rendered understandable by the human
senses. This extension of the human mind and our subsequent understanding of the variety of
future states of the weather then enables us to better plan our lives around our expectation of
what the weather will be in the coming hours and days. Thus, the technology of NWP can have a
direct impact on human decisions. In a sense, the “machine” of NWP, by its very nature of
simulating the different potentialities of future weather, through the institution of weather
services and warning systems, absorbs the human into the process of the machinic as we
surrender a portion of our decision-making power to NWP. Those of us who tune in to the
evening weather report to decide whether or not to run errands the next day are participants in

this human-NWP relationship. In other words, if we consider NWP merely as a mechanical

technology, we would study how to make them better and faster, but if we consider them a

41 Norbert Wiener, The Human Use Of Human Beings: Cybernetics And Society, Revised ed. (New York: Da Capo
Press, 1988), 12.
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machinic technology, then we would need to consider where the parts of code are sourced, what
international engagements are necessary to set up the conditions of possibility for the exchange
of scientific ideas, the logistical and budgetary considerations that support the construction of
supercomputers that run the NWP models, what tools the teams of computer and atmospheric
scientists need to develop in order to best visualize four-dimensional data to enhance forecaster
understanding and decision support, so on and so forth. In other words, by viewing NWP in a
machinic sense, we are empowered to trace the relations that comprise the technopolitical
network within which NWP resides, rather than becoming too narrowly focused on merely
making the models better and faster. To view NWP in this latter, mechanical sense would be to
deprive ourselves of our potential to push the NWP discipline toward actualizing the purpose of
the technoscience of meteorology—to save lives and mitigate economic damage.

When we consider NWP in the broader machinic sense, such that the automated
simulations inform human forecasters—who, in turn, inform human decision-makers—then we
arrive at what Thomas Warner calls the “human-machine mix” of weather forecasting. Warner
explores the question of what the relationship between NWP and the human forecaster should be:
“Decades ago, when models were not nearly as skillful as they are now, the experience of
forecasters was especially crucial to the generation and accurate interpretation of the operational
products provided to the public.”*>? This sentiment alludes to the days when hand-analyses and
isoplething were an indispensable skill for an operational meteorologist to quality control the
initialization of an NWP model. Through the latter part of the twentieth century, it was common
for the human analyst to better “initialize” the current state of the atmosphere than the NWP

models, so a common strategy of a forecaster to test the potential validity of a particular NWP

42 Warner, Numerical Weather and Climate Prediction, 364.
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model was to check whether the initialized model field matched the human-analyzed field. The
model that did not match the hand-drawn analysis was deemed likely to be inaccurate.

Today, the practice of comparing the model-initialized field to the human-analyzed map
has become obsolete, given the accuracy of global NWP model analyses. However, as we will
soon consider, human analysis still has its place among the objective techniques of NWP, for it is
qualitatively different in ways that still provide value in the human-computer machinic network
that is the modern NWP infrastructure. We must remain cautious not to fall into the allure of
techno-optimism as NWP technology continues to advance, because “In the extreme, model
products are sometimes translated directly into images and computer-worded forecasts for the

public, without expert interpretation.”*>?

This latter practice is becoming more widespread in
both the private and public sectors of meteorology, particularly as decision-makers and the users
of weather products demand pinpoint detail in weather forecasts delivered via a graphical user
web interface (i.e., a clickable map) or GPS-following mobile apps, requiring the objective
interpolation of the extensive and intensive qualities of the atmosphere (e.g., temperature,
humidity, wind, pressure, structural patterns of storms), but more precision does not necessarily
translate into more accuracy. In fact, precision can provide a false sense of security that a
particular deterministic weather forecast is more accurate, when in fact there are inherent
uncertainties embedded in each forecast. Thus, the problem of spatiotemporal scale once again
rears its ugly head. Analogous to the new high-resolution Synthetic Aperture Radar data
rendering tropical cyclone intensity more difficult to define, our capability of being more precise

with respect to forecasts of future weather may not necessarily imply more accuracy or

reliability, which leaves space for human decision-support services to still provide value.

453 Warner, 364.
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As the skill of NWP models continues to improve, a tension has emerged in the
technoscience of meteorology between “old school” forecasters, who were trained in the 1970s
and 80s during the primacy of subjective map analysis techniques, and the new generation of
“modelers,” who are technologically savvy and are literate in the inner workings of NWP
models. The former adopt an almost Heiddegerian perspective and swear against the overuse of
NWP models, emphasizing that proper training in subjective analysis techniques, combined with
expert knowledge of climatology and good old-fashioned intuition, is preferable to “living and
dying by the models”—a phrase that Steven Lyons, tropical meteorologist trained in the art of
traditional streamline analyses, used to say while critiquing the modern overreliance on NWP
models. The latter adopt the more techno-optimist perspective and believe that the key to
improving the accuracy of weather forecasts is to improve the skill of NWP models,
acknowledging that the power of the supercomputer to analyze data has far outpaced what is
capable by human forecasters. Although the tension between these two groups may at first
appear to parallel the tension between the epistemes that distinguish the operational forecaster
from the theoretical researcher, this debate over the value of the human analyst relative to NWP
models is a tension that resides entirely within the episteme of operational forecasting. Both the
old school forecasters and the modelers would consider themselves “operational,” because
contrary to the method of using idealized modeling to conduct controlled experiments in a
research setting, the discipline of NWP has become the science of real-time weather prediction in
an operational setting.

As early as 1969, Leonard Snellman, a meteorologist at the U.S. Weather Bureau

Western Region, later the National Weather Service Western Region Headquarters, wrote about
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the “man-machine mix” in applied weather forecasting.*>* Concerned about the trend of
forecasters “relinquishing their meteorological input into the operational product going to the
user” and “operating more as communicators and less as meteorologists,” Snellman went so far
as to call this trend a “meteorological cancer” in a 1977 technical memorandum.*> His personal
reflection on this issue in the introduction of the memorandum is particularly enlightening:

I find myself between the proverbial Rock and a Hard Place these days. On the
one hand, I think that persons involved in operational meteorology, like myself, should be
strongly promoting the development and use of objective guidance, and on the other
hand, I see pursuing this course too far as implied by some top staff people as destroying
the meteorologist's significant input into the operational end product.

For a World-War-I-trained meteorologist to talk about the dangers of automation,
which is the “in” thing these days, is to ask to be branded as living in the past. Yet, I
think that my past meteorological track record does not support that conclusion.

Management decisions now being formulated on operational practices and the
effect of these decisions on meteorological education may very well determine whether
operational forecasting lives or dies as a satisfying career in the future. I believe man’s
position in the system must be kept strong and significant if it is to live. In addition, I also
believe the quality of meteorological services to our users will be inferior to what the
state of the science will support if it dies....

Certainly using automation to our greatest advantage is the correct path to follow;
but, it is not automation, per se, that I am questioning. Rather it is the philosophy
espoused by some of how automated guidance should be used.*>

Fascinatingly, this tension between the “old school” style of forecasting and new objective tools
of automation has persisted for over half a century. Not only is this struggle between groups of
forecasters with different beliefs and preferences, but this is also an infernal struggle with which
each forecaster must grapple, as Snellman so frankly captured in his opening paragraph. As a

good scientist trained within the framework of logical positivism, a meteorologist should

embrace objective techniques to the greatest extent possible; but as a good artist who recognizes

454 Leonard W Snellman, “Man-Machine Mix in Applied Weather Forecasting in the 1970s,” ESSA Technical
Memorandum WBTM WR-40 (Salt Lake City, UT: Weather Bureau Western Region, August 1969).

455 Leonard W. Snellman, “Operational Forecasting Using Automated Guidance,” NOAA Technical Memorandum
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the beauty of an ever-flowing system within which we live, a meteorologist should also embrace
the subjectivity of human intuition and interpretation. This tension is an ever-present duality
among not only groups of forecasters, but also within the mind of an individual forecaster.

In helping us think through this tension between the human and NWP contributions to
weather forecasting, we can consider what Tim Vasquez describes as the diagnosis process of
forecasting, which is the conceptualization and theorization that occurs within the mind of the
forecaster, situated between analysis and prediction, and is a “connection with the actual
weather, and its comprehension and understanding.”7 Vasquez continues:

Ironically, this technique has become a significantly neglected aspect of operational

meteorological science. This is largely a result of the strong emphasis on numerical

modelling, parameterization, and analysis in meteorology journals. On a day-to-day basis,
it’s not surprising to encounter a forecaster who painstakingly isopleths the surface map,
reciting the importance of analysis, and then dives straight into the numerical models and
gridded fields without reviewing other charts and tools.

As a result, the forecaster may have an intimate understanding of what, when,
where, and how of a weather system and its evolution, but questions of why yield
unconvincing answers....A forecast that is heavily grounded in actual, observed data and
a keen understanding of how all the processes are tied together is the foundation of a
forecast.*>®

But even with this acknowledgment of the prevailing value of human diagnosis in the weather
forecast process, it is still tempting for those trained as forecasters in the pre-NWP era to remain
in denial of the tasks in which NWP truly has added value, which Andrew Blum acknowledges is
“a reasonable response if you have spent decades looking at outputs of weather models and could
tell that they were no good. But as the models have unequivocally improved, the bar has been

raised; it is more often harder, if not impossible, to outsmart them.”*° So the ever-improving

skill of NWP models at not only prediction but also analysis necessarily begs the honest

47 Vasquez, Weather Analysis & Forecasting, 183.
458 Vasquez, 183.
49 Blum, The Weather Machine, 159—60.
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ontological question, “What is a weather forecaster good for?”—a question posed by Blum in
The Weather Machine.*®° Although there are different answers to this question depending on
one’s positionality with respect to the public and private sectors, as we will discuss in Chapter 5,
the fact is that automation is forcing a shift in the priorities of meteorologists everywhere,
including those who work in the more traditional National Weather Service offices. In
summarizing an interview with Louis Uccellini, Director of the National Weather Service, Blum
writes that this shift “means spending more time explaining to emergency managers and public-
works officials the likelihood of a weather event and the severity of its impacts.”*¢! In other
words, the role of the human meteorologist is moving more toward providing effective
communication and decision support, a fact that was affirmed in my recent conversations with
the staff of the National Hurricane Center, an operational forecast center that has garnered more
and more media attention over the years. “In the interim,” Blum writes, “[decision support] has
made for more work. In the future, it could well be the only work.”*%2

Given the increasing importance of information and communication in weather
forecasting, we can also draw from cybernetics to think through this human-machine tension.
Wiener borrows the biological term of homeostasis to describe the process by which life exists as
“a local enclave in the general stream of increasing entropy.”*%* He then goes on to say, “It is the
pattern maintained by this homeostasis, which is the touchstone of our personal identity,” and
that “A pattern is a message, and may be transmitted as a message.”*** Hence, Wiener’s primary

thesis is that everything can be cybernetic or informatic, meaning “society can only be
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understood through a study of the messages and the communication facilities which belong to it;
and that in the future development of these messages and communication facilities, messages
between man and machines, between machines and man, and between machine and machine, are
destined to play an ever-increasing part.”6> Wiener further asserts that communication is the key
to control, which means anything can be altered or “reprogrammed.” Thus, there is no informatic
difference between subjective hand-analyzed and objective computer-analyzed maps. Any
benefit that the human forecaster could potentially derive from the art of isoplething could, if the
NWP model is good enough, be “programmed” into the objective analysis algorithm. This is in
line with the prevailing thinking within the modern NWP modeling community, which asserts
that the science of data assimilation has progressed to the point where humans cannot possibly
add any further value to the initial analysis because the computer is much more efficient at
interpolating the tens of thousands of observational data points in mere seconds.

As a counterpoint to Wiener, French philosopher Michel Serres, argues that the
relationship between form and matter is not quite so simple, and that it may not actually be
possible to claim “objectivity” in the pursuit of knowledge:

It is no longer necessary to maintain the distinction between introspective
knowledge, or “deep” knowledge, and objective knowledge. There is only one type of
knowledge and it is always linked to an observer, an observer submerged in a system or
in its proximity. And this observer is structured exactly like what he observes. His
position changes only the relationship between noise and information, but he himself
never effaces these two stable presences. There is no more separation between the
subject, on the one hand, and the object, on the other (an instance of clarity and an
instance of shadow). This separation makes everything inexplicable and unreal.”#¢¢

In other words, the complexity of human-machine systems muddies the distinctions between

observers and the observed. Since the automated algorithms of the so-called “objective” NWP
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models are created by human scientists, are they truly “objective?” Or are there built-in,
dynamical limitations that we are simply unaware of, masked by the false pretense that mere
standardization, or automation, produces a preferred form of objectivity? Today, there are still
some “old school” weather forecasters who claim that a careful hand-analyzed map, when done
properly, can allow them to regularly “beat” an NWP model—particularly for mesoscale
forecasting, and occasionally for tropical cyclones. Albeit rare, these claims do exist and cannot
be readily discounted. No doubt, these forecasters are usually extremely experienced in the field,
with decades of observing and analyzing weather patterns, so their experience-based “intuition”
takes on the form of their hand-analyzed maps, and the result is a superior forecast. This intuition
cannot be quantified, nor can it be easily trained and passed on from person to person, but does
that mean it is invalid or any less real? Within the technoscience of meteorology itself, as with
social systems, qualitative or intensive characteristics may not be as measurable or quantifiable
as extensive characteristics, but they are of value nonetheless.

Returning to Vasquez’s discussion of subjective map analysis techniques, he describes
hand analysis as “an activity that heightens one’s own situation awareness,” causing “the analyst
to immerse oneself in the data and integrate all of the information into a unified picture of the
atmosphere,” emphasizing that “Information is gained by the process, not the result.” %7 This
emphasis on process rather than result is an important paradigm that seems at first to be
contradictory to the traditional scientific method, but is one that can still provide value,
particularly if that forecast process enables a human forecaster to offer better decision support,
which then benefits the decision maker in ways that extend beyond traditional notions of forecast

accuracy. Vasquez goes so far as to say, “machine analysis of surface data should be avoided as

467 Vasquez, Severe Storm Forecasting, 10-11.
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much as possible....When high quality data is present, the forecaster can do a better job than a
computer at recognizing important features, just as an architect can do a better job at recognizing
the sociological, aesthetic, and market value of a computer-aided house design even though the
software program itself can easily churn out reams of engineering and carpentry data.”*%® The
aesthetic value that Vasquez invokes is an intensive byproduct of subjective analyses that cannot
be extensively modeled, lending credence to Serres’ point. Whether or not an NWP model can
perform a “better” analysis than a human becomes moot, because the intensive value of
experience, intuition, and aesthetics as a means for the understanding of the evolution of weather
patterns cannot be discounted, so long as the human forecaster is part of the weather forecasting
process. The subjective skill of an experienced forecaster is difficult to reproduce, so an
objective method is understandably preferred for the sake of standardization, but in doing so, one
cannot discount the existence and value of the—albeit rare—human potential to “out forecast” an
NWP model. For an inexperienced forecaster, a reliance on objective techniques is preferable,
but as mentioned in Chapter 3, regardless of their relative accuracy in comparison to NWP model
analyses, hand-analysis techniques can still aid in increasing a forecaster’s attention to detail and

can raise overall situational awareness of the data at hand, which is itself of value.

4.2.4 A STRATEGIC TECHNOLOGY

Having evaluated the scientific and technological aspects of NWP, we now return to the
broader technopolitical network within which weather forecasting is situated. As previously
mentioned, although attempts at weather control have been abandoned as an operational

imperative by mainstream meteorologists, the ability to forecast the weather provides a certain
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level of control with respect to decision-making that translates to power and leverage. As such,
weather forecasting has institutional and international political ramifications that is often
securitized. Traditionally, within the political sciences, security studies can be considered a
subset of international relations, wherein the discipline focuses on the interplay of state actors
while considering issues of war and peace. But more broadly speaking, the concept of security
can be defined as the state of safety and stability applied to individuals, communities, and
nations. It has been said that security is a concept we take for granted until it is taken away from
us; it then becomes all we can think about. With this in mind, the influence of weather on
personal, national, and international security becomes obvious. Given that “Earth does much of

469 natural variability in weather often results in physical,

its business through extremes,
economic, and emotional harm, from the isolated destruction wrought by small but intense
tornadoes, to the widespread catastrophe associated with a major hurricane or typhoon at
landfall.

Throughout human history, hazardous weather events—particularly tropical cyclones—
have often changed the course of military strategy and operations. On 29 October 1274, Kublai
Khan led the Mongols in an attempted invasion of Japan with approximately 40,000 troops who
sailed on some 900 ships. Although their invasion was initially successful, with the Japanese
struggling to defend the coastline of Kyiishii, the Mongols were driven away on the night of 19
November, not by the force of a mighty army but by the fury of a great typhoon. In June 1281,
the Mongols attempted a second invasion of Japan, this time with a total of 140,000 men. With

the Japanese better prepared for this second attack, their forces were able to hold against the

Mongols until 15-16 August when another typhoon destroyed the invading fleet, putting Kublai

469 William H. Hooke, Living on the Real World: How Thinking and Acting like Meteorologists Will Help Save the
Planet (Chicago: American Meteorological Society, 2014), 57.
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Khan back in retreat, who decided to never attempt another invasion of Japan. Through centuries
of Japanese historical and cultural lore, typhoons became known as the kamikaze, or the “divine
wind.” Ironically, although Japan struggles with the impacts of typhoons each year, in tracing its
history back to the Mongol invasions, it would not be an exaggeration to say that Japan owes its
current sovereignty and cultural identity to the existence of typhoons. Kerry Emanuel, professor
of meteorology at the Massachusetts Institute of Technology, went so far as to suggest that
“Were it not for two typhoons, Japan might be part of China today.”*"

In nearly every conflict through human history, from the Mongol invasions of Japan to
the invasion of Normandy in France,*’! the ability of the parties in conflict to predict and adapt to
the weather on the battlefield has served as a deciding factor for the outcome of war. Thus, the
ability to predict weather becomes a crucial piece of intelligence when fighting an adversary on
the battlefield. In 2014, the U.S. Navy reorganized its Meteorology and Oceanography
(METOC) commands under the administrative oversight of Naval Information Forces, which
oversees the U.S. Navy’s intelligence, cryptology, cyber, information, and space forces. This
reorganization is indicative of the recognition that meteorology is an important form of
“environmental intelligence” in considerations of national security.

During peacetime, effective weather forecasts can enable nations to compete
economically, from securing manufacturing supply chains to projecting agricultural yields to
managing the cost of utilities. Furthermore, humanitarian efforts undertaken in response to a
weather disaster are often leveraged as a nation’s way of projecting “soft power,” which can be

defined as “the process of attraction, which allows a state to attain its desired outcomes by co-
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opting people rather than coercing them through ‘hard power’ actions such as military action or
economic sanctions.”*’2 Proper leveraging of soft power can enable a nation to build goodwill
and influence abroad, as was the case with the United States’ swift response in the Philippines
after Super Typhoon Haiyan (2013) devastated the island of Mindanao, with the USS George
Washington carrier beginning relief operations just days after the typhoon’s impact.*’* In
contrast, China offered a meager $100,000 in direct aid to the Philippines, leading to some
critical commentary: “China has made itself look small and petty, like a skinflint rather than a
magnanimous power worthy of regional leadership.”#"*

Over seven centuries after the sovereignty of Japan was preserved by the kamikaze,
during World War II—with imperial Japanese missions with the same name underway—another

475 of sorts, with consequences that spurred scientific and

military event became a “black swan
operational changes in the field of weather forecasting with significant implications to the
security infrastructure of the United States. In December 1944, the U.S. Navy’s Third Fleet,
under the command of Admiral William “Bull” Halsey, inadvertently sailed into the grips of
Typhoon Cobra in the Philippine Sea. The fleet encountered winds of 160 mph and seas of 90
feet, which sank three ships and damaged 28 others. In addition, 146 aircraft were destroyed, and
756 men lost their lives, rendering this event the single greatest natural disaster ever to impact

the U.S. Navy. Details of the horror and heroism of American warriors’ encounter with nature on

that fateful day during World War II are chronicled in several books: Halsey’s Typhoon. The
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True Story of a Fighting Admiral, an Epic Storm, and an Untold Rescue;*’® Down to the Sea: An
Epic Story of Naval Disaster and Heroism in World War II,*"7 Sea Cobra: Admiral Halsey's
Task Force and the Great Pacific Typhoon;*’® and Typhoon, the Other Enemy: The Third Fleet
and the Pacific Storm of December 1944.%7 But as harrowing as that disaster was, the greater
significance of the event was the acknowledgment that weather could pose as great a threat to the
operational security of the U.S. military as did the adversary of war. In a confidential letter dated
13 February 1945, Admiral Nimitz writes:
The commanders of all echelons in the Pacific Fleet will impress upon their subordinates
the necessity for giving full consideration to the adverse weather likely to be encountered
in the Western Pacific, particularly the presence of tropical disturbances and the
formation and movement of typhoons.*°
In response to this threat, the Fleet Weather Center/Typhoon Tracking Center was established in
June 1945 on Guam, which eventually became the U.S. Navy and Air Force’s Joint Typhoon
Warning Center (JTWC) on 1 May 1959. In an act of situational irony, just a little over three
years into its existence, the Quonset hut that housed JTWC was destroyed by Typhoon Karen in

1962, forcing the command to rebuild in a concrete structure on Nimitz Hill, Guam. In 2000,

JTWC was relocated to Pearl Harbor, Hawaii, where it currently operates 24/7 as the official
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source of tropical cyclone warnings for U.S. Government assets across the western Pacific,
Indian Ocean, and Southern Hemisphere.

JTWC’s tropical cyclone forecast products are intended primarily for the resource
protection and enhanced maneuverability of U.S. Department of Defense (DoD) customers.
However, according to the National Hurricane Operations Plan, JTWC forecasts are officially
used by the National Weather Service Weather Forecast Office on Guam in support of its
tropical cyclone related forecasts, watches, and warnings for “the Territory of Guam, the
Commonwealth of the Northern Marianas, the Republic of Palau, the Federated States of
Micronesia, and the Republic of the Marshall Islands.”*8! Thus, through the National Weather
Service in Guam, the civilian populations of the islands of the western North Pacific directly
benefit from the services provided by the U.S. military via the JTWC. On a visit to Guam in
2019, I was warmly received by the Honorable Lourdes Leon Guerrero, the first female
Chamorro Governor of Guam and the first Pacific Island woman to serve as a governor in the
United States. Governor Guerrero hosted the delegates of the WMO Typhoon Committee at her
residence in an event that resembled a state dinner, and as a childhood survivor of Typhoon
Karen in 1962, she personally conveyed her gratitude to me as a representative of the JTWC.

Internationally, because the JTWC is the oldest continuously operating tropical cyclone
forecast center in the world, its reputation in the academic and international community reaches
well beyond its mission. The JTWC is considered by most meteorologists to be the authority for
tropical cyclone records and forecasts across the Eastern Hemisphere. Together with the fact that
their forecast products are in the public domain, consistent with the policy for weather data

originating from the United States, the JTWC has become somewhat of a household name in

481 “National Hurricane Operations Plan.”
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some Asian countries, where JTWC forecasts are regularly broadcast in the news media
alongside the forecasts of their own national meteorological services.**? This places the DoD in
the strategic position of projecting “soft power” abroad through the technopolitical endeavor of
weather forecasting.

Today, on a routine six-hourly basis, meteorologists at the JTWC and their counterparts
in other tropical cyclone forecast agencies such as the National Weather Service’s National
Hurricane Center in Miami, Florida rely heavily on operational NWP models to produce their
official tropical cyclone track, intensity, and wind radii forecasts. Beginning with the initial
assessment of tropical cyclone position, intensity, and wind field discussed in the previous
chapter, forecasters generally have until three hours after synoptic time to complete their forecast
products for a given tropical cyclone. Several decades ago, when NWP technology was still in its
infancy, objective tropical cyclone analyses were notoriously bad, so the human forecaster
played an especially important role with “initializing” the models. Today, this practice of
producing a “Tropical Cyclone Vitals” file is still done, but the level to which those parameters
are used in the initialization of a particular NWP model run differs depending on the NWP
model. There is now evidence to show that the accuracy of finer resolution global models is
actually degraded with subjective human input, whereas the simpler models still leverage the
technique of injecting a synthetic, forecaster-specific vortex into the initial model fields.*** So
within the tropical cyclone forecast cycle, we are once again confronted by the ontological
question of what it means to be a tropical cyclone forecaster in this age of rapidly-improving

NWP technology.
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In 1999, the JTWC was the first tropical cyclone forecast center to pioneer and
implement the method of “consensus forecasting” into operations, which is the technique of
using the objective unweighted mean of the track forecasts of several different NWP models as
the first guess prediction from which the human forecaster can make adjustments while
formulating his or her final forecast. Rather than subjectively picking a “favorite” NWP model of
the day, based upon subjective trends, preferences, or even the “old school” method of
comparing a hand-analyzed map to an NWP model analysis, consensus forecasting has been
shown to reduce errors by leveraging the strengths against the biases of each NWP member of
the consensus. Today, for tropical cyclone track forecasting, JTWC forecasters use a consensus
of models that include deterministic as well as ensemble models—the former being a classical
simulation of the future state of the atmosphere based on a single set of initial conditions,
whereas the latter consists of multiple runs of the same model at lower resolution with different
initial conditions to better capture the “spread” or uncertainty of the track of forecast. Each year,
the skill of each of the members of the JTWC model consensus are reevaluated. Those models
that improve the consensus are maintained, whereas those that reduce the skill of the consensus
are removed. In this way, operational tropical cyclone forecasters collaborate with the research
community to ensure that the human forecasters are using only the most skillful NWP models in
any given year.

Over the last two decades, the consensus method has proven to be the most accurate and
reliable method of incorporating NWP models into the tropical cyclone forecast process. In fact,
the statistical skill of the NWP model consensus for an overall tropical cyclone season routinely
outperforms that of the human forecasters, regardless of the forecast center! When considered

alongside the fact that the subjective human analysis contained in the initial “Tropical Cyclone
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Vitals” process is known to degrade some of the newest global NWP models, our ontological
question amplifies to a deafening roar: What purpose does a tropical cyclone forecaster serve?
Why do tropical cyclone forecast centers still exist if the human forecasters can rarely beat the
statistical accuracy of NWP model consensus predictions?

In considering these questions without immediately surrendering to techno-optimism, it is
helpful to return to the aforementioned concept of decision support. Decision support as a mode
of value-added human contribution to weather forecasting in the age of NWP primacy is
particularly important within the context of applications to security. Effective decision support
comes in many forms, some of which are difficult to quantify. For example, although forecast
accuracy is universally held in high esteem, forecast consistency is also crucial for mission
planning, humanitarian assistance, and other operational activities that are unlikely to ever
become fully automated. Because an NWP model is neither sentient nor intelligent and is
therefore not aware of the needs of its customers, the human forecaster provides the invaluable
service of interpreting model output in a way that can inform decision-making, smoothing out
the run-to-run “jumps” in prediction that the purely mathematical models are known to exhibit.
With regard to track forecasting, in an effort to minimize forecast error, NWP models are known
to flip-flop, but such “windshield wiper-ing” of the track forecast can wreak havoc on a military
planner’s ability to effectively respond to an oncoming storm.

At JTWC, forecasters are trained to begin their analysis with the NWP consensus track,
making only modest adjustments at each warning time (every six hours) based upon their own

subjective analyses.*** Although the objective NWP consensus may tend to jump—Ieft/right and

484 There are, of course, some exceptions to this rule. Certain scenarios render the consensus method unreliable. For
example, sometimes the atmospheric environment surrounding a tropical cyclone causes a so-called “bifurcation
scenario,” wherein the possible future tracks diverge wildly with extreme sensitivity to the initial position and
intensity. In such cases, the unweighted mean technique of the consensus method suggesting that the tropical
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forward/backward with reach model run every six hours—the consensus method allows
forecasters to “smooth” out those jumps, resulting in an official JTWC forecast track that
provides the necessary “momentum” to preserve the run-to-run forecast consistency. The human
forecaster can thus act to inject some forecast inertia in order to minimize the run-to-run changes
in the NWP models, which adds qualitative value for decision-makers even if a little bit of the
overall quantitative track forecast skill is sacrificed as a tradeoff for more consistency. This is
one way in which human forecasters can facilitate the decision-making process for those in the
path of a tropical cyclone, even if the NWP model consensus provides a higher statistical
forecast skill score at the end of the year.

Strategically, with more accurate and more consistent forecasts, military commanders can
better leverage ideal weather conditions to conduct exercises, execute missions in the field,
protect assets, and stage resources for humanitarian assistance in the aftermath of major weather
disasters around the world. The value of forecast consistency is difficult to measure or quantify,
but it is one of the things that humans can add to this human-machine collective of weather
forecasting. Furthermore, effective decision support incentivizes the funding of NWP models
and of research to improve weather forecasting methods by both civilian and military agencies.
While there have been attempts to control microscale weather,*3> with some success in the area
of cloud seeding with silver iodide to induce rain over a localized region or to clear out fog,

efforts to modify larger synoptic scale storm systems such as Project Stormfury to apply cloud

cyclone will split the difference down the middle of the envelope of model spread would be physically improbable.
In situations like this, the human forecaster has a greater probability of “beating” consensus through a careful
analysis of initial conditions and making the right call on the proper future track scenario of the cyclone.

485 Efforts to weaponize the weather were somewhat curtailed by the United Nations Convention on the Prohibition
on Military or Any Other Hostile Use of Environmental Modification Techniques (ENMOD) of 1978, which banned
“military or any other hostile use of environmental modification techniques having widespread, long-lasting or
severe effects,” but allows for more modest, localized uses of weather modification.
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seeding to hurricanes have not been successful.**¢ So at this time, NWP’s ability to objectively
analyze the current and future weather, combined with subjective human expertise applied to

decision support, remains the most strategic asset within meteorology.

4.3 The Power of Weather Forecasting
4.3.1 METEOROLOGICAL GEOPOLITICS

As we have seen, the human forecaster has evolved over the course of the past century
alongside weather observation and prediction technologies, interwoven into the rich scientific
and artistic fabric of meteorology in a human-machine mix. As Gary Alan Fine so eloquently
writes in his ethnography about weather forecasters,

Through the trust that we place in meteorologists, coupled with our skepticism,
weather forecasting has become an essential feature of our modern no-risk society. By
their predictions, these men and women permit us to order the complexities of our lives.
Their claimed and actual abilities to read the future gives them influence and a place in
our heart. For this reason the National Weather Service is one of the most used and most
familiar of governmental agencies. Even those who are most skeptical of the power of the
state are willing to accept the weather service as integral 3’

That last sentence is particularly poignant, since it recognizes the peculiar feature of
meteorological services as being somewhat distinct from other elements of the state, whereby our
mutual dependence and vulnerability to hazardous weather allow international discourse to
transcend the usual political divides. The same cannot be said of the climate change “debate,”*8

but it is certainly true of weather. On the international scale, the existential need for weather

services unites even politically adversarial nations through atmospheric data sharing agreements,
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often mediated by the WMO. This illustrates the functional theory of international relations, a
theory based on mutual need for services that transcend geopolitical boundaries.*®’

Since NWP is a strategic technology, there is certainly an incentive for meteorological
data, products, and services to be securitized, and indeed, international competition can be
oriented around the improvement of NWP models, as we will see in the next section. However,
given the functional nature of the endeavor of weather forecasting, which acknowledges our
mutual dependence and vulnerability to hazardous weather that transcend geopolitical
boundaries, international agreements to share data and knowledge are in place.**® Thus,
operational meteorology falls at the intersection of the opposing political forces of securitization
and open source data sharing, which is analogous to the utopian vs. realist worldviews discussed
in Debora Halbert’s paper on intellectual property: “the utopian...sees information sharing as a
larger good, the realist sees information sharing as a threat.”*!

Numerous theories of international relations (IR) have been advanced, but since the study
of meteorology through the lens of IR theory is in relatively uncharted research territory, there is
no standard canon of literature from which to draw. Instead, we must borrow from traditional

and contemporary IR theories to develop our modes of inquiry with regard to understanding

weather forecasting as both driver and consequence of international politics.*”?> We can view the

489 David Mitrany, The Functional Theory of Politics (St. Martin’s Press, 1976).

490 For example, in the United States, the public domain policy applies to weather data and products produced by
federally funded meteorological services. Weather forecasts produced by the National Weather Service and other
federal agencies are free and open to the public, but private sector companies can repackage such data and add value
to it in ways that allow them to then turn a profit, which is a point of tension that is discussed in Chapter 5.

41 Debora Halbert, “Intellectual Property Theft and National Security: Agendas and Assumptions,” The Information
Society 32, no. 4 (August 7, 2016): 2, https://doi.org/10.1080/01972243.2016.1177762.

492 Within the field of IR, Hans Morgenthau established that power is the driver of international politics, or as K. J.
Holsti summarized, “regardless of the goals and objectives of government, the immediate aim of all state action is to
obtain and to increase power. Since by definition all states seek to maximize their power, international politics can
be conceived of and analyzed as a struggle between independent units seeking to dominate others.” Thus, power can
be simply defined as the degree of influence over the actions of others, and in particular over the actions of other
states. For the purposes of our analysis of weather forecasting services, Max Weber's description about the
relationship between politics and power is appropriate: “a state is a human community that (successfully) claims the
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issues surrounding operational weather forecasting through the lens of the two classical theories
of IR, realism and liberalism, with the purpose of elucidating not only their potential relevancy
but also their apparent limitations in explaining the international technopolitical landscape of

493

weather forecasting.*”” In doing so, we contextualize weather forecasting as an endeavor at the

intersection of national defense and global interests.***

A fundamental fact of mesoscale and synoptic scale weather systems is that they evolve
across spatiotemporal domains with complete disregard for geopolitical and socioeconomic
boundaries. An easterly wave in the trade winds off of the Cape Verde islands can develop into a
hurricane that devastates the U.S. East Coast a week later. A typhoon over Japan can undergo
extratropical transition and impact the U.S. Pacific Northwest as a major coastal storm in a
matter of days. Variability of the South Asian monsoon can affect precipitation patterns and

agricultural yields across India, Pakistan, Bangladesh, and surrounding countries. All nations,

whether they be allies or adversaries, must confront their shared vulnerability to weather events.

monopoly of the legitimate use of physical force within a given territory....The state is considered the sole source of
the ‘right’ to use violence. Hence, ‘politics’ for us means striving to share power or striving to influence the
distribution of power, either among states or among groups within a state.”

493 The theory of realism in IR dates back to the works of Sun Tzu and Thucydides, evolving over the centuries and
reflected in the writings of Machiavelli, Hobbes, and Morgenthau. It is a school of thought that is oriented around
power as the driver of international politics. Realists argue that because there are no supranational governing bodies
that can direct the actions of states (i.e., the international system exists in a state of anarchy), realpolitik—the use of
power to dominate other states—based on practical self-interest and grounded on the principle of sovereignty, has
primacy over other social, economic, ideological, and moral priorities. In contrast, liberalism provides a more
idealistic framework to the “collective goods problem” wherein global cooperation is possible through the Kantian
concept of interdependence, whereby international organizations can help nations address shared vulnerabilities.
Liberals argue that states can sacrifice short-term selfish interests for the sake of long-term security. Whereas war
could result in a rational short-term gain within the realist framework, war is but an irrational breakdown of reason
in a liberal framework. The more recent theory of neoliberalism concedes to realism the individual rationality of
nations within an international state of anarchy, but asserts that institutionalism and global cooperation can still be
maintained through international reciprocity. Functionalism, on the other hand, is rooted in the liberal ideals of
global cooperation, but focuses on authority arising out of supraterritorial functions and needs that are shared across
geopolitical domains, rendering it a useful theory when considering authorities based on the sharing of scientific
knowledge, technology, and expertise.

494 Social theories of IR, such as constructivist theories, postmodernist theories, and gender theories, have potential
in explaining certain aspects of meteorological problems—particularly on the domestic and individual scales—but
they are beyond the scope of this dissertation.
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This supranational aspect of weather systems renders the field of meteorology ripe for analysis
within IR, particularly when the proper prediction of weather events can be leveraged as power
by nations that have the capability to maintain the scientific and operational infrastructure
associated with generating weather forecasts and issuing warnings. Two components of weather
forecasting that may benefit from an analysis of theoretical IR frameworks are the phenomenon

of international competition in NWP and global tropical cyclone forecast operations.

4.3.2 INTERNATIONAL COMPETITION IN NUMERICAL WEATHER PREDICTION

Given the need for global data, NWP necessarily requires a global infrastructure for data
sharing, which is a conduit whereby the framework of functionalism can describe that which
unites nations against a supranational need. However, a realist would argue that the strategic
benefit derived from NWP model predictions would create international competition and tension,
which in recent years, has been the case between the United States and Europe. Many developed
nations with mature meteorological services run their own supercomputers and offer NWP model
output freely to the world. In the United States, the public domain policy essentially states that
any unclassified information produced with taxpayer funds should be released free of charge.
However, other weather services around the world may not share such a policy, which can pose a
challenge for the equitable distribution of weather data. One European agency that has been
mired in this data sharing controversy in recent decades has been the European Center for
Medium-Range Weather Forecasts (ECMWF).

The ECWMF was founded in 1975 as an intergovernmental institution with a single
purpose in mind—to “combine the scientific and technical resources of its Member States to use

the most powerful computers in order to extend the range of weather forecasts beyond two or
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three days,”**> a goal of which has been far surpassed, with the reasonable predictability goal of
weather forecasts now on the order of about 15 days. In the decades since its founding, the
ECMWEF has become a powerhouse in the world of NWP, with its otherwise cumbersome
acronym of a name becoming synonymous with a global NWP model that is the gold standard of
medium-range weather prediction. Currently supported through funding from 23 Member
States,*¢ the ECMWE’s positionality as neither a university research center nor an operational
forecast office allowed it to maintain a singular focus on its scientific objective, affording a level
of efficiency that would otherwise have hampered more bureaucratic institutions. But this
positionality presents a unique challenge to ECMWE, since its funding is supported by states
with different national meteorological services that have different relationships with their
commercial constituents. Some private companies in Europe have pointed to the American
model of data sharing, where the National Weather Service provides data to the private sector
free of charge, demanding that ECMWF model predictions also be made available to them for
free. However, some of the national meteorological services across Europe that fund the
ECMWEF depend on commercial revenue, which raises the question: “If ECMWF products were
to be made available to all without payment, why should [the Member States] not simply
denounce the Convention, ending their obligation to contribute to the Centre’s budget, knowing
that they would continue to get the valuable forecasts anyway?”+7

Today, the full-resolution ECMWF model data is offered at a significant cost to users.**8

The free version of the data is offered at a substantially lower spatial and temporal resolution. In

495 Austin Woods, Medium-Range Weather Prediction: The European Approach (New York: Springer, 2005), xi.

4% Chantal Dunikowski, “Member States,” ECMWF, December 27, 2013, https://www.ecmwf.int/en/about/who-we-
are/member-states.

Y7 Woods, Medium-Range Weather Prediction, 222.

498 Helene Blanchonnet, “ECMWF Pricing,” Text, ECMWF, January 15, 2015,
https://www.ecmwf.int/en/forecasts/accessing-forecasts/payment-rules-and-options/tariffs.
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fact, U.S. government agencies such as NOAA actually purchase subscriptions to the ECMWF
data at a cost to American taxpayers, even though the United States provides the observational
weather data to the ECMWF for free—data that the Europeans need in order to run their model
in the first place! Thus, within the world of NWP, it appears as though the U.S. is the utopian
actor, whereas the Europeans are the realists. This is in stark contrast to the tendency for the U.S.
to readily securitize intellectual property. Furthermore, because the ECMWF model generates
revenue, it is able to further invest in better supercomputing hardware and improve its own
software such that the ECMWF model is often considered the best and most accurate global
NWP model today.**

Through the infrastructure of NWP, operational meteorology falls at the intersection of
the opposing political forces of securitization and open source data sharing, between realist
competition and functional liberalism. The technopolitical consequences of the discrepancy
between the U.S. and European approaches to NWP warrant further research by political science
and IR scholars. Why is the tendency toward securitization inverted between the U.S. and
Europe in the case of meteorological services? Part of the reason may be due to different
attitudes toward the commercialization of weather services.’?® As Austin Woods of the ECMWF
notes:

The United States government view on commercial meteorological matters was,
to say the least, not widely shared by the European [national meteorological services].

There was much more private meteorological activity in the USA than in Europe. The

American companies were becoming active in Europe, competing not only with the

European private sector but also with the European [national meteorological services].
Discussions became strained. Some in the USA, with the best will in the world, found it

499 The ECMWF model rocketed to international stardom when it famously predicted the rare left turn of Hurricane
Sandy several days in advance of the American GFS model. This event catalyzed years of transatlantic NWP
competition.

500 The public-private sector tension within meteorology will be addressed in Chapter 5 as we consider the future of
the technoscience of meteorology.
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difficult to comprehend the European point of view; the position of the USA was

similarly beyond the comprehension of some in Europe.>°!

The attitude of U.S. global leadership in the earth sciences may also play a role in the
U.S. government’s self-imposed responsibility of offering data freely to the world, even at a cost
to American taxpayers, since doing so is an effective projection of technoscientific prowess and
soft power. But in order to maintain that power, the institutional infrastructure that sustains NWP
research and development in the U.S. must improve. Cliff Mass, a renowned NWP specialist and
outspoken but occasionally controversial critic of the institutional structure of American NWP,
has written about how U.S. computing resources are spread too thin, with inferior NWP physics
relative to the Europeans, and an organizational structure that isolates the research and
operational communities.>*> Whereas NOAA has invested in numerous types of NWP models at
varying spatiotemporal scales, the ECMWEF has put the weight of its entire budgetary and
scientific resources into developing and improving a single global NWP model. Rather than
developing a specific model for weather, another model for climate, another model for tropical
cyclones, and yet another for mesoscale weather, etc., the ECMWEF’s approach of developing a
single high-resolution global model has resulted in it consistently outperforming the American
Global Forecast System (GFS) model since 2007,°%* even if the GFS does occasionally
outperform the ECMWF in predicting specific weather events.’* As Jack Sillin, student of

atmospheric science at Cornell University writes matter-of-factly:

01 Woods, Medium-Range Weather Prediction, 223.

502 Cliff Mass, “Cliff Mass Weather and Climate Blog: U.S. Operational Numerical Weather Prediction: What’s
Wrong and How It Can Be Fixed.,” Cliff Mass Weather and Climate Blog (blog), October 23, 2016,
http://cliffmass.blogspot.com/2016/10/us-operational-numerical-weather.html.

503 Jack Sillin, “Model Mania: What Are The ECMWF and GFS Models, and Why Are They Different?,”
blog.weather.us, December 18, 2019, https://blog.weather.us/model-mania-what-are-the-ecmwf-and-gfs-models-
and-why-are-they-different/.

504 When comparing NWP model performance and skill, care must be taken to differentiate between the overall,
seasonal skill versus the skill in predicting an individual weather event. Although the ECMWF model is generally
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While the suite of regional models supported by the U.S. Government’s weather
prediction system has limited the accuracy of our global model, the GFS, it enables a
much more comprehensive view of our atmosphere that ECMWF isn’t designed to
provide. Of course, the real win-win-win for weather prediction here in the U.S. would be
to have enough time, money, and computational power set aside to weather modelling in
the U.S. so we can have both a global model that matches ECMWEF’s skill and a full suite
of specialized/regional models, but you’ll have to take that up with your congressional
representatives.’%

Debates are currently raging within the American NWP community about how to regain
its leadership in this era of open scientific competition with the ECMWEF, particularly since the
U.S. boasts the largest meteorological research community of any nation in the world.>%
Although the competition is scientifically collaborative,>®” public perception combined with the
geopolitics of international reputation beg the question of whether the U.S. is slipping in its
global leadership in NWP science.’® And as Cliff Mass argues, the imperative of American
leadership is more than just an expression of nationalism through NWP science; rather, it should
be viewed from a charitable perspective:

The ECMWF and UKMET office charge big bucks for access to the forecast
output. Like hundreds of thousands of dollars a year for private sector firms wishing

access. Many nations and companies cannot afford to pay the high fees. In contrast, U.S.

agencies have a policy of making our model forecasts available at no charge—greatly

helping poorer countries, in what can considered a form of foreign aid. The free access
also helps new weather start-ups and companies who can’t afford expensive European
forecast products.

University research, such as at the University of Washington, depend on the free
model grids from the National Weather Service for research and to develop next-

more skillful, the GFS has been known to outperform the ECMWEF in specific instances, so operational weather
forecasters consider both model outputs carefully when formulating a weather forecast. This is why the consensus
method of forecasting is still considered the best solution for maximizing long-term accuracy.

505 Sillin, “Model Mania: What Are The ECMWF and GFS Models, and Why Are They Different?”

506 Cliff Mass, “Cliff Mass Weather Blog: Why Should the U.S. Be the Leader in Numerical Weather Prediction?,”
Cliff Mass Weather Blog (blog), February 25, 2020, https://cliffmass.blogspot.com/2020/02/why-should-us-be-
leader-in-numerical.html.

507 Marshall Shepherd, “Euro vs. GFS: The Weather Model Wars Take A New Turn In March,” Forbes, February
14, 2019, https://www.forbes.com/sites/marshallshepherd/2019/02/14/euro-vs-gfs-weather-model-wars-take-a-new-
turn-in-march/.

508 CIiff Mass, “Cliff Mass Weather and Climate Blog: U.S. Numerical Weather Is Still Behind and Not Catching
Up: What Is Wrong and How Can It Be Fixed?,” Cliff Mass Weather and Climate Blog (blog), October §, 2017, m.
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generation local prediction systems. ECWMEF grids—at $100,000 a year or more—are

beyond our financial reach. Thus, the quality of U.S. academic research depends on the

quality of NOAA/NWS models.>"

Each year, the NOAA National Centers for Environmental Prediction hosts a Product
Suite Review held at the NOAA Center for Weather & Climate Prediction in College Park,
Maryland, where scientists meet to discuss the national strategic plan for NWP development. In
the meeting I attended in 2017, there was an acknowledgment of the need to streamline NWP
lines of effort, such that the research and operational communities can reduce the scope of their
distributed activities and share code for models in a more unified manner, rather than developing
different models at multiple spatiotemporal scales across multiple lines of effort that spread
resources too thin in a limited funding environment. There was a lot of discussion about the need
to change the working “culture” of the various research and operational communities. All of
these issues point to the reality that there are important institutional and political questions
regarding the technology of NWP that remain unanswered, with significant implications for

public safety in the face of hazardous weather.

4.3.3 INTERNATIONAL TROPICAL CYCLONE OPERATIONS

With global NWP as a modern tool of weather prediction, nations around the world
support international institutions that facilitate the operation of weather services. However, in
this age of the internet, together with the supranational structure of weather systems, weather
data and services are often provided in the public domain with an audience of users that extends
far beyond the intended customers. Thus, even though weather forecast agencies usually have an

explicit domain or area of responsibility (AOR), the availability of the forecast products and

509 Mass, “Cliff Mass Weather Blog.”
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warnings extends well beyond traditional notions of geopolitical boundaries, challenging
traditional concepts of state sovereignty. This unique characteristic of meteorological forecast
products having agency outside of traditional state boundaries can perhaps be described as an
infrastructure space, which Keller Easterling calls “a site of multiple, overlapping, or nested
forms of sovereignty, where domestic and transnational jurisdictions collide.”!? To illustrate the
complexities of forecast and warning operations in this space, we once again center our
discussion on the phenomenon of tropical cyclones, which we then contrast with tsunamis. These
hazards are unique in their discreteness, high socioeconomic impact, and complete disregard for
geopolitical boundaries; they respect only natural boundaries between land and sea.
To address the global threat of tropical cyclones, the WMO established a set of six
Regional Specialized Meteorological Centers (RSMCs) that are tasked with providing official
tropical cyclone forecasts and warnings to populations within their respective AORs:
e U.S. National Hurricane Center in Miami, Florida: North Atlantic Ocean and Eastern
North Pacific Ocean to 140°W longitude

o U.S. Central Pacific Hurricane Center in Honolulu, Hawaii: Central North Pacific
Ocean between 180° and 140°W longitude

e Japan Meteorological Agency/Tokyo-Typhoon Center in Tokyo, Japan: Western
North Pacific Ocean west of 180° longitude

e India Meteorological Department/Tropical Cyclone Center in New Delhi, India: Bay

of Bengal and Arabian Sea north of the equator

510 Keller Easterling, Extrastatecrafi: The Power of Infrastructure Space, Reprint edition (London New York:
Verso, 2016), 15.
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o Meétéo-France/Tropical Cyclone Centre in La Rénion: Southwest Indian Ocean and
Mozambique Channel
e Fiji Meteorological Service/Tropical Cyclone Centre in Nadi, Fiji: Southwest Pacific
Ocean
In addition to these six RSMCs, the WMO also established a set of six Tropical Cyclone
Warning Centers (TCWCs) with smaller AORs. These include the Australian Bureau of
Meteorology TCWCs in Perth, Darwin, and Brisbane; the Papua New Guinean National Weather
Service TCWC in Port Moresby; the Indonesian Badan Meteorologi, Klimatologi, dan Geofisika
TCWC in Jakarta; and the New Zealand Meteorological Service TCWC in Wellington.>!!

Each RSMC and TCWC operates independently and provides its own tropical cyclone
forecasts according to its own standards, within the bounds of established WMO guidelines. For
example, the international threshold for the initiation of tropical cyclone warnings or advisories
is when maximum sustained ten-minute-averaged winds around the tropical cyclone vortex reach
34 knots or more. As mentioned in the Chapter 3, the U.S. based RSMCs use a one-minute wind
average, which results in higher wind estimates than their international counterparts. The U.S.
tropical cyclone forecast centers also lower the threshold for the initiation of tropical cyclone
advisories to 25 knots, allowing for a tropical depression to be designated before reaching the
tropical storm category, the latter of which is the international standard for the definition of a
tropical cyclone, so the tropical depression designation is an additional category that is not
uniformly recognized around the world. In addition to these differences, some tropical cyclone

forecast centers require that the presence of “deep convection” be a necessary condition for a

I “Tropical Cyclone Regional Bodies,” World Meteorological Organization, 2020,
https://community.wmo.int/tropical-cyclone-regional-bodies.
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tropical cyclone to be defined, whereas others require only that the maximum sustained winds
around the low-level circulation center meet a certain threshold.

To further complicate this operational space of tropical cyclone forecasting, the Joint
Typhoon Warning Center was established to provide tropical cyclone forecasts for the nearly 100
million square miles that encompass the Pacific and Indian Oceans west of the International Date
Line and south of the equator, which results in major overlap with numerous civilian RSMCs and
TCWCs. Although the JTWC’s tropical cyclone forecasts are made independently of the
RSMCs/TCWCs, with the latter still holding WMO-designated naming authority, the
longstanding reputation of the JTWC results in high visibility of its forecasts. Interestingly,
although the RSMC/TCWC services are designated by geographic boundaries, the JTWC service
is designated by customer boundaries. Thus, the concept of AOR—as an “area” wherein an
agency is “responsible”—takes on a new dimension with respect to tropical cyclone operations
across the Eastern Hemisphere. Whereas civilian tropical cyclone forecasts are clearly divided
into geographic jurisdictions, the U.S. military/government forecasts are divided based on
intended audience. But because federally produced weather forecasts are considered to be in the
public domain, it is impossible to enforce the audience delineation—particularly
internationally—which can result in a fascinating amplification of pre-existing geopolitical
tensions.

When Typhoon Chanthu was threatening Taiwan on 10 September 2021, the JTWC
tropical cyclone warnings were broadcast in Taiwanese newspapers, with the news outlets citing
the “U.S. military” as the source of the forecasts.’'? At first glance, the news article could be

seen as merely reporting the JTWC tropical cyclone forecast to provide readers additional

W EXBRET TS BREERL | MIEEMERE LML, BHEFRE T IR, September 10, 2021,
https://news.ltn.com.tw/news/life/breakingnews/3667024.
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information alongside the forecast from Taiwan’s own Central Weather Bureau. However, given
the dramatically rising geopolitical tension between China and Taiwan—with the citizens of the
latter generally having a high regard for the U.S. and its military—the presence of JTWC
forecasts in the Taiwanese media could very well be a subtle hat tip to the United States as a
guarantor of that island nation’s fragile security. As such, although the people of Taiwan fall
well outside of the JTWC customer base, the JTWC’s long-standing reputation reaches well
beyond traditional notions of domains of responsibility and sovereignty. How can we navigate
this strange space where one institution’s forecasts have agency over a population that is outside
of its responsibility? How do we make sense of these political externalities that are impossible to
quantify but are as real and as tangible as the winds of a typhoon? If the ultimate purpose of
weather forecasting is to save lives, should simply reducing forecast error be the only objective?
Throughout this dissertation, we have explored many examples where positivism falls short of
actualizing the purpose of the technoscience of meteorology. Subsequently, in thinking through
the geopolitical challenges of the infrastructural space of tropical cyclone operations, the
importance of considering the technopolitical dimensions of weather forecasting becomes clear.
In addition to the meteorological challenges of multi-basin tropical cyclone forecasting®!?
in the preparedness phase of the disaster cycle, international and interagency coordination is
essential for effective decision support to emergency and humanitarian operations in the response
phase. For example, a civilian first responder in Japan should consult the Japan Meteorological

Agency’s forecast as the RSMC for the western North Pacific. However, a member of the

Federal Fire Department at Fleet Activities Yokosuka, a U.S. Navy base, should consult JTWC’s

513 Charles P. Guard et al., "Joint Typhoon Warning Center and the Challenges of Multibasin Tropical Cyclone
Forecasting," Weather and Forecasting 7, no. 2 (1992), http://dx.doi.org/10.1175/1520-
0434(1992)007<0328:jtwcat>2.0.co;2.
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forecast, which is produced independently of the Japan Meteorological Agency. Furthermore,
due to nations valuing “sovereignty and an independent capability,”>!* China, South Korea,
Taiwan, and the Philippines all have their own national meteorological services that produce
their own forecasts. So a tropical cyclone that develops southwest of Hawaii, traverses the
tropical Pacific, and recurves northward across East Asia could very well be the subject of
different “official” forecasts from seven meteorological forecast centers!

Herein we find a theoretical dilemma: A functionalist liberal framework effectively
explains the scientific process of sharing knowledge and data to forecast tropical cyclones.
However, shades of realism—in the form of power and competition—enter the picture through
the infrastructural space that exists in the overlap of tropical cyclone forecast jurisdictions and
geopolitical boundaries of sovereignty. Through international agreement facilitated by the
WMO, the naming convention of tropical cyclones necessarily implies that certain national
meteorological services will have authority over others, so the concept of sovereignty itself
becomes muddied. In a sense, tropical cyclone forecast jurisdictions become more reflected in
the functional space of tropical cyclone tracks, rather than state boundaries, which creates some
territorial tension. For example, Super Typhoon Haiyan that devastated the Philippines in 2013
was named by RSMC Tokyo from a pre-existing list of names maintained and mediated by the
WMO, which the JTWC and the majority of forecast centers accepted as the official name.
However, the Philippine Atmospheric, Geophysical, and Astronomical Services Administration
(PAGASA) insisted on its own naming convention for the same tropical cyclone, which they

called “Yolanda,” resulting in the need for teams of responders engaged in humanitarian

514 Hooke, Living on the Real World, 179.
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operations to clarify the name.>!> In another more recent case, the India Meteorological
Department (IMD) was accused by some to have removed surface wind observation data from
international data sources in the aftermath of Cyclone Gaja (2018), which made landfall in
southern India at a greater intensity than they had forecast, suggesting that the unspoken
competition between forecast agencies in the international arena may have resulted in the IMD
skirting the bounds of scientific ethics.>!®

Returning to a more functionalist frame of reference, and on a more collaborative note,
“Nalgae” was the name of a tropical storm in 2017 that was originally added to the list of WMO
names by North Korea, and this name was used by RSMC Tokyo and across the world by other
forecast agencies, including the JTWC. Outside of meteorology, one would be hard-pressed to
find another situation where the U.S. military uses a name for an international event that
originated through a contribution from North Korea. Fascinatingly, even though North Korea is
not known for engaging broadly with the global economy, they still participate and contribute to
WMO naming conventions for tropical cyclones.>!”

The shared threat of tropical cyclones has also facilitated military-to-military
engagements as tropical cyclone forecasting AORs overlap and intersect traditional geopolitical
boundaries. In early 2007, a three-star general officer from the Vietnamese military visited

meteorologists at the JTWC in Pearl Harbor. As the lead for disaster management for the

515 “Typhoon Haiyan (Yolanda) | U.S. Agency for International Development,” accessed December 10, 2018,
https://www.usaid.gov/haiyan.

516 The missing surface wind data was noticed by some social media users, such as Moshiar Rahman Jony, who
angrily wrote: “This is only a 110kph cyclone to IMD & Gust 120kph. Never seen this type of damage by just
110kph(3min) wind. Damn forecast by IMD. They also tried to hide the exact peak intensity to stand near their
forecast. If officials do so, then public will get correct information from where?? Why do they endanger their own
population’s life by the wrong warning?”’

517 The fascinating history behind the naming of tropical cyclones has been omitted from this discussion. For an
analysis of tropical cyclone naming conventions from the perspective environmental history and gender studies, see
Liz Skilton, Tempest: Hurricane Naming and American Culture, The Natural World of the Gulf South (Baton
Rouge, LA: LSU Press, 2019).
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Vietnamese military, he was interested in the potential application of JTWC’s tropical cyclone
forecasts to public safety in Vietnam. Only a few months later, by the early summer of 2007, the
U.S. Pacific Command tasked the JTWC to directly communicate their tropical cyclone forecasts
and warnings to the Vietnamese government via e-mail, and to this day, Vietnam uses JTWC
forecasts as their official source of tropical cyclone information. That December following the
visit to the JTWC, the USNS Bruce Heezen survey ship made a port visit in Vietnam, making it
the first U.S. Navy ship to officially visit that country since the end of the Vietnam War. It would
not be an exaggeration to say that the meteorological services provided by the JTWC, and the
attendant goodwill that arose from the military-to-military scientific engagement catalyzed the
positive bilateral relationship that emerged between the United States and Vietnam since the war.
In 2018, at the ninth quadrennial WMO International Workshop on Tropical Cyclones
held in Honolulu, Hawaii, I had the opportunity to represent the United States while sitting at the
table in discussion with meteorologists from other nations to include China, Australia, Papua
New Guinea, and even Antigua/Barbuda. And in 2019, at the 14" Integrated Workshop of the
WMO Typhoon Committee®!® in Guam, I gave an invited keynote and addressed the 14 member
states as a representative of JTWC. As a U.S. military command, JTWC participates in WMO
events as an “observer,” with the National Weather Service as the official U.S. representative.
However, the aforementioned reputation of JTWC is high among the international tropical
cyclone community, so the technical exchanges that occur can at times take on a bit of an
unofficial advisory tone. Although these scientific WMO meetings were technical in nature, the
amplification of certain voices over others in the primarily male-dominated delegations provided

a fascinating forum from which to observe the subconscious interplay of international power

518 “Typhoon Committee,” World Meteorological Organization, 2020, https://community.wmo.int/typhoon-
committee.
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dynamics and even race and gender relations. The U.S. contingent included representatives from
Guam, but Taiwan—even with its world-renowned meteorological research and operational
capabilities—was markedly absent from the meeting, and Chinese-produced handouts referenced
that island nation as “Taiwan, China.” So all of the contemporary social IR frameworks, from
feminist, to postcolonial, to indigenous theories have the potential to be applied to the
international study and practice of meteorology. These intersections are beyond the scope of this
dissertation, but they illustrate that the technopolitics of weather forecasting is a major
participant—if not a driver—in many facets of IR and should be the object of further
interdisciplinary research.

Finally, to contextualize the unique aspects of tropical cyclone forecasting, it behooves us
to briefly contrast such operations with the tsunami warning system. Like tropical cyclones, the
world’s tsunami warning network experiences similar challenges with respect to operational
AOREs as it intersects regional jurisdictions and sovereignties. But unlike tropical cyclones,
tsunamis are seismic hazards that arise from earthquakes, which at present cannot be reliably
predicted, and can travel thousands of miles and affect entire ocean basins within a matter of
hours. Tsunamis are even more rare and are even higher consequence events than tropical
cyclones, which pose unique problems within the spectrum of natural hazards. Although
tsunamis are not considered meteorological events, I include them here in this discussion because
they fall under the operational purview of the U.S. National Weather Service, leveraging the
same warning infrastructure that already exists for weather hazards.

For most of the twentieth century, tsunami warning capabilities of most countries in the
world were considered primitive at best. The mass casualties associated with the 2004 Indian

Ocean tsunami near Banda Aceh, which killed nearly 230,000 people, served as a major wake-up
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call for the world, and the United States took the lead in establishing a tsunami warning system
that included upgrades at the Pacific Tsunami Warning Center (PTWC) in Honolulu, Hawaii and
the National Tsunami Warning Center (NTWC) in Palmer, Alaska. From 2005 to 2013, the
PTWC was responsible for issuing tsunami warnings for the entire Pacific and Indian Oceans,
and the NTWC was responsible for the East and West Coasts of the United States and Canada.

The problem of spatiotemporal scale is evident in the differences between tropical
cyclones and tsunami warning systems. Whereas tropical cyclones are synoptically discrete
storms with a circulation center that can be tracked at a singular point and can even be named,
tsunamis are planetary scale events that originate at a point but quickly spread outward away
from the epicenter of the earthquake that generated it. Subsequently, the agency responsible for
issuing a forecast for a specific tropical cyclone depends simply upon the geographic location of
the cyclone. When a tropical cyclone crosses an AOR boundary like the International Date Line,
forecast agencies such as the CPHC and the JTWC, ensure a smooth handoff of responsibility,
typically with an interagency phone call to ensure the forecast philosophy maintains continuity.
On the other hand, the tsunami warning system defines its AORs based upon the location of
potential impact of the tsunami, rather than the location of origin. As such, a major earthquake in
the Aleutian Islands or in Japan could generate a tsunami that is of little consequence to the
Pacific Northwest (NTWC’s AOR) but with a potentially devastating impact to the Hawaiian
Islands (PTWC’s AOR), and vice versa.

After 2013, PTWC released its jurisdiction over the Indian Ocean to tsunami warning
centers in Australia, India, and Indonesia. For regions of the Pacific outside of the U.S.
territories, PTWC tsunami information statements now begin with this caveat:

“THIS STATEMENT IS ISSUED FOR INFORMATION ONLY IN SUPPORT OF THE
UNESCO/IOC PACIFIC TSUNAMI WARNING AND MITIGATION SYSTEM AND
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IS MEANT FOR NATIONAL AUTHORITIES IN EACH COUNTRY OF THAT
SYSTEM. NATIONAL AUTHORITIES WILL DETERMINE THE APPROPRIATE
LEVEL OF ALERT FOR EACH COUNTRY AND MAY ISSUE ADDITIONAL OR
MORE REFINED INFORMATION.5!
This transition from directly issuing a tsunami warning to merely “supporting” and advising
other nations about a tsunami threat is a noticeable change in policy from one that projects the
scientific and technological power of the United States to one that more explicitly acknowledges
the sovereignty of local states. But, given the lack of tsunami warning infrastructure in much of
the Global South, many states will defer to the United States’ tsunami warning centers for
official guidance. This is analogous to the longstanding hurricane watch/warning policy of the
National Hurricane Center in Miami, Florida, which makes recommendations to governments
across the North Atlantic and eastern North Pacific Oceans about when and where to issue

warnings, but does not do so until the government agrees, which they most often do upon

recommendation by the NHC.

4.3.4 PROSPECTS FOR INTERNATIONAL COOPERATION

In our technopolitical sojourn through weather forecasting, we have investigated the
complex interface between the operational practice of meteorology and international geopolitics.
Through the lens of IR, the field of meteorology, which is often assumed to be an “objective”
science of the atmosphere, now no longer seems isolated from politics, particularly when applied
to real-time operational forecasting. Being able to predict the future is a scientific and
technological achievement, and such an ability can and is often leveraged as a form of power on

the international stage. Thus, we find the issues of power and sovereignty ventriloquizing

519 “About Warnings,” International Tsunami Information Center, 2021, http://itic.ioc-
unesco.org/index.php?option=com_content&view=category&id=1146&Itemid=1146.
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through international tropical cyclone forecasting, research, and even naming conventions. We
find tsunami warning centers competing for responsibilities across international domains, with
policies shifting with the progress of science and the whims of politics.

Many of the international institutions that have facilitated meteorological data sharing
and dialogue, such as the WMO, were established through post-war alliances. As these
relationships become strained in this modern resurgence of populism and nativism, how will this
impact the technoscience of meteorology and the technopolitics of weather forecasting?
Conversely, could the international cooperation induced by weather forecasts act to preserve
multilateral relationships? There have been tangible signs of international cooperation emerging
from our shared vulnerability to tropical cyclones, even among traditional adversaries. Is that
enough to stem the tides of nationalism? Or would the growing desires for territorial integrity
and an embrace of sovereignty eventually dissolve the international institutions that govern
weather and climate prediction? These questions will not only determine the future prospects of
weather data sharing, but also govern high-profile matters such as the U.S.-China relationship.

On longer time scales (e.g., climate change), we already see the retreat from
multilateralism occurring with the breakdown of the Paris Agreement, but we also see the
fracturing of tsunami warning systems underway, particularly in the Indian Ocean. For the U.S.
Navy, which relays civilian tsunami warnings for the entire globe to DoD customers, the
increased territorialization of the tsunami warning system has posed challenges in the Indian
Ocean, with different products originating from Australia, India, and Indonesia, some of which
exist behind firewalls and password-protected domains. The United States through the PTWC is

still capable of running predictive tsunami models in the Indian Ocean, but out of respect for the
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scientific sovereignty of the nations with the capability of issuing their own warnings, that
service is no longer being offered, at the expense of data availability and standardization.

We can endeavor to make sense of these problems through the theoretical analyses of IR,
but many of the complex issues cannot be easily explained using traditional IR frameworks. On
the one hand, a shared vulnerability to natural hazards and the need to share scientific data can
promote global cooperation from a functionalist, liberal framework; on the other hand,
institutions that attempt to preserve the territorial integrity via their AORs can incite international
competition through projections of power and sovereignty. Thus, with neither a solid footing on
liberalism nor realism, how can this theoretical dichotomy be best explained? Although forecast
operations are rooted on the former, competing jurisdictions can result in actions that are framed
by the latter.

In the case of tropical cyclones, perhaps a neoliberal IR framework—one that captures
the rationality of states in their prioritization of their own sovereignty, but still leaves room for
international collaboration for mutual benefit—appears to be most apropos in describing the
current state of affairs. In the case of tsunamis, the disparity of warning capability between
nations is far greater, so the international power dynamic is more prone to regionalization and
territorialization in a realist sense, and hence, potentially greater confusion among those whom
the warnings are intended to protect. Yet, even those generalizations do not account for the entire
system that encompasses the inter-state space within which natural hazards exist. Indeed,
warning systems and networks are an “infrastructure space,” which Easterling reads to have a
disposition, or “an unfolding relationship between potentials.”>2° In other words, there is action

immanent within the structure that is established to predict storms, whether or not those storms

520 Easterling, Extrastatecraft, 72.
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exist on a given day. Future interdisciplinary IR research should address the nonlinear,
multidimensional relationalities between nations, institutions, and agencies at different scales,
drawing from principles of complexity theory, network theory, and Actor-Network-Theory. A
Latourian method of inquiry can be used to explore the international controversies surrounding
the value of forecasts and the value of meteorologists who write the forecasts. As NWP
continues to improve, potentially incorporating artificial intelligence in the future, what will
become of the modern forecast center? How will the concept of value change with respect to the
subjective nature of a human-derived forecast beyond the quantitative skill scores of NWP? How
will the relationships and power dynamics between states that invest in warning systems change
in the future?

Normative prescriptions of how weather forecasting should operate in the future are
difficult, but I assert that regardless of whether certain hazards are more prone to realist urges, it
would behoove all nations to embrace weather forecasting as an avenue for scientific
collaboration and security dialogue. As the prospects of climate change become more dire, and
the negative impacts upon world economies become more certain, the impacts of extreme
weather events will become more expensive and more deadly. As our mutual vulnerability
increases, so too should the strength of our international institutions that are established to
mitigate and eventually to adapt to these future hazards. As our “skies provide common

9521

ground,”*" so too should we strive for common ground as we confront the threats from the skies.

521 Fine, Authors of the Storm.
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4.4 The Value of a Weather Forecast

We conclude our survey of the technopolitics of weather forecasting with a consideration
of a lingering question that has haunted our discussions thus far, like an apparition that appears
and reappears in multiple scenes throughout this story of our human relationship with the
weather: What does it mean for a weather forecast to have value? What determines whether or
not something is valuable? The most obvious and frequent answer to this question is with respect
to economic value. As mentioned in the Introduction of this dissertation, the Lazo et al. study
quantified U.S. economic sensitivity to day-to-day weather variability as being on the order of
$500 billion, excluding the cost of weather disasters.’*?> And as Austin Woods of ECMWF
writes,

Weather forecasting is a valuable business. One Euro invested in meteorology is
generally recognised as yielding ten to twenty Euro or more in terms of profits made,
casualties avoided, harvests saved and so on. The more accurate the forecasts, the more
they are worth. With a good four-day forecast, retailers can send their ice-cream orders to
their sunniest outlets and adjust their window displays for rain or sun. Cinema audiences,
medicine consumption, routes taken by ships and aircraft, and electricity consumption all
vary according to the weather. Weather is the single most important factor in influencing
price volatility, volume fluctuations and revenues in the energy industry. In winter, power
companies can save perhaps €100,000 a day if they know in advance how high users will
turn up their heating....The more valuable the forecasts become, the more the commercial
companies want to get into the business.’*

The impact of weather on the economy is indisputable, but I agree with Gruntfest’s assertation
that although economics is one way to quantify the value of weather forecasting, it is certainly
not the only way. Given the subjective nature of questions concerning the value of a good or

service, it is useful to draw from philosophy. From a scientific perspective, it may be tempting to

think of values as something that can be assigned a numerical metric, thereby enabling a

522 Lazo et al., “U.S. Economic Sensitivity to Weather Variability.”
523 Woods, Medium-Range Weather Prediction, 221.
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quantitative definition—which would explain the ease with which economics is often invoked
when considering the value of a weather forecast—but since values depend upon the subject (the
observer) rather than merely the object (the observed), traditional notions of quantitative-ness
within a positivistic framework of knowledge fall short. Instead, if we were to invert this concept
by thinking of subjectivity as being necessary to set up the conditions of possibility for
quantitative metrics, then we arrive at a potentially useful way to think about how best to
consider the nature of values.

In their commentary on the work of French sociologist Gabriel Tarde, Bruno Latour and
Vincent Lépinay quotes Tarde’s definition of value:

[Value] is a quality, such as a color, that we attribute to things, but that, like color,
exists only within us by way of a perfectly subjective truth. It consists in the
harmonization of the collective judgments we make concerning the aptitude of objects to
be more or less—and by a greater or lesser number of people—believed, desired or
enjoyed. Thus, this quality belongs among those peculiar ones which, appearing suited to
show numerous degrees and to go up or down this ladder without changing their essential
nature, merit the name “quantity.”>*

In other words, something—Ilike the concept of value—is quantifiable precisely because it is
subjective. Furthermore, just because something is subjective does not mean it is any less real. In
his other writings, Latour distinguishes between non-human objects in nature as either matters of
fact and matters of concern, arguing that oftentimes, things that appear to be objective “fact” are
still conditioned, complex, and uncertain, which upon further examination, become matters of

concern, which are “real, objective, atypical and above all, interesting agencies...taken not

exactly as object but rather as gatherings,” such that “the mapping of scientific controversies

524 Bruno Latour and Vincent Antonin Lépinay, The Science of Passionate Interests: An Introduction to Gabriel
Tarde’s Economic Anthropology (Chicago: Prickly Paradigm Press, 2009), 8,
https://www.press.uchicago.edu/ucp/books/book/distributed/S/bo8364907.html.
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about matters of concern should allow us to renew from top to bottom the very scene of

empiricism—and hence the divide between ‘natural’ and ‘social.””>%

So is it possible to deconstruct value into different subcategories? Latour and Lépinay
further quote Tarde’s notion that value includes “all assessments of belief and desire,”>2¢ with the
subcategory of utility being perhaps the most useful within the context of valuing weather
forecasts:

This abstract quantity is divided into three main categories which are the original
and essential notions of shared living: truth as a value, utility as a value, and beauty as a
value.

The quantitative nature of all of the terms I just listed is just as real as it is
scarcely apparent; it is involved in all human judgments. No man, no people has ever
failed to seek, as a prize for relentless efforts, a certain growth either of wealth, or glory,
or truth, or power, or artistic perfection; nor has he failed to fight against the danger of a
decrease of all of these assets. We all speak and write as though there existed a scale of
these different orders of magnitude, on which we can place different peoples and
different individuals higher or lower and make them rise or fall continuously. Everyone is
thus implicitly and intimately convinced that all these things, and not only the first, are, in
fact, real quantities. Not to recognize this truly quantitative—if not measurable de jure
and de facto—aspect of power, of glory, of truth, of beauty, is thus to go against the
constant of mankind and to set as the goal of universal effort a chimera.>?’

The concepts introduced by the above sociologists and philosophers can help
meteorologists and the weather enterprise at large to reframe just how best to approach the
concept of value in a weather forecast. A tropical cyclone, which can be quantified and
metricized, may at first appear to be a matter of fact, but upon further examination, is actually a
matter of concern when considering the problem of values—becoming a point of uncertainty

where the artificial divide between “natural” and “social” falls away. Thus, it becomes an ideal

point of interdisciplinary collaboration between meteorologists and social scientists. Even if the

525 Latour, Reassembling the Social, 114.

526 Latour and Lépinay, The Science of Passionate Interests: An Introduction to Gabriel Tarde’s Economic
Anthropology, 10.

527 Latour and Lépinay, 10-11.
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value of a weather forecast cannot be measured in an empirical sense, it can certainly still be
quantified in a relative sense, which does not make it any less real for those in the path of a
major tropical cyclone.

We also find that the question concerning the value of a weather forecast cannot escape
the problem of spatiotemporal scale that has been a recurring theme of our analysis of the
technoscience of meteorology. The atmosphere being intrinsically unpredictable as a chaotic
system described by Edward Lorenz,>?® combined with the practical predictability recently
determined by Fuqing Zhang®?® to be approximately 10 days for “midlatitude instantaneous

weather,”>3°

renders the concept of value of a weather forecast limited in space and time. Hence,
given these fundamental limitations, value should be defined as being more than just a function
of accuracy of a weather forecast, which necessarily extends the meaning of value beyond
economic applications. If a decision-maker at a specific point along a coastline were to be asked
whether he or she prefers having the most accurate forecast or a more consistent forecast at each
warning or advisory cycle for the track of an approaching tropical cyclone, what would be his or
her answer? If maximizing both is impossible, then how much accuracy is that decision-maker
willing to sacrifice for the sake of a more consistent forecast? That answer may not be so clear.
How do we quantify the values of accuracy versus consistency? Is such a comparison between
two qualitatively different concepts even possible?

We have considered tropical cyclone track forecasts throughout this chapter as an

example to illustrate the accuracy-consistency tension with respect to decision support, but

528 Edward Lorenz, The Essence of Chaos, 1st ed. (Seattle: University of Washington Press, 1995).

529 Professor at Penn State University, and a brilliant mind who recently passed away unexpectedly on 19 July
2019—much too young—shortly after a cancer diagnosis.

530 Fuging Zhang et al., “What Is the Predictability Limit of Midlatitude Weather?,” Journal of the Atmospheric
Sciences, January 15, 2019, https://doi.org/10.1175/JAS-D-18-0269.1.
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tropical cyclone wind field and wind radii forecasts pose a similar challenge to our conceptual
development of forecast value.>*! For example, the JTWC issues 34-/50-/64-knot wind radii
forecasts out to 120 hours into the future, whereas the National Hurricane Center (NHC) and the
Central Pacific Hurricane Center (CPHC) stand by only issuing wind radii forecasts out to 72
hours. The statistical-dynamical methods of forecasting wind radii have matured significantly in
recent years, and the JTWC recently operationalized the work of John Knaff and his team at
Colorado State University who developed a scheme that can be applied globally.’*?> However, in
my conversations with the NHC and the CPHC, two primary points of contention exist: (1) The
NHC argues that initial wind radii estimates absent of in-situ aircraft reconnaissance are often
unreliable, whereas Knaff et al. have asserted that satellite analysis methods have shown
statistically significant results regarding accuracy, and (2) the CPHC has said that the National
Weather Service does not issue tropical cyclone wind radii forecasts beyond 72 hours because
the mean track errors at those extended periods eclipse the magnitude of the wind radii, which
renders the deterministic wind radii forecast moot. The JTWC does not find point (1) to be
operationally limiting, given that they have no other primary data sources aside from satellite-
based wind radii analysis over open ocean, so Knaff’s scheme was quickly implemented. But
point (2) raises a legitimate philosophical question: What is the value of a wind radii forecast at
96 and 120 hours if the track forecast errors exceed the actual forecasted wind radii?

In my travels across the western North Pacific, meeting with U.S. military and civilian

representatives on Guam, Okinawa, Japan, and South Korea, one of the frequent comments I

531 The problem of tropical cyclone intensity forecasting was purposely omitted from this chapter. Given its unique
characteristic of posing the greatest long-term research challenge for tropical meteorologists, it will be addressed in
Chapter 5, where we consider future avenues of interdisciplinary research.

532 John A. Knaff, Charles R. Sampson, and Galina Chirokova, “A Global Statistical-Dynamical Tropical Cyclone
Wind Radii Forecast Scheme,” Weather and Forecasting 32, no. 2 (January 6, 2017): 62944,
https://doi.org/10.1175/WAF-D-16-0168.1.
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receive is that for purposes of decision-making, the most important part of the JTWC tropical
cyclone warning package is the wind radii forecast. Thus, we have a conundrum—the most
useful product is also one of the more difficult to define with respect to the concept of value.
This is where advances in probabilistic forecasting such as wind probability distributions and
time of arrival and wind onset products can become useful, all of which are still part of an
ongoing area of operational research and development by tropical cyclone forecast agencies.>?
To conclude our discussion of the technopolitical dimensions of weather forecasting, we must
accept the difficult but necessary task of reframing the concept of forecast value beyond readily
quantifiable metrics. Underlying and compounding this challenge is the task of determining what
value particular forecast products have within different contexts of predictability and utility. As
the human-machine mix of operational weather forecasting becomes more complex, with ever-
improving NWP technologies intersecting the ever-increasing need for effective decision
support, the value of a weather forecast hinges on not only its accuracy but also its utility: “An
excellent weather forecast, if not properly communicated and acted upon, is of practically no
value.”*3* The late Alan Murphy, professor of meteorology at Oregon State University, was
known to say, “Forecasts possess no intrinsic value. They acquire value through their ability to
influence the decisions made by users of the forecasts,” in other words, as Andrew Blum
summarizes, “It matters what we do with the forecasts, not merely that they correctly predict the
weather.”>3> Our analysis of Hurricane Sandy in Chapter 1 serves as an ideal illustration of this

fact—the value of a near-perfect track forecast can be severely undercut but unresolved

533 “Tropical Cyclone Wind Speed Probability Products” (National Hurricane Center, July 2014),
https://www.nhc.noaa.gov/about/pdf/About Windspeed Probabilities.pdf.

534 Jason Samenow, “Senate to Hold Hearing on Improving Weather Forecast Communication,” The Washington
Post, April 16, 2015, https://www.washingtonpost.com/news/capital-weather-gang/wp/2015/04/16/senate-to-hold-
hearing-on-improving-weather-communication/?utm_term=.8de118561¢70.

335 Blum, The Weather Machine, 160-61.
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challenges in categorization, communication, and decision support. With these considerations in
mind, in the next and final chapter, we contemplate the future of the technoscience of
meteorology with an eye toward establishing a new epistemology of interdisciplinary research
and operations that effectively pluralizes the controversies, tensions, and dualities that we have
thus far explored. By doing so, we remove barriers to inquiry that have otherwise hindered the
weather enterprise from discovering novel solutions and insights to the most complex

meteorological challenges of our time.
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CHAPTER S

Toward a New Socio-Meteorological Epistemology

“Every theory of the course of events in nature is necessarily based on some process of
simplification of the phenomena and is to some extent therefore a fairy tale.”

~ Sir Napier Shaw, 1919

5.1 Horizontalizing the Natural and Social Sciences
5.1.1 METEOROLOGY: FROM MEANS TO OBJECT OF RESEARCH

For most of my life, I was trained as a physical scientist, and the scientific method has
been the mode of inquiry to which I most closely identify. I was interested in the physical
processes of nature for as long as I can remember. As a toddler, I possessed a strange fascination
for whirlpools and spent hours playing with pulleys and manually rewinding audio cassette tapes.
In fourth grade, as Tropical Storm Gordon rolled over my hometown of Melbourne, Florida, I
discovered The Weather Channel and watched intently as John Hope, the late on-air hurricane
expert, explained the swirling radar echoes that depicted the storm as it passed overhead. In the
ensuing years, long before we had dial-up internet at home, I would go to my father’s office at
Florida Tech, where he was a research professor of chemical oceanography, to download
geostationary satellite images of tropical cyclones around the world only to print them and create
flipbooks to watch the clouds animate and come to life. I pulled data from the Joint Typhoon
Warning Center website, not knowing that I would someday be working there as the JTWC
Training Department Head. In sixth grade, I won first place at a local science fair for using dry

ice to determine what types of vertical wind shear would be most detrimental to tropical cyclone
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formation. As is the case for most meteorologists, I had decided to pursue that profession early in
grade school, and that passion for extreme weather continued through my time in academia.>*¢

I graduated Magna cum Laude with Distinction in Research from Cornell University with
a B.S. in atmospheric science and was awarded the Father James B. Macelwane Award by the
American Meteorological Society in recognition of my discovery of the eastern Caribbean
“hurricane graveyard,” which was the topic of my senior thesis. As a capstone to my
undergraduate education, I was awarded The Weather Channel’s John R. Hope Scholarship,
whose namesake first inspired my interest in tropical cyclones when I was a child. Although I
never had the honor of meeting John Hope prior to his passing, I had the privilege of spending
the summer of the active 2005 hurricane season as the first and only intern to have worked under
the tutelage of Hope’s protégé, Steven Lyons, to whom I am indebted for learning the art of
streamline analysis. For years, Lyons has been a mentor and a friend, and he was the first
meteorologist to open my eyes to the enduring power of subjective map analyses in our modern
technological era of high-performance computing.

At the National Weather Center, home of the University of Oklahoma’s School of
Meteorology, these words flank the outer staircase leading up to the second floor: “Totum
Animo Comprendere Caelum.” I walked by these Latin words each day on my way to and from

classes as a Masters student in meteorology, not paying much attention to its profound meaning.

536 Interestingly, meteorology appears to be unique among the natural sciences for attracting the attention of
children. Virtually every meteorologist who is asked when he or she became interested in weather responds with
some moment in grade school. Whether it be a particular memory of experiencing a violent storm, or a strange
affinity for the excitement surrounding the weather warning system, meteorologists are rare among scientists for
having decided on their major years before ever applying to college. I have spoken at conferences with rooms filled
with hundreds of meteorologists, and one of my favorite icebreaker activities is to ask the crowd to raise their hands
and to keep them raised until I count down numbers starting from 18. When I reach the age at which they first
decided to become a meteorologist, they are to put their hands down. Inevitably, by the time I reach 10, at least half
of the room still has their hands raised, and there are at least several still remaining when I count down to four or
three.
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This phrase roughly translates into the command: “Understand the whole sky with the mind.”
Thus, the intellectual spirit of meteorology is captured in this elegant mission statement. The
scientific imperative of understanding the sky is what drives meteorologists and what motivates
them with awe and wonder as they see a striated supercell thunderstorm roll through the Great
Plains, or view a symmetrically spiraling tropical cyclone from a satellite orbiting thousands of
miles above the Earth. Yet, the most awe-inspiring weather phenomena are also often the
deadliest, and meteorologists often confront what I have called “meteorologists’ guilt”—the
inner tension that occurs within the mind of a meteorologist who simultaneously wants to bear
witness to a natural phenomenon, but who must also confront the feeling of helplessness of not
being able to do more to save the lives that are threatened by the storm. I confronted this feeling
while serving as a Mobile Mesonet navigator during the VORTEX2 field experiment and also
while participating in a mobile radar intercept of a major hurricane that changed my life as a
scientist.

It was well after midnight, and the winds were howling. It was difficult for me to breathe.
The warm, moist tropical air was suffocating. The howl of the wind intensified until the earth
trembled. I squinted through my goggles to try to see whether there were pieces of debris or full
trees being thrown at me at 90 mph. The wind-driven rain pierced my skin. Even under a layer of
clothing, it felt like the stings of thousands of hornets. The rain was horizontal. The roar was
deafening. I leaned forward and fought the wind, dragging myself toward the Mobile Mesonet to
check on the data streaming in from the weather sensors, only to run back and cling to the side of
the radar truck. I peered through the window to confirm that the radar data was being received. It
was then that I noticed how little motor control I had. Standing, walking, and even breathing

became laborious. Then my mind started to wander, to the people of Galveston just miles away
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from where I was standing, a city that endured the deadliest natural disaster in American
history.>*” Homes were once again being washed away and lives upturned with each passing
second. And in this moment of mental exhaustion and sensory overload, I broke down and wept.
I leaned back against the truck and fell to my knees against the pounding wind and rain. My
teammates ran toward me and shouted, “Owen! Is everything okay?! What’s going on?!” I could
not muster a response. [ merely sobbed.

Normally, when you are deployed on a scientific field experiment, the last thing you
would expect to happen is to spontaneously break down in tears for no reason in the midst of
data collection. It was not until the following morning, when I awoke to a U.S. Coast Guard
search-and-rescue helicopter landing on the tarmac next to me did I begin to realize what had
transpired. In that moment, in that hellish night, standing in the middle of Hurricane Ike and
being tossed around like a ragdoll, I became humbled by the extreme power of Mother Nature.
There I was as a research scientist, knowing all of the facts, figures, and equations about
hurricanes, and yet, I was utterly powerless against the storm. I could almost hear the cries of
anguish emanating from the neighborhoods being swept away in Galveston, and even with all of
the scientific knowledge and skill that I had obtained, I was totally and completely helpless. In
that moment, with that self-realization, my ego as a scientist shattered into a million pieces.

It was 13 September 2008. Hurricane Ike had just made landfall in the Houston metro
area, and in the coming days, this storm would kill over 100 people across several states, cause
over $37 billion in damage, and would become the third costliest hurricane in U.S. history,
behind only Hurricanes Katrina and Sandy. Before that night, when I would look at a satellite

image of a hurricane, I would describe the spiraling structure of the clouds, I would talk about

537 Erik Larson, Isaac’s Storm: A Man, a Time, and the Deadliest Hurricane in History (New York: Vintage, 2000).
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the physics behind what drove the storm, and I would contemplate the science and technology
that enabled us to make predictions of that storm. But after that night, when I see a satellite
image of a hurricane, I feel the stinging rain, the choking air, and the thousands of lives being
changed overnight despite all of our advances in scientific understanding. And it took standing in
the middle of a major landfalling hurricane—being completely vulnerable outside in the
elements—to really, truly shift my perspective as a person and as a scientist.

After being awarded the National Science Foundation Graduate Research Fellowship in
2009, I enrolled as a Ph.D. student at the University of Hawaii in 2010 and passed my
comprehensive exam in meteorology in 2012. It was then that [ was offered a position at the
National Disaster Preparedness Training Center to apply my meteorological knowledge to
develop FEMA-certified hazardous weather courses for emergency managers across the United
States. I was ecstatic. I could finally follow through with my vow to apply the science of
meteorology to improve the lives and livelihoods of people—a vow to which I had committed
myself that night I was driven to tears in the midst of Hurricane Ike. But then, one of my former
dissertation committee members pulled me aside and said with no hint of sarcasm whatsoever,
“Ah yes, you’re going over to the social sciences...the dark side...You know, the road to the
Ph.D. is littered with the corpses of those who took on jobs. If I were your primary advisor, [
would never have allowed that offer to hit your desk.” I was stunned. This comment was a huge
shock to me, coming from a committee member who had been strongly supportive of my
academic journey up until that point. There I was, with a unique opportunity to apply the science
I had learned to the life-saving work of emergency managers nationally, and that real-world
application of knowledge was deemed the “dark side.” Eventually, I came to learn that this

attitude was not an outlier, but is the predominant belief held by the majority of modern physical
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scientists—that social science is a “soft” science, and that the disciplines of geography, policy,
and sociology are good for those who are simply not “cut out” for the rigors of calculus and
physics. Sadly, this elitist attitude is much too common even in as public a scientific field as
meteorology, and even members of the National Weather Service’s service assessment teams
have acknowledged to me in conversation that social scientists are generally much more willing
to collaborate with physical scientists than vice versa. As a scientist who had mastered and
appreciated the quantitative techniques of calculus and physics, but who also had a deep desire to
apply the science of weather to operations and public safety, I struggled with this sense of
cognitive dissonance in my profession. After assuming my position as the Training Department
Head at the Joint Typhoon Warning Center in 2016, where I became immersed in operations and
applications of weather forecasting to national security, I finally decided to take the leap and
switched my Ph.D. studies to political science in 2017—all while these major questions lingered
in the back of my mind: How did the animus between the physical and social sciences come to
be? How do we make sense of this disciplinary crevasse at a time when research problems
continue to become more complex and multifaceted? How is this physical-social duality limiting
the potential for us to address these complex problems?

To even begin to make sense of these questions, we must understand the context within
which academic disciplines and knowledge-making have evolved through time. In this chapter,
we begin with a brief epistemological tour from the Scientific Revolution through the mid-
twentieth century when the yawning chasm between the natural and social sciences were
amplified at the height of the Cold War. Upon contextualizing the emergence of this science-
humanities duality, I advocate for a pluralistic methodological approach to research and

operations that goes beyond traditional notions of disciplines and paradigms, borrowing from the
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recent “quantum crisis” that forced physicists and philosophers to reengage in dialogue. We then
return to the problem of tropical cyclone intensity forecasting to demonstrate that a pluralistic
framework of inquiry can pragmatically succeed in helping us to make progress toward breaking
scientific research plateaus, even if we cannot fully solve the most complex and intractable
problems at the science-society interface. Finally, we explore the transdisciplinary future of the
technoscience of meteorology at the intersection of the public and private sectors, with a focus
on emergency management and science policy—both of which are emergent disciplines that
embody matters of concern—with an eye toward expanding the pluralistic spirit of inquiry to

other natural and social sciences.

5.1.2 THE Two CULTURES PROBLEM

The disciplinary gap between the natural and social sciences (i.e., between physics and
philosophy) is a recent phenomenon relative to the entire history of our human pursuit of
knowledge. Since the time of the ancients, knowledge seekers were generally known as
philosophers, even if they often invoked mathematical methods in their scientific pursuits. The
tradition of jointly exploring questions of nature and metaphysics continued through the
Scientific Revolution and into the Age of Enlightenment when “natural philosophy” was
commonplace, as we had discussed in Chapter 2. But throughout the Scientific Revolution, the
seeds of the future divide between science and philosophy were planted. Although the
philosophers of the time espoused numerous concepts that were often partially overlapping and
conceptually complex, they could be broadly divided into two groups: the empiricists and the

rationalists.
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Empiricists like Francis Bacon, John Locke, George Berkeley, and David Hume
generally believed that knowledge is acquired through sensory experience, a notion that can be
traced back to Aristotle. Bacon established a strict method of inquiry that enabled inductive
reasoning through systematic observation and experimentation, which became the modern
scientific method. Locke critiqued the notion of innate human knowledge, arguing that all
knowledge is acquired through experience alone. Berkeley shares Locke’s belief of knowledge
through experience, but from the monist perspective of immaterialist idealism, arguing that the
mind is the single substance of the universe and that esse est percipi (“to be is to be perceived”).
Hume established the problem of induction by showing that neither demonstrative statements
(truth through deduction) nor probable statements (truth through empiricism) can fully determine
the truth of an inductive inference through rationalism, in effect critiquing empiricism as being
limited beyond sensations and past knowledge and thereby establishing belief and custom as
important cornerstones of our claims to knowledge.>*®

Rationalists like René Descartes, Benedictus Spinoza, Gottfried Leibniz, and Immanuel
Kant, on the other hand, believed that reason—or rational reflection—is itself a source of
knowledge, a notion that can be traced back to Plato. Descartes articulated the mind-body
problem and espoused the “method of doubt,” arguing the importance of skepticism in acquiring
knowledge. Spinoza, embracing the perspective of substance monism, believed that all things—
from God to nature, from mind to body—are all made of the same substance. Leibniz contended
that rational reflection can be the source of all knowledge, whereby we arrive at “truths of
reasoning,” but that the human mind is limited in how much can be reasoned, so therefore, we

must arrive at “truths of fact” through experience. Immanuel Kant built upon Leibniz’s concepts

538 Hume’s problem of induction was introduced in Chapter 1 with the example of testing the truth of the inductive
statement that the sun will rise every day based off of past experience of observing the sun.
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into what he calls “analytic” versus “synthetic” statements, arguing that all of the things in the
world that are knowable come from a combination of our “sensibility” (intuitions) and our
“understanding” (concepts)—both of which can be empirical insofar as the condition of
possibility for those intuitions and concepts are set by the presence of a priori knowledge of
other concepts that are known independently of experience (e.g., space, time, substance). In other
words, the experience of empirical concepts such as change is made possible only through the
existence of a priori concepts of space, time, and substance. Without such a priori knowledge,
sensory experiences would not bear any meaning. This framework, which Kant himself called
transcendental idealism, effectively unified empiricism and rationalism, and Kant’s Critique of

339 still stands to this day as one of the landmark works of Western philosophy.

Pure Reason

All of these philosophers contributed, in their own unique ways, to the evolution of
Western natural philosophy through the Scientific Revolution and into the Age of
Enlightenment. Although these thinkers wrestled with deep ontological and epistemological
questions about metaphysics—pondering the nature of knowledge, of mind, and of the human
experience—many of them were also mathematicians who did not shy away from methods of
quantitative logic. In fact, Kant considered mathematics to be a form of synthetic a priori
knowledge.>*" Although it may at first appear that the success of the scientific method was due to
the rise of empiricism, empirical observations of nature were being made long before the

Scientific Revolution. Rather, Kant argues, the scientific method was rendered more successful

by the mathematization of physical concepts such as “force” and by the scientific practice of

53 Immanuel Kant, Critique of Pure Reason, ed. Paul Guyer and Allen W. Wood (Cambridge: Cambridge
University Press, 1999).

540 A priori knowledge, in contrast to empirical knowledge, includes concepts that are universally true by definition
and do not require sensory experience. Synthetic judgments, in contrast to analytic judgments, are judgments
wherein the conceptual predicate is not contained in the subject, whereby they are “ampliative” and extend our
understanding of the conceptual subject beyond its mere definition. Kant proposed that mathematical laws are an
example of synthetic a priori knowledge, which he suggests is the nature of metaphysical knowledge.
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designing experiments to test the validity of established concepts. A century prior to Kant, and
perhaps more famously among natural scientists, Leibniz—both a philosopher and a
mathematician—was embroiled in a heated controversy with Isaac Newton over who invented
calculus, involving brutal accusations of plagiarism.>*! Although modern historians believe that
Leibniz and Newton developed the concepts behind calculus independently, it is easy to forget—
once the “black box™ is closed and preserved in a textbook consisting of matters of fact—that
even something as mathematically fundamental as calculus, which forms the foundation of all
modern sciences and even economics, once emerged out of controversy. From all of these
thinkers, events, and controversies gradually emerged the disciplinary distinction that relegated
metaphysics into the domain of philosophy and physics into the domain of the natural sciences.
By the dawn of the early twentieth century, “natural philosophy” had simply become the
“sciences,” and disciplines such as philosophy and social science were broadly categorized into
the “humanities.”**> One of the landmark events of the twentieth century that shined a spotlight
on this disciplinary dichotomy was a lecture that C. P. Snow gave on 7 May 1959 at the
University of Cambridge, during the prestigious annual Rede lecture. Snow was trained as a
natural scientist, earning his Ph.D. in physics and engaged in spectroscopy research, but was a
writer by vocation. After a distinguished career in public service and the private sector, Snow

eventually became known for his work as an accomplished novelist.

541 Jason Socrates Bardi, The Calculus Wars: Newton, Leibniz, and the Greatest Mathematical Clash of All Time
(New York: Basic Books, 2007).

542 Strictly speaking, social science is different from the humanities in that it focuses on the study of the dynamics of
human societies, to include politics, institutions, anthropology, economics, psychology, and governance, whereas the
focus of the humanities is on the products of human culture, to include philosophy, music, literature, art, and history.
For the purposes of this discussion, however, I use “social science” and “humanities” interchangeably within the
context of the “Two Cultures Problem,” since these are the disciplines that have been called the “soft sciences”
somewhat pejoratively by many natural scientists.
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In his Rede lecture, Snow spoke about the problem of the disciplinary dichotomy
between “physical scientists” and “literary intellectuals” (i.e., those who specialized in the
humanities), which he described as the “two cultures” that divided British academic and
intellectual life. So polarized were the two cultures, said Snow, that while he personally
straddled this disciplinary divide, “I felt I was moving among two groups—comparable in
intelligence, identical in race, not grossly different in social origin, earning about the same
incomes, who had almost ceased to communicate at all, who in intellectual, moral and
psychological climate had so little in common that...one might have crossed an ocean.”** Snow
goes on to characterize this cultural divide:

Literary intellectuals at one pole—at the other scientists, and as the most
representative, the physical scientists. Between the two a gulf of mutual
incomprehension—sometimes (particularly among the young) hostility and dislike, but
most of all lack of understanding. They have a curious distorted image of each other.
Their attitudes are so different that, even on the level of emotion, they can’t find much
common ground.>#*

Although Snow was critiquing the state of British intellectual life, whereby the literary
intellectuals harbored a nostalgia for the past in contrast to the scientists who embraced a techn-

345 which makes

optimism for the future, he did note that “this is a problem of the entire West,
his lecture all the more important and relevant. My personal anecdote regarding the comments of
my former dissertation committee member is a prime example of this problem still being alive
and well today. Snow writes,
Pure scientists have by and large been dim-witted about engineers and applied
science. They couldn’t get interested. They wouldn’t recognise that many of the problems

were as intellectually exacting as pure problems, and that many of the solutions were as
satisfying and beautiful. Their instinct—perhaps sharpened in this country by the passion

343 Snow, The Two Cultures, 2.
344 Snow, 4.
345 Snow, 3.
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to find a new snobbism wherever possible, and to invent one if it doesn’t exist—was to

take it for granted that applied science was an occupation for second-rate minds.>*¢
Today, although it may rarely be explicitly stated, the attitude among many research
meteorologists—particularly those who have survived the technical and quantitative rigors of
graduate education—is to consider those who transfer to the fields of geography, natural
resources, environmental science, or any of the “soft” social sciences to be simply not “cut out”
to handle the rigors of calculus, physics, and differential equations. This mentality is shared
across numerous other technical disciplines, from engineering to medicine to biology, and
manifests even in the tension between the epistemes of research and operations.

To be sure, this intellectual “snobbism” is not a one-way phenomenon emanating only
from the natural sciences. In fact, Snow is even more critical of literary intellectuals, who he
deems “natural Luddites.”**” Although Snow describes scientists as “self-impoverished”>*® for
not finding the “literature of the traditional culture”*’ to be of interest to them, he asserts that
literary intellectuals “are impoverished too—perhaps more seriously, because they are vainer
about it. They still like to pretend that the traditional culture is the whole of ‘culture,’ as though
the natural order didn’t exist. As though the exploration of the natural order was of no interest
either in its own value or its consequences. As though the scientific edifice of the physical world
was not, in its intellectual depth, complexity and articulation, the most beautiful and wonderful
collective work of the mind of man.”>*° Snow continues with a bit of tongue-in-cheek sarcasm:

As with the tone-deaf, [literary intellectuals] don’t know what they miss. They

give a pitying chuckle at the news of scientists who have never read a major work of
English literature. They dismiss them as ignorant specialists. Yet their own ignorance and

346 Snow, 32.
347 Snow, 22.
348 Snow, 14.
349 Snow, 13.
330 Snow, 14.
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their own specialisation is just as startling. A good many times I have been present at

gatherings of people who, by the standards of the traditional culture, are thought highly

educated and who have with considerable gusto been expressing their incredulity at the
illiteracy of scientists. Once or twice I have been provoked and have asked the company
how many of them could describe the Second Law of Thermodynamics. The response
was cold: it was also negative. Yet I was asking something which is about the scientific
equivalent of: Have you read a work of Shakespare’s?

I now believe that if I had asked an even simpler question—such as, What do you
mean by mass, or acceleration, which is the scientific equivalent of saying, Can you
read?—not more than one in ten of the highly educated would have felt that I was
speaking the same language. So the great edifice of modern physics goes up, and the
majority of the cleverest people in the western world have about as much insight into it as
their neolithic ancestors would have had.>>!

As we address the present crisis that challenges the technoscience of meteorologys, it is
important to interrogate this science-humanities dichotomy that emerged during the Scientific
Revolution, matured in the nineteenth century, and continues to this day—most succinctly
captured by Snow’s lecture in 1959. In the subsequent sections of this chapter, I argue that the
ever-increasing complexity of the challenges at the science-society interface demand a more
multifaceted and pluralistic disciplinary approach to research. The more we as researchers
attempt to seek comprehensive solutions to complex problems by leveraging a hyper-specialized
set of education and skills, the more those solutions will elude us. Although disciplinary
divisions exist at all scales, the greatest division on the macroscale is this science-humanities
divide, so that is where we begin our work of establishing a new transdisciplinary discourse.
Bringing these two macroscale cultures back into dialogue is the first step in breaking what I
describe as “research plateaus,” or seemingly intractable research problems that seem to drag on
with little advancement over time, regardless of ever-improving technological tools.

Snow rounded out his Rede lecture by stating, “Closing the gap between our cultures is a

necessity in the most abstract intellectual sense, as well as in the most practical. When those two

331 Snow, 14-15.
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senses have grown apart, then no society is going to be able to think with wisdom.”>? In
reflecting on the impact and controversy that ensued four years after giving his lecture, Snow
most succinctly summarized the reason for his concern regarding the two cultures problem and
the urgency with which it presents the world:

It is dangerous to have two cultures which can’t or don’t communicate. In a time
when science is determining much of our destiny, that is, whether we live or die, it is
dangerous in the most practical terms. Scientists can give bad advice and decision-makers
can’t know whether it is good or bad. On the other hand, scientists in a divided culture
provide a knowledge of some potentialities which is theirs alone. All this makes the
political process more complex, and in some ways more dangerous, than we should be
prepared to tolerate for long, either for the purposes of avoiding disasters, or for
fulfilling—what is waiting as a challenge to our conscience and goodwill—a definable
social hope.>>?

These were prescient words during the height of the Cold War, when science had afforded the
technology that quite literally placed humanity on the verge of self-destruction, but science had
also made great advances in medicine and transportation that improved quality of life. Without a
direct engagement between the technological achievements of natural science with questions of
ethics and policy—which traditionally fall in the domains of social science—natural scientists
fail to properly advise decision-makers on “potentialities,” and decision-makers fail to properly
understand the risks at hand. This concern is as valid today as it was during the Cold War. The
scientific and political complexity that surrounded the landfall of Hurricane Sandy is a prime
example of this: the well-established scientific understanding of hybrid cyclones did not properly
inform decision-makers, which complicated the “political process” of risk management when

“avoiding disasters,” and made the event “more dangerous”—even though the storm was

extremely well-forecasted by the National Hurricane Center in terms of statistical accuracy.

332 Snow, 50.
333 Snow, 98.
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Thus, in order for us to fulfill “a definable social hope,” whether it be managing nuclear weapons

or responding to a hurricane, it is imperative that we bring the two cultures back into dialogue.

5.1.3 TRANSDISCIPLINARITY: BEYOND DISCIPLINES AND PARADIGMS

So what should we as scholars and thinkers of the twenty-first century do about the
problem of the two cultures? The methodology of logical positivism necessarily drives the ever-
increasing specialization of disciplinary research, particularly in the sciences. Doctoral
dissertations in the sciences are often devoted to a hyper-specialized topic, intelligible to only a
handful of scientists, such that even fellow professionals within the same field may have
difficulty comprehending the research. For example, a research meteorologist who specializes in
climatological teleconnections of the Madden-Julian Oscillation may not even be able to
correctly identify the rear-flank downdraft of a supercell thunderstorm. Likewise, an expert in
tornadogenesis may not be able to speak to differences in microphysical parameterizations in an
NWP model. Such hyper-specialization is the norm in modern science and is certainly not
problematic within the positivistic framework, because such an epistemology assumes that the
knowledge obtained by breaking down a problem into tiny pieces can eventually be put back
together to increase the general pool of knowledge—without the pieces of knowledge necessarily
interacting. However, as we had established in Chapter 1, such a framework of research
contradicts the complex and chaotic nature of reality. The presumption that knowledge can be
simply broken down into a sum of its parts means that solutions to challenges that emerge from
complex networks and from shifts in spatiotemporal scale will remain elusive. This is not to say,

however, that solutions to complex problems and challenges are always to be found—or are even
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desirable—with other epistemological frameworks and research methodologies. Progress can be
made even if we can only asymptotically approach hypothetical solutions.

The ever-increasing complexity of technoscientific and technopolitical problems require
a new framework of inquiry. Throughout this dissertation, we have interrogated examples from
the technoscience of meteorology to illustrate the need to move beyond the hyper-specialized
mentality of logical positivism, but what should such a move look like? I propose that this new
epistemology should be both transdisciplinary and non-dualistic. We will first develop the
concept of transdisciplinarity, and to do so, it behooves us to return to Thomas Kuhn’s work on
scientific revolutions and paradigms, first introduced in Chapter 1. The Kuhnian model of
scientific progression is one characterized by long, steady periods of normal science, punctuated
by revolutions. He defines normal science as “research firmly based upon one or more past
scientific achievements, achievements that some particular scientific community acknowledges
for a time as supplying the foundation for its further practice.”>* In other words, periods of
normal science adhere to a traditionally accepted paradigm, or “coherent traditions of scientific
research,” that share two characteristics: (1) the research activity is based upon the scientific
work of scientists whose “achievement was sufficiently unprecedented to attract an enduring
group of adherents away from competing modes of scientific activity,” and (2) those landmark
studies were “sufficiently open-ended to leave all sorts of problems for the redefined group of
practitioners to resolve.”>

Kuhn’s concept of paradigm is important to consider when building a mental conception
of how science progresses and proliferates. During periods of normal science, the accepted

theories, norms, and practices of a particular science are preserved in textbooks and taught to

534 Kuhn, The Structure of Scientific Revolutions, 10.
355 Kuhn, 10-11.
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students as what Latour would call simple matters of fact, or “black boxes.” This simplified
version of the science’s foundational principles then allows the student to build upon accepted
theories and practices to solve problems, the bounds of which are established by the given
paradigm. Those who are inducted into the “membership in the particular scientific community”
in such a manner must adhere to norms such that their “research is based on shared paradigms”
and that they are “committed to the same rules and standards for scientific practice.”>® For
example, parcel theory is a paradigm that is widely accepted in meteorology as the primary
means—in fact, it is the only means—to quantify the dynamics and thermodynamics of the
atmosphere. However, as introduced in Chapter 1, parcel theory is based upon numerous
assumptions, the most egregious of which is the artificial discretization of adiabatic air parcels
that allow for parcel-following, or Lagrangian calculations, regardless of how unrealistic such an
assumption may be in the continuous, fluid atmosphere. But this paradigm has proved to be
immensely useful for meteorology, not only for the development of analytical theories of the
formation and movement of weather systems, but also the development of NWP methods.
Without the paradigm of air parcels, the vast majority of advancements in atmospheric dynamics
and thermodynamics would not be possible. Normal science proceeds and is considered
successful insofar as
The success of a paradigm—whether Aristotle’s analysis of motion, Ptolemy’s
computations of planetary position, Lavoisier’s application of the balance, or Maxwell’s
mathematization of the electromagnetic field—is at the start largely a promise of success
discoverable in selected and still incomplete examples. Normal science consists in the
actualization of that promise, an actualization achieved by extending the knowledge of
those facts that the paradigm displays as particularly revealing, by increasing the extent

of the match between those facts and the paradigm’s predictions, and by further
articulation of the paradigm itself.>>’

336 Kuhn, 11.
337 Kuhn, 24.
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And so, the power of a paradigm is that it “forces scientists to investigate some part of nature in a
detail and depth that would otherwise be unimaginable.”>%3

But the power of paradigms has a limit, and that limit is often overlooked when one is
engaged in the work of science. When engaging in normal science per Kuhn, scientists “attempt
to force nature into the preformed and relatively inflexible box that the paradigm supplies. No
part of the aim of normal science is to call forth new sorts of phenomena; indeed those that will
not fit the box are often not seen at all.”>>° Parcel theory has led to numerous advancements in
the conceptual thermodynamic methods of forecasting severe convective storms, such as the
various indices that can be derived from the vertical profiles of temperature and moisture data
collected by weather balloons. However, parcel theory does not do much good in elucidating the
chaotic behavior of the atmosphere. Questions of the sensitivity of certain weather predictions to
initial conditions would be “invisible” in a parcel theory paradigm, not because the paradigm is
invalid, but simply because such research questions fall beyond the scope of the box that is
defined by said paradigm. Likewise, to apply chaos theory to questions of thunderstorm initiation
without the concept of air parcels would be particularly challenging.’°

The work of normal science is important for the progress of scientific knowledge-
making, but perhaps its greatest limitation is that normal science yields research results that tend

to explain nature within the context of an existing paradigm, rather than examining nature as it is.

Although a scientist who engages in normal science may be a staunch realist and empiricist—

358 Kuhn, 25.

339 Kuhn, 24.

560 The streamline analyses discussed in Chapter 3 are yet another example of a method of analysis that falls outside
of the parcel theory paradigm. Mathematically, the concept of following discrete air parcels is what would be called
a “Lagrangian perspective,” such that lines that trace the path of discrete air parcels are deemed “trajectories.”
Streamlines, on the other hand, rather than being lines that follow the path of an individual air parcel, are lines in a
“local” or “Eulerian perspective” that depict the fluid motion of the atmosphere everywhere tangent to the lines. As
such, individual air parcels are “invisible” to streamlines, and conversely, the overall fluid flow of the atmosphere is
“invisible” to trajectories.
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believing strongly that the steady progress of science brings us closer and closer to some
objective “truth” or reality—the act of explaining natural processes based on the accepted
theories, norms, and practices of a particular scientific community necessarily binds such
explanations to an existing paradigm, and so, normal science rarely “produce major novelties,
conceptual or phenomenal.”*¢! Rather, Kuhn argues, normal science is more aptly described as
an activity of puzzle-solving, with paradigms serving as the constraints within which the
scientific puzzles are to be solved.

Over time, however, anomalies begin to arise as discoveries gradually emerge that do not
neatly fit into the puzzle established by a particular paradigm. For example, tornadoes were once
considered to rotate counterclockwise in the Northern Hemisphere due to the Coriolis Effect
imparted by the Earth’s rotation. However, as instances of clockwise-rotating tornadoes became
increasingly documented across the United States, these anomalies could no longer be so readily
discounted. If the Coriolis Effect played a role in determining the direction of rotation of
tornadoes, then why would it affect some but not others? As such anomalies accumulate, a crisis
emerges, and the prevailing paradigm becomes insufficient. Kuhn writes, “When...an anomaly
comes to seem more than just another puzzle of normal science, the transition to crisis and to
extraordinary science has begun. The anomaly itself now comes to be more generally recognized
as such by the profession.”$? Eventually, a crisis can force the development of new theories,
which in turn, can result in a paradigm shift. The accumulation of clockwise-rotating tornado
observations, combined with the theoretical developments of Carl-Gustaf Rossby, demonstrating
that the Coriolis Effect strongly depends upon the spatiotemporal scale of a circulation, gradually

dissolved the prevailing paradigm of Coriolis-driven tornadoes. Then, with the advent of

561 Kuhn, The Structure of Scientific Revolutions, 35.
362 Kuhn, 82-83.
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computer model simulations—a meteorologist’s laboratory—a new paradigm of tornado rotation
was established, one based on the complex dynamics of pressure perturbations in supercell
thunderstorms that favor counterclockwise rotation in the Northern Hemisphere, irrespective of
the Coriolis Effect.’%

So what constitutes a scientific revolution? Kuhn describes scientific revolutions as
“those non-cumulative developmental episodes in which an older paradigm is replaced in whole
or in part by an incompatible new one.”*** He draws a parallel between political and scientific
revolutions:

Political revolutions are inaugurated by a growing sense, often restricted to a segment of
the political community, that existing institutions have ceased adequately to meet the
problems posed by an environment that they have in part created. In much the same way,
scientific revolutions are inaugurated by a growing sense, again often restricted to a
narrow subdivision of the scientific community, that an existing paradigm has ceased to
function adequately in the explorations of an aspect of nature to which that paradigm
itself had previously led the way.>%

Interestingly, to what degree a revolution is considered a revolution is entirely relative to the
observer. A revolution is significant only to the scientist whose operative paradigm has been
disrupted, which may not be universally true for a particular discipline. Kuhn continues,

Scientific revolutions...need seem revolutionary only to those whose paradigms are
affected by them. To outsiders they may, like the Balkan revolutions of the early
twentieth century, seem normal parts of the developmental process. Astronomers, for
example, could accept X-rays as a mere addition to knowledge, for their paradigms were
unaffected by the existence of the new radiation. But for men like Kelvin, Crookes, and
Roentgen, whose research dealt with radiation theory or with cathode ray tubes, the
emergency of X-rays necessarily violated the one paradigm as it created another. This is
why these rays could be discovered only through something’s first going wrong with
normal research.>%¢

563 For a technical treatment of the dynamics of supercell thunderstorm rotation, see Markowski and Richardson,
Mesoscale Meteorology in Midlatitudes, 224-42.
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Implicit to Kuhn’s conception of scientific revolutions is the idea that science performed in the
pre- and post-revolutionary period, following different paradigms, are incommensurable because
of different definitions, standards, norms, and worldviews.’%” But the extent to which this
incommensurability is absolute has come under some criticism by STS scholars who argue that
there does not exist absolute discontinuities of communication between paradigms, because there
must be at least some conceptual and practical links between paradigms for a science to progress.
As Sismondo summarizes, “Meanings of terms do change, but they probably do not change so
much and so systematically that claims in which they are used cannot typically be compared.”¢®
The notion that incommensurability is not absolute opens the door to the study of interactions
between paradigms and disciplines, which are “epistemic cultures™® that “may have completely
different orientations to their objects, social units of knowledge production, and patterns of
interaction.”’® The concept of trading zone>’! has been used to describe collaborations between
cultures and practices using a simplified language, and boundary objects®’*> have been known to
“form bridges across boundaries, if they can serve as a focus of attention in different social
worlds, and are robust enough to maintain their identities in those different worlds.”” The

activity of storm chasing, for example, can be described as a trading zone, where meteorologists

from the epistemes of research, operations, and even amateurism can meet under the

567 Kuhn, 147-49.

568 Sismondo, An Introduction to Science and Technology Studies, 17.

569 Karin Knorr Cetina, Epistemic Cultures: How the Sciences Make Knowledge (Cambridge, MA: Harvard
University Press, 1999).

570 Sismondo, An Introduction to Science and Technology Studies, 19.

57! Peter Louis Galison, Image and Logic: A Material Culture of Microphysics, 1st ed. (Chicago: University of
Chicago Press, 1997).

572 Susan Leigh Star and James R. Griesemer, “Institutional Ecology, ‘Translations’ and Boundary Objects:
Amateurs and Professionals in Berkeley’s Museum of Vertebrate Zoology, 1907-39,” Social Studies of Science 19,
no. 3 (1989): 387-420.

573 Sismondo, An Introduction to Science and Technology Studies, 20.

279



cumulonimbus cloud and share a mutual fascination for and observation of the tornado as a
boundary object.

Returning now to our original question, what should we do about the problem of the two
cultures? What should this new transdisciplinary framework look like? The concept of
transdisciplinarity was first introduced in the 1970s and was reinvigorated by researchers of
higher education in the 1990s as complex problems such as climate change and globalization
came to the fore in the post-Cold War era.>’* As Jay Berstein notes in his review of this concept,
“although the words transdisciplinarity and transdisciplinary, with their basic meanings
involving transcending the established framework of traditional academic disciplines were first
used around 1970, the conditions for beginning transdisciplinary work in earnest did not fall into
place for at least two more decades.”” To chart a transdisciplinary future for the technoscience
of meteorology, we must first contrast it with multidisciplinarity and interdisciplinarity. These
three terms are often colloquially used interchangeably, but it is important to highlight their
distinctive differences when conceptualizing the benefits of a transdisciplinary approach.

In an article for the American Educational Research Association, Hugh Petrie defines
multidisciplinarity as “the idea of a number of disciplines working together on a problem, an
educational program, or a research study. The effect is additive rather than integrative. The
project is usually short-lived, and there is seldom any long-term change in the ways in which the
disciplinary participants in a multidisciplinary project view their own work.”>’¢ In this

framework, disciplines remain distinct in the conduct of research, and the knowledge and skills

574 Jay Hillel Bernstein, “Transdisciplinarity: A Review of Its Origins, Development, and Current Issues,” Journal of
Research Practice 11, no. 1 (July 7, 2015): 2-7.

575 Bernstein, 5.

576 Hugh G. Petrie, “Interdisciplinary Education: Are We Faced with Insurmountable Opportunities?,” Review of
Research in Education 18 (1992): 303, https://doi.org/10.2307/1167302.
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of the scientists and practitioners combine in a concatenated way. By contrast, interdisciplinarity
“typically refers to those situations in which the integration of the work goes beyond the mere
concatenation of disciplinary contributions. Some key elements of disciplinarians’ use of their
concepts and tools change. There is a level of integration.”’” The key to interdisciplinary work
is the fusing of knowledge and practices such that a new combined discipline emerges. Petrie
continues, “Interdisciplinary subjects in university curricula such as physical chemistry or social
psychology, which by now have, perhaps, themselves become disciplines, are good examples. A
newer one might be the field of immunopharmacology, which combines the work of
bacteriology, chemistry, physiology, and immunology.”’® Interdisciplinary work most often
involves disciplines that are somewhat adjacent or similar in scope. A scientist who specializes
in air-sea interaction research can be from a meteorological or oceanographic background, since
that discipline combines both elements of meteorology and oceanography. But to effectively
address the two cultures problem, merely combining adjacent disciplines is not sufficient.
Transdisciplinarity takes the interdisciplinarity one step further by attempting to generalize
knowledge practices:

The notion of transdisciplinarity exemplifies one of the historically important
driving forces in the area of interdisciplinarity, namely, the idea of the desirability of the
integration of knowledge into some meaningful whole. The best example, perhaps, of the
drive to transdisciplinarity might be the early discussions of general systems theory when
it was being held forward as a grand synthesis of knowledge. Marxism, structuralism, and
feminist theory are sometimes cited as examples of a transdisciplinary approach.
Essentially, this kind of interdisciplinarity represents the impetus to integrate knowledge,

and, hence, is often characterized by a denigration and repudiation of the disciplines and
disciplinary work as essentially fragmented and incomplete.>”

571 Petrie, 304.
578 Petrie, 304.
579 Petrie, 304-5.
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The key idea behind transdisciplinarity is that knowledge can be derived without adhering to
fixed disciplinary traditions, practices, and paradigms. As Bernstein summarizes, “While the
distinction between transdisciplinarity vis-a-vis multidisciplinarity (collected inputs from
different disciplines without synthesis), and interdisciplinarity (collaboration between
researchers from different disciplines aimed at a synthesis and integration of knowledge) need
not be sharp or absolute, transdisciplinarity generally rejects the separation and distribution of
topics and scholarly approaches into disciplinary ‘silos.””>8" Although transdisciplinarity is still
an emerging field of study unto itself,>®! a recurring theme is the search for an epistemological
“holism,” but as I argue in the next section, a transdisciplinary approach can still be of value
even if a holistic solution to complex challenges remains elusive; progress can still be made even
without a comprehensive solution.

At present, the field of meteorology still struggles with effectively bringing social
scientists to the table when designing research or operationally implementing new hazardous
weather forecast and warning products. Oftentimes, meteorologists view social scientists as a
unified block of researchers who are experts at all things “social,” with the numerous
disciplinary distinctions among social scientists blurred. Meteorologists who lead NOAA service
assessments or damage survey teams deployed into the field after a major weather disaster will

often have only a single social scientist tacked on to provide the “social” perspective. When

580 Bernstein, “Transdisciplinarity,” 7.
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preparing the “Broader Impacts Statement” of their grant proposals to the National Science
Foundation, research meteorologists often assume that a societal benefit will naturally emerge
from their otherwise physics-based research. As Eve Gruntfest critiques,
When physical scientists have moved forward without the aid of social scientists,
they often find that the data they collect do not answer the most important questions in
the eyes of the decision makers. Physical scientists posing as social scientists,
constructing their own surveys often very quickly, often think their findings represent a
point of view when in truth the respondents to the survey do not understand what they
were being asked and the findings are not useful. Those in the field are increasingly
recognizing that progress requires the end-to-end-to-end approach engaging all partners
from individuals, local officials, first responders, researchers, and others.>%?
Although there have been success stories, such as the recent inclusion of social science into
improving tropical cyclone forecast products and warning processes at the National Hurricane
Center,>® a full integration of social scientists into the overall meteorological research proposal,
planning, and execution process remains elusive. Likewise, with the exception of a few authors
and ethnographers who have been cited throughout this dissertation, sociologists and STS
scholars have not paid much attention to meteorology as an object of research, even though this
technoscience presents a treasure trove of research opportunities with a plethora of complex
controversies and unknowns at the science-society interface.

Gruntfest emphasizes that the “end-to-end-to-end” approach as an iterative process of
integrated research “explicitly recognizes the importance of multidirectional communication;

sustained interactions among researchers, application developers, and multiple decision makers.

This model highlights that it takes multiple iterations around the loop to coproduce knowledge

582 Gruntfest, Weather and Society, 14.

583 B. H. Morrow and J. K. Lazo, “Effective Tropical Cyclone Forecast and Warning Communication: Recent Social
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and tools.”*%* Gruntfest continues, “Integrated scientific research includes disciplinary and
interdisciplinary work in statistics, climatology, meteorology, hydrology, engineering,
geography, and the social sciences and humanities.”3> To this I would add the need for a new
transdisciplinary framework of research that moves between and beyond existing disciplinary
paradigms, particularly if the non-science humanities such as philosophy are to be included.

To illustrate the benefits of transdisciplinarity, we can use the structure of a tree as an apt
metaphor to describe the organization of knowledge and the primacy of paradigms. In the mid- to
late-eighteenth century, French philosophers Jean-Baptiste le Rond d’Alembert and Denis
Diderot edited and published the Encyclopédie, within which they conceived of a “figurative
system of human knowledge” organized into a tree with three main branches: memory, reason,
and imagination. These branches were then further broken down into categories such as history,
philosophy, logic, ethics, science of nature, poetry, music, etc. Although the specific disciplines
are rather dated, with “black magic” and “monstrous animals” as categories, the overall
branching structure of knowledge enables us to create a novel metaphor for visualizing the value
of transdisciplinary work.

If the trunk of a tree represents a particular epistemological framework or mode of
inquiry, such as rationalism or empiricism, then the roots can be thought of as the parts of the
mind or the senses that enable the generation of new knowledge. As we go higher in the tree, the
trunk splits into primary branches, then secondary branches, continuing outward until the tree
tapers off into a large collection of twigs. Each branch can be considered a specific discipline,
and the twigs are the various specialties within each discipline. The nature of knowledge

generation, particularly within the framework of logical positivism, involves the outward and

84 Gruntfest, Weather and Society, 14.
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upward growth of this tree, each new branch building upon the previous branch. But within the
constraints of positivism, all of the material aspects of what constitute the “tree”—including the
bark, leaves, and fruit—are all attached and constrained to the tree branches. This unspoken and
unseen constraint is an apt metaphor for the Kuhnian concept of paradigms. It is the paradigm of
a particular discipline, which correspond to periods of normal science, that confines the
progression of new knowledge along the tree branches.

Continuing this tree metaphor, how could we symbolize the Kuhnian concept of a
revolution? By his definition, a revolution occurs when a sufficiently new paradigm emerges that
is at least somewhat incommensurable with the pre-existing paradigms, with the generation of
new knowledge following a different set of theories, norms, standards, and practices. So we can
conceive of this as the emergence of a new tree that propagates outward from the same root
system, or a major trunk that forks out from the original tree.’®¢ Thus, a forest of trees—each
consisting of disciplines and specialties—represents the entire body of human knowledge. But
what if the space surrounding the forest and between the trees represented the “knowable”
universe? Would the structure of the trees and forest allow for all that is “knowable” to be
known? With an infinite amount of time, and an infinite number of disciplines and paradigms,
that eventuality could be conceivable within a positivistic framework. However, without
resorting to an infinite timeline, how can we explore the otherwise “untouched” space between
the trees (i.e., epistemologies) and tree branches (i.e., disciplines/paradigms)?

Multidisciplinarity would be temporarily bringing tree branches together to solve some

problem, such as meteorologists including a social scientist on a tornado damage assessment

586 1t is interesting to note that some trees such as the quaking aspen are known to form clonal colonies that consist
of a large cluster of trees that emerge from and share the same root system. A particular colony named “Pando” in
south-central Utah extends over 100 acres and weighs 6 million kilograms, making it one of the world’s largest
single living organisms.
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team. Interdisciplinarity would be the fusing of two different but adjacent branches from a
certain part of a tree together, such as meteorologists and social scientists working together on an
end-to-end-to-end research project to improve hurricane decision-support products.
Transdisciplinarity could come in different forms, but it would be the practical dissolution of the
tree branches such that the space between branches can be explored. But even more broadly,
transdisciplinarity could also be upscaled to include the space beyond each individual tree. Thus,
we arrive at a transdisciplinary framework of research that moves between and beyond existing
disciplinary paradigms. How this looks in practice can vary depending on the circumstance. In
Section 5.2, I demonstrate that a transdisciplinary framework that combines—or rather,
reunites—the natural sciences with philosophy can help us break seemingly intractable research
plateaus, to include the problem of tropical cyclone intensity forecasting and other “wicked
problems” in the science-society interface. That said, this new transdisciplinary framework need
not be a revolution in the Kuhnian sense, for a revolution may merely imply growing another
separate tree, which would yet again be bound by its own paradigm. Rather, this
transdisciplinary framework of which I advocate will allow the generation of knowledge in areas
previously rendered inaccessible by pre-existing paradigms—the space between the trees and
tree branches. But the effective execution of transdisciplinary work in this spirit requires a non-

dualistic mindset, one that horizontalizes and pluralizes controversies and tensions.

5.1.4 NON-DUALITY: EMBRACING AND UNRAVELING CONTROVERSIES
Before demonstrating the potential utility of transdisciplinarity for breaking research
plateaus such as tropical cyclone intensity forecasting, we first need to establish why

simultaneously embracing and unraveling controversies and tensions is an important mindset
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with which to approach this transdisciplinary research. To do so, I borrow some concepts from
the quantum crisis, which illustrates how advances in modern physics have forced the sciences
and the humanities—particularly philosophy—back into dialogue. Metaphorically, I also borrow
from the concept of nondualism in Eastern philosophy in framing this transdisciplinary dialogue.
It is imperative that as we engage in transdisciplinary research with the technoscience of
meteorology in combination with other fields of study that we place controversies and tensions in
their proper place as matters of concern that can propel our research to new realms rather than as
matters of fact that should be “solved” at all costs.

The development of quantum theory in modern physics this past century was a seismic
moment in the history of science. Not only did it challenge the primacy of Newtonian mechanics
in our understanding of the physical world, but it also upturned the a priori presumptions of
Kantian philosophy that have endured through centuries of Western thought. Physically, it is
often said that Einstein’s theory of relativity is the science of the very big and that quantum
theory is the science of the very small. While this may be true in a simplified sense, the
implications of quantum theory extend far beyond the subatomic level:

The discovery of modern quantum theory in the mid-1920s brought about the
greatest revision in our thinking about the nature of the physical world since the days of

Isaac Newton. What had been considered to be the arena of clear and determinate process

was found to be, at its subatomic roots, cloudy and fitful in its behaviour. Compared with

this revolutionary change, the great discoveries of special and general relativity seem not
much more than interesting variations on classical themes. Indeed, Albert Einstein, who
had been the progenitor of relativity theory, found modern quantum mechanics so little to
his metaphysical taste that he remained implacably opposed to it right to the end of his
life. It is no exaggeration to regard quantum theory as being one of the most outstanding

intellectual achievements of the 20" century and its discovery as constituting a real
revolution in our understanding of physical process.>®’

587 John Polkinghorne, Quantum Theory: A Very Short Introduction, 1st ed. (New York: Oxford University Press,
2002), Preface.
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Countless books have been written about quantum theory, both in its pure mathematical forms as
well as in descriptive texts intended to be more palatable for the general reader, so a review of
the fundamental principles and experiments are omitted here. Rather, I focus this brief discussion
on the impact that the development of quantum theory had as a forcing function in bringing
science and philosophy back into dialogue and the implications that this “quantum thinking” may
pose for our vision of a transdisciplinary future of meteorology and other sciences.

One of the primary aspects of quantum physics is Niels Bohr’s principle of
complementarity, which states that quantum phenomena such as light can be described as either
waves or particles. Furthermore, such descriptors are mutually exclusive in that by setting up an
experiment to observe light as waves, we get waves; by setting up an experiment to observe light
as particles, we get particles. It is impossible to observe both aspects of light at the same time,
because the act of measuring one aspect of a quantum system and the knowledge gained from
such measurement precludes knowledge of the unmeasured. In other words, the actions of the
observer cannot be divorced from the behavior of the observed. However, the character of light
is indeed inclusive of both waves and particles, so both descriptors are jointly necessary. To omit
one of the descriptors would be to partially ignore the true nature of light. Werner Heisenberg
demonstrated a specific example of complementarity in establishing his now-famous uncertainty
principle, which states that a particle’s precise position and momentum cannot be known at the
same time. To measure a particle’s exact position would render its momentum unknown; to
measure its exact momentum would render its position unknown. And so, to be simultaneously

mutually exclusive and jointly necessary is a peculiar aspect inherent to quantum systems.
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In revealing the nature of wave-particle duality and the superposition of potentialities,
quantum theory most fundamentally challenged our prevailing notions of the subject-object
relationship. As Alexander Wendt summarizes,

...observation plays a critical role in quantum phenomena. Although the nature of that

role is contested, what is clear is that observation has a very different status in the

classical worldview. There, a subject-object dichotomy is assumed such that we can at
least aspire to observe in a neutral and passive way, by accurately recording the
properties of objects that are assumed to exist independently of us. Injecting an
observer’s values or interests into this process breaks down the subject-object distinction,
resulting in measurement bias relative to the true values.>%?
Recalling Robert Merton’s structural-functionalist view of science, this classical subject-object
distinction is a cornerstone of the behavioral norm of disinterestedness. The empirical foundation
of classical science is based on the assumption that empirical observations are objective and
independent of the observer. By upturning the traditional notion of subject-object duality,
quantum theory strikes at the core of this presumption of empirical science. Wendt continues,
Observing sub-atomic particles is an altogether different matter. In most interpretations of
quantum theory particles cannot be said to exist prior to measurement, and in preparing
quantum systems for observation an entanglement is created with the observer that affects
what is actually seen. That does not mean that the observer literally creates reality, but it
does mean that she participates in what is actually observed, and as such observation
cannot even in principle approximate the classical ideal of separation.®’
If empirical measurement cannot be performed impartially without affecting the result, then even
our a priori concept of causality is thrown into question. In short, the quantum crisis opened the
doors to a new realm of askable questions—questions that we did not know were even askable.

On the one hand, some social scientists have deferentially used the findings of quantum

physics as convenient metaphors merely because of its reputation as a difficult science; on the
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other hand, some modern theoretical physicists have shunned the notion of overly
“philosophizing” quantum physics, fearing that social scientists may overly generalize what are
ultimately physical concepts of the subatomic world. However, I argue that both of these notions
can be avoided even as we appreciate the epistemological impact that the quantum crisis had on
knowledge-making in general. Many of the primary physicists who contributed to the
development of quantum theory, including Niels Bohr, Werner Heisenberg, and Erwin
Schrédinger, were also drawn to philosophy. It would not be hyperbole to suggest that the
findings of quantum physics may not have been as profound—or at least may not have been as
well articulated—if the major players did not attempt to straddle the divide between science and
philosophy. But this is not to say that Niels Bohr somehow “surrendered” his work as a physicist
or “watered down” his physics with philosophy; on the contrary, he derived from philosophy an
inspiration that could not be found in physics alone, and subsequently, as a physicist, he was able
to design physical experiments that neither philosophers nor physicists working in isolation
would have been able to conceive.

In reflecting on this transdisciplinary dialogue, which set the conditions of possibility for
the emergence of quantum theory, Jairus Grove remarks that the quantum physicists “almost all
shared a dissatisfaction with the Kantian schema of knowledge and its relationship to the world,”
noting “how speculative they were both in their pursuit of science and in what they thought their
findings meant in an existential sense well beyond any technical application. The generation of
physicists that started the quantum revolution saw philosophy as an invaluable part of their
research and thinking.”>*° Likewise, contemporary philosophers such as Henri Bergson, Arthur

Bentley, and John Dewey famously engaged in debates and dialogue with Albert Einstein and

390 Jairus Grove, “Bringing the World Back in: Revolutions and Relations before and after the Quantum Event,”
Security Dialogue 51, no. 5 (September 10, 2020): 415, https://doi.org/10.1177/0967010620940113.
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Niels Bohr. Such dialogue between scientists and philosophers inspires a new hope of addressing
the two cultures problem.

The quantum reality that had dawned brought physicists and philosophers to the edge of a
cliff, beyond which the future was unknown and uncharted when viewed through their individual
disciplines. But like standing on the edge of a cliff, that tension—that knot in the stomach—
forced a “humility and spirit of adventure” that as Grove puts it, “made useful and provocative
dialogue possible long after it had ceased being possible for every scholar to fully engage every
other scholar’s research.”>®! Even quantum physicist and Nobel laureate Richard Feynman once
admitted, “I think I can safely say that no one understands quantum mechanics.”*? That spirit of
humility, devoid of one discipline thinking they are “more quantitative” or “more philosophical”
and therefore “better” than another, is what should drive the transdisciplinary research of the
future. Quantum theory would not have emerged were it not for a mutual interest among
scientists and philosophers; likewise, the quantum crisis that ensued would not have been
successfully addressed were it not for the catalyzation of a new dialogue between scientists and
philosophers, to include the recent “Project Q” symposia hosted by James Der Derian at the
University of Sydney to bring physicists, social scientists, and philosophers back into
conversation in this “quantum age.”*?

Ultimately, the crisis of knowledge that quantum theory ignited resembles the crisis that
now faces the technoscience of meteorology. The complexities of challenges at the science-
society interface no longer allow for isolated problems to be “solved” via hyper-specialized,

quantitative methods alone in the hopes that isolated solutions can be simply recombined and

31 Grove, 415.
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automatically fit together like a puzzle to solve large-scale issues. For example, climate scientists
are beginning to discover that breaking down the Earth system into individual components (e.g.,
atmosphere, oceans, cryosphere, biosphere) and advancing our knowledge of each component
separately may not necessarily advance our understanding of the complex workings of the entire
system as a whole.

I assert that the positivistic, truth-seeking model of science—whereby the only way to
make progress is to “solve” problems—is a concept from which we must free ourselves in order
to see the complex relations of nature as if is. Like Kuhn’s notion of the scientific process as an
“evolution from primitive beginnings,” rather than as “a process of evolution foward

anything,”>%*

we should recognize that epistemological success can be defined in ways beyond
solution-driven science. Problems are easier to solve when there are more controls and when
disciplines are more specialized, but in surrendering to those constraints, we overly simplify and
move ourselves one step further from nature as it is. Thus, when approaching complex problems,
it behooves us to think of progress in terms other than concrete solutions, which frees us to
embrace the collaborative spirit of transdisciplinarity methods.

As captured by Feynman’s tongue-in-cheek quote about nobody truly understanding
quantum mechanics, the quantum crisis has not yet been “solved” in the traditional sense, and
yet, much progress has been made through collaboration between physicists and philosophers.
Quantum theory has revolutionized the world through advances in technology that have changed

our daily lives, and yet, we still have not truly “solved” the deepest metaphysical and ontological

questions that it has raised, and that is okay, because the collaborative work that arose through

594 Kuhn, The Structure of Scientific Revolutions, 169-70.
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that crisis—and the knowledge and applications such work has produced—has proven to be a
success in and of itself.

Looking now at the technoscience of meteorology, we can apply the spirit of “quantum
thinking” to the ever-growing problems of increasing complexity. To do so, we would need to
apply a mindset that frees us from the presumption of subject-object duality and allows us to
think through systems with properties that are both mutually exclusive yet jointly necessary. Our
deployment of controversies and tensions throughout this dissertation is a method by which we
can understand the complex dynamics at the science-society interface, which drive the evolution
of this technoscience. Rather than trying to “solve” these controversies and tensions, we embrace
them, and by doing so, we unravel and better understand them. By their nature, controversies and
tensions are dualities of thinking and perspective, so by simultaneously embracing and
unraveling them, we apply the mindset of non-duality to our transdisciplinary work.

What I call the mindset of non-duality is neither to say that there is “no duality,” nor to
say that we somehow “transcend duality.” To embrace and to unravel controversies and tensions
are neither to deny nor to transcend them. Rather, the concept of non-duality for which I am
advocating is a perspective that acknowledges the dualistic tension between two seemingly-
opposing things but resists the urge to place one above the other in status or value. In the great
“Storm War” of the nineteenth century, Espy and Redfield were vehemently opposed to each
other’s theories of storms. That controversy was viscerally real from the perspective of each side
of that controversy, but each only captured part of the reality of storm behavior. Today, in
hindsight, to say that storms are exclusively whirlwinds or exclusively steam engines would be
ludicrous; they are both partially correct but also partially wrong, incomplete pictures that

depend on what is being measured or observed. Neither theory at the time was “better” or more
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“accurate” than the other. But at the same time, the “Storm War” controversy—which embodied
the clash of the epistemes of professional and amateur meteorology—was necessary to propel the
science forward. It did not “solve” the problem of storms, but it certainly made progress possible.
Like the famous optical illusion of a vase flanked by the outlines of two faces staring at each
other, the existence of one image is entirely dependent upon the existence of the other. Whether
the image depicts a vase or two faces requires no more than a mental gestalt shift on the part of
the observer. This is not to say that neither the vase nor the faces are “real,” but rather, that the
reality of the image depicting either is a function of the observer, like the existence of a rainbow,
which depends upon the perspective of the observer. Both the vase and the faces are real, but
neither exclusively describes the image, for they are jointly necessary.

Although my application of non-duality to embracing controversies and advocating for
transdisciplinarity is novel, the mindset of non-duality is not a new concept. It is similar to the
concept of nondualism espoused by a variety of Eastern philosophical and spiritual traditions that
have endured for thousands of years, and it can be useful to look toward some of those ancient
thinkers to help us conceptualize the mindset of non-duality. For example, the Buddhist notion of
enlightenment can be described as a state of mind that has awakened to its “true nature,” one that
has fully realized a state of being that is beyond the duality of absolute and relative truths,>® a
state of mind known in Sanskrit as bodhi or prajna. As Gary Zukav writes, “Enlightenment
entails casting off the bonds of concept...in order to perceive directly the inexpressible nature of

undifferentiated reality.”°¢ In Mahayana Buddhism, the Madhyamaka or “Middle Way”

tradition is based on the verses of ancient Indian philosopher Nagarjuna, who established the

395 The “Two Truths Doctrine” of Mahayana Buddhism can be either interpreted epistemologically or ontologically
to distinguish between “provisional” or “conventional” truths, which are conditional and subject to relative causality
and interdependence, and “ultimate” or “absolute” truths.
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relativism of causality and the illusion of subject-object duality with striking parallels to the
ontological dilemmas revealed by modern physics millennia before Western physics and
philosophy even encountered quantum theory:

Neither from itself nor from another,

Nor from both,

Nor without a cause,

Does anything whatever, anywhere arise.*”’

What has been moved is not moving.

What has not been moved is not moving.

Apart from what has been moved and what has not been moved,
Movement cannot be conceived.>*8

Neither in the uncharacterized nor in the characterized
Does a characteristic arise.

Nor does it arise

In something different from these two.%%’

Fools and reificationists who perceive

The existence and nonexistence

Of objects

Do not see the pacification of objectification.®%

Action depends upon the agent.
The agent itself depends on action.
One cannot see any way

To establish them differently.

From this elimination of agent and action,

One should elucidate appropriation in the same way.
Through action and agent

All remaining things should be understood.%!

If fuel were fire

Then agent and action would be one.
If fire were different from fuel,
Then it could arise without fuel.®%?

597 Nagarjuna, The Fundamental Wisdom of the Middle Way: Nagarjuna’s Miilamadhyamakakarika, trans. Jay L.
Garfield, Ist ed. (New York: Oxford University Press, 1995), 3.
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Fire is not dependent upon fuel.

Fire is not independent of fuel.

Fuel is not dependent upon fire.

Fuel is not independent of fire.5%3

Fire does not come from something else,

Nor is fire in fuel itself.

Moreover, fire and the rest are just like

The moved, the not-moved, and the goer.%
The key takeaway from the method of the “Middle Way” is that the apparent dualities that we
observe in phenomena—and even in concepts themselves—are relative and cannot be
objectively contained because the subject-object duality is itself an illusion. Importantly, the
concept of “middle” in the “Middle Way” neither implies being physically “in the middle” nor
some positionality within a spectrum. For example, a color that is neither black nor white does
not necessarily imply that it is gray. To make such an assumption, one would overlook all the
possible colors of the rainbow. Rather, the “Middle Way” points to a reality that is either and
neither at the same time, lacking in concrete essence but codependently arising and ever-
changing—in other words, a superposition of potentialities that is mutually exclusive yet jointly
necessary.

In Chinese Zen (“Chan”’) Buddhism, Dajian Huineng, known as the “Sixth Patriarch,” in

his Platform Sutra, spoke of the “essential nature” of the mind as one that can be encountered
with “freedom from thought as its source, freedom from appearances as its essence, and freedom

from clinging as its basis,” and that “‘Freedom from’ means a mind free from any trace of

duality, and one free from every mental defilement. Thought [thus freed] is thinking that comes

603 Nagarjuna, 29.
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from one’s true and ultimate original nature.”®5 In the Stirangama Siitra, the Buddha analyzed at

length the nature of visual awareness as a proxy for the mind, stating that it “has neither shape

29606 < 99607 <<

nor extension, is both separate and not separate from objects, arises neither on its own

2608

nor from causes,”®%® and “exists neither through inhering nor in conjoining.”®* He succinctly

critiques the natural human tendency to discriminate and to judge according to dualistic
perspectives, asserting that “in the midst of delusion one cannot avoid thinking ‘That is’ and
‘That is not.” Only from within the true, essential, wondrously understanding, awakened mind
can one escape the error of trying to point to what ‘is” and what ‘is not.”””®!° Even concepts
themselves, constructed through a discriminating mind, are subject to our dualistic tendencies.
The Buddha summarizes nondualism in his dialogue with his cousin, Ananda:

Therefore, you should understand that the existence of the essential, wondrously
understanding, enlightened visual awareness is not dependent for its existence on causes
and conditions, nor does it exist in and of itself. Nevertheless, one cannot say that it does
not exist in and of itself, nor can one say that it is independent of causes and conditions.
Statements that account for its existence cannot be negated, yet one cannot say that they
cannot be negated. Such statements cannot be affirmed, yet one cannot say that they
cannot be affirmed. What is entirely beyond all defining attributes—that is the entirety of
Dharma.

In making all these distinctions, why have you resorted to terms used in the
reckless fabrications of worldly discourse? You might as well try to seize a handful of
space. However much you weary yourself in the attempt, space will forever elude your
grasp.S!!

Without making comparative or normative statements regarding the validity of the

teachings of Buddhism relative to other spiritual traditions, the principle of nondualism is useful

605 Dajian Huineng, The Sixth Patriarch’s Dharma Jewel Platform Sutra, trans. Heng Sure, 4th ed. (Ukiah, CA:
Buddhist Text Translation Society, 2014), 47-49.

6% Heng Sure, trans., The Sirangama Siitra: A New Translation with Excerpts from the Commentary by the
Venerable Master Hsiian Hua (Ukiah, CA: Buddhist Text Translation Society, 2009), 64.

07 Sure, 66.

608 Sure, 72.

609 Sure, 84.

610 Syre, 71.
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for framing the mindset of non-duality in pursuing a transdisciplinary future of meteorology and
of the sciences at large. When looking within a discipline, understanding and embracing
controversies and tensions with non-dualism can help us unravel them to better understand the
discipline itself. When looking across disciplines, non-dualism can help us envision a
transdisciplinarity that truly pluralizes the strengths and differences of each field.

To better grasp the “pluralistic” framework and spirit of inquiry to which I have alluded
in this chapter, we can turn to the work of political theorist William Connolly, one of the
founders of the school of thought known as agonistic pluralism. In advocating for a truly
democratic ethos, Connolly writes about the value of heterogeneity and the potential benefits of
productive conflict that may arise from an embrace of differing points of view.%!? Unlike
antagonism, which is conflict that is driven by a desire to dominate or to “win” an argument,®!?
agonism is conflict that is driven by a deep sense of mutual respect that sets the conditions of
possibility for constructive dialogue. A truly pluralistic ethos of democracy, or in our case, a
pluralistic ethos of transdisciplinary inquiry, is one that finds value in the qualitative differences
between modes of inquiry that enables arguments and disagreements to be more productive. In
this sense, a mindset of non-duality is not necessarily one of harmony or compromise; rather,
productivity is derived from diverse modes of inquiry that enable us to approach a problem with
different ways of seeing that will see different things from different perspectives. In this sense,
the “Middle Way” is a position, but rather, an ethos that allows us to relate and interact with a

world that consists of so many different positions. Pluralism does not “solve” controversies, but

rather, allows controversies to flourish productively and constructively.

612 William Connolly, The Ethos of Pluralization, 1st ed. (Minneapolis: University of Minnesota Press, 1995).
613 The bitterly partisan “culture wars” or “science wars” in modern American political discourse are good examples
of antagonism, which erodes trust and is the antithesis of constructive dialogue.
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Within the professional-amateur controversy of meteorology, both types of interests in
the weather are necessary to advance our understanding of the atmosphere, for what the
professional sees is different from what the amateur sees. Within the operational-theory
controversy, both types of meteorologists provide value to weather analysis and forecasting,
since the operationalists’ approach to conceptualizing the evolution of weather systems is
different from the theorists’. Within the two cultures controversy, both the natural and social
sciences are qualitatively different and provide intellectual insights that are unique in their own
ways. In all of these controversies, to say that one is universally “better”” or more “preferable”
than the other would serve to water down the strengths and potential contributions of each.

While engaging in transdisciplinary work with a non-dualistic mindset, natural scientists
would not pejoratively judge the social sciences as “soft” and, therefore, somehow worthy of less
academic or intellectual status; and social scientists would not levy the accusation of “science
envy” when approaching their research questions with a more realist perspective or when
attempting to apply quantitative methods to their work. But bringing these disciplines into
dialogue is not the same as “unifying” the two sides. Advocating for the pluralization of
disciplines is neither to “water down” science nor to “scientize” the humanities. Quite the
contrary, effective pluralization embraces the qualitative differences and values of each
discipline such that not only are their strengths leveraged in complementarity, but also their
relative weaknesses are acknowledged with humility. At times, making a decision based on a
quantitative NWP technique may be necessary; at others, applying an intuitive sense of
convective initiation on a day with a tornado outbreak is imminent may also have value. It is in
this spirit that French mathematician Henri Poincaré famously describes not only the existence

but the necessity of two different types of mathematicians:

299



It is impossible to study the works of the great mathematicians, or even those of the
lesser, without noticing and distinguishing two opposite tendencies, or rather two entirely
different kinds of minds. The one sort are above all preoccupied with logic; to read their
works, one is tempted to believe they have advanced only step by step, after the manner
of a Vauban who pushes on his trenches against the place besieged, leaving nothing to
chance. The other sort are guided by intuition and at the first stroke make quick but
sometimes precarious conquests, like bold cavalrymen of the advance guard....The two
sorts of minds are equally necessary for the progress of science; both the logicians and
the intuitionalists have achieved great things that others could not have done.%!*
The tension between different modes of inquiry is not a problem to be solved, but rather, is a
necessary and important part of learning about the natural world in all its complexity. Likewise,
different methods or visions of socio-meteorology may be more “correct” or more “useful” in
different circumstances, and when our specific vision fails, we should accept it with grace rather
than considering it a defeat. Connolly was clear to distinguish pluralism from merely tolerance or
compromise, since the former would not be necessary when heterogeneity is embraced and the
latter would do violence to the potential benefit of having agonistic interlocutors from whom we
can further advance our research in ways that we would not have been able to conceive in
isolation. Acknowledging the epistemological benefit of a mode of inquiry different from ours
does not negate the value of what we bring to the table or undermine our own credibility.

For those who adopt the truth-seeking framework of positivism, it may at first be
difficult to envisage the pluralization of different modes of inquiry, but it is important to
remember that modes of inquiry are neither mutually exclusive nor monopolistic in their claims
to truth. Furthermore, if seeking truth—or whatever we conceive as truth—is our aim, then it
behooves us to surrender the notion of adhering to only a specific mode of inquiry. Although this

practice may initially put us out of our comfort zones, it will ultimately be more

epistemologically constructive. As Connolly writes, “a bicameral orientation to political life does

614 Henri Poincaré, “INTUITION and LOGIC in Mathematics,” The Mathematics Teacher 62, no. 3 (1969): 205-6.
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mean that you keep a foot in two worlds, straddling two or more perspectives to maintain tension
between them,” but that “It is not necessary to be either an effete intellectual or a hero to adopt a
bicameral orientation to politics. A decent respect for the persistent diversity of the human
condition suffices.”®!®> Though Connolly speaks of politics, this ethos of pluralization can be

applied to a “particular vision of science”!6

and to our approach to non-dualistic
transdisciplinarity. Epistemologically, by placing the sciences on equal footing with the
humanities with respect to its potential value of expanding our understanding of the world, one
can expect—perhaps a bit counterintuitively—that science literacy can be increased because the
aversion toward science by “literary intellectuals” should decrease in proportion to the scientific
aversion toward the humanities. Each discipline asks different questions, which require different
methodologies to address, and all of those avenues of research will be required to address the
most complex problems at present and in the future. Thus, by effectively deploying the mindset
of non-duality to transdisciplinarity, we arrive at what Jairus Grove calls an intellectual “ethos of
adventurous humility.”®!” We need just enough confidence to proceed with the mode of inquiry
to which we are most familiar to ensure the continued advance of science, and we need just
enough humility to welcome differing methodologies without considering it a displacement of
our own mode of inquiry. In the words of political theorist Samuel Chambers,
Agonism implies a deep respect and concern for the other; indeed, the Greek agon refers
most directly to an athletic contest oriented not merely toward victory or defeat, but
emphasizing the importance of the struggle itself—a struggle that cannot exist without
the opponent. Victory through forfeit or default, or over an unworthy opponent, comes up
short compared to a defeat at the hands of a worthy opponent—a defeat that still brings

honor. An agonistic discourse will therefore be one marked not merely by conflict but
just as importantly, by mutual admiration.®!®

815 William E. Connolly, Pluralism (Durham: Duke University Press, 2005), 4.

616 Connolly, 4.

817 Grove, “Bringing the World Back In,” 416.

618 Samuel A. Chambers, “Language and Politics: Agonistic Discourse in The West Wing,” CTheory, November 12,
2001, 11/12/2001-11/12/2001.
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5.2 Breaking the Research Plateau of Tropical Cyclone Intensity Forecasting

As we had previously discussed in Chapter 3, the assessment of tropical cyclone intensity
poses a major operational challenge for meteorologists. The process can be somewhat subjective,
requiring the tropical cyclone forecaster to interpretively analyze wind speed data from different
sources and at different scales—often with spatiotemporal gaps in the data. Furthermore, in the
absence of quantitative data, pattern recognition methods such as the Dvorak Technique become
the primary means by which tropical cyclone intensity is quantified. All of these challenges are
compounded by an interestingly persistent phenomenon in tropical cyclone research: we have
made steady improvements in forecasting tropical cyclone track in recent decades, but little
progress has been made in tropical cyclone intensity forecasting “from the 1970s to the early
2000s.”619

The standard metrics for forecast accuracy consist of statistical track and intensity
forecast errors, affording operational forecast agencies like the NHC and the JTWC the ability to
calculate and monitor their own forecast skill over time, relative to their own post-storm best
track datasets. In a major effort to improve tropical cyclone forecast skill, NOAA established the
Hurricane Forecast Improvement Project in 2007 in response to a string of devastating hurricane
landfalls in the mid-2000s, later renamed the Hurricane Forecast Improvement Program (HFIP)
in the Weather Act of 2017.92° The goal in fiscal year 2009 was to “reduce average intensity
errors by 20% in 5 years and 50% in 10 years for days 1-5,” with the same for track errors.?!

After hundreds of millions of dollars were invested into improving a suite of global and regional

619 John P. Cangialosi et al., “Recent Progress in Tropical Cyclone Intensity Forecasting at the National Hurricane
Center,” Weather and Forecasting 35, no. 5 (October 1, 2020): 1913, https://doi.org/10.1175/WAF-D-20-0059.1.
620 “Hyrricane Forecast Improvement Program (HFIP): Advancing Hurricane Forecasting,” 2021, https://hfip.org/.
621 Robert Gall et al., “The Hurricane Forecast Improvement Project,” Bulletin of the American Meteorological
Society 94, no. 3 (March 1, 2013): 330, https://doi.org/10.1175/BAMS-D-12-00071.1.
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NWP models targeting tropical cyclone track and intensity forecasting, enhancing operational
computing resources, and building the research-to-operations linkages across the academic and
public sectors, none of those initial goals were met. Regardless of how much time and money is
scientifically and technologically thrown at the problem of tropical cyclone intensity forecasting,
it continues to lag our advancements in track forecasting,%2? so this challenge has become the
“holy grail” of meteorological research. We seem to have hit a research plateau of sorts, and
simply doing more of the same type of research may not necessarily ensure future progress.
Perhaps it is time to rethink this challenge from a transdisciplinary perspective to see if there
exist other paths to progress. Like an athlete who reaches a plateau in physical training, whereby
the method of “progressive overload”®*® becomes necessary to make continued progress, a
research problem that has stalled for decades could well use a new methodological stimulus.
Studies have shown that part of the challenge of tropical cyclone intensity forecasting is
the is the uncertainty associated with errors in the initial intensity analysis,®** which was
discussed in Chapter 3. Furthermore, tropical cyclone intensity is intimately tied to the problem
of spatiotemporal scale. Intensity as defined by tropical cyclone forecasters and researchers is
understood to be primarily a mesoscale problem, making it more difficult to simulate and predict,
with a nonlinear feedback between synoptic steering influences and vertical wind shear, both of

which can also influence the track of a tropical cyclone. I have shown in some of my previous

622 1t is important to note that there exists an intrinsic predictability limit for track forecasting toward which we are
asymptotically approaching.

623 Mark D. Peterson et al., “Progression of Volume Load and Muscular Adaptation during Resistance Exercise,”
European Journal of Applied Physiology 111, no. 6 (June 2011): 1063—71, https://doi.org/10.1007/s00421-010-
1735-9.

624 Kerry Emanuel and Fuging Zhang, “On the Predictability and Error Sources of Tropical Cyclone Intensity
Forecasts,” Journal of the Atmospheric Sciences 73, no. 9 (July 1, 2016): 373947, https://doi.org/10.1175/JAS-D-
16-0100.1.
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research that bursts of tropical cyclone rapid intensification can be associated with an abrupt
change in track.%? In other words, if the track forecast is wrong, so is the intensity forecast.®?

In addition to initial uncertainties and dynamical nonlinearities, I believe that part of the
reason why tropical cyclone intensity is such a difficult problem is that we are not defining the
metric of intensity properly in the first place, as previously discussed. Operationally in the
United States, the intensity of a tropical cyclone is represented by a single number: the
maximum-sustained, one-minute averaged wind at 10 meters above sea level. Other national
meteorological services define tropical cyclone winds similarly, albeit with different time-
averaging techniques. Research meteorologists then use the best track datasets published by the
various operational forecast centers to conduct their research into tropical cyclone intensity
prediction. So if the metric is flawed, then so too are the research results. Given that a tropical
cyclone is a complex, four-dimensional fluid vortex, to define its intensity using only a single
number represents an extreme oversimplification that does violence to the dynamical nature of
the cyclone. That single wind speed that supposedly captures the intensity of the cyclone tells us
nothing about the radial extent or depth of the wind field, and it certainly does not characterize
the vortex or the dynamics supporting such a vortex to any significance.

As an operational tropical cyclone forecaster, I know first-hand the difficulty of

interpreting four-dimensional satellite data and having to reduce that information into just one

number to describe a tropical cyclone’s intensity. And in regions where aircraft reconnaissance is

625 Owen H. Shieh et al., “Extreme Rapid Intensification of Typhoon Vicente (2012) in the South China Sea,”
Weather and Forecasting 28, no. 6 (September 11, 2013): 1578—87, https://doi.org/10.1175/WAF-D-13-00076.1.
626 Tropical cyclones approaching Hawaii from the east are often situated in a vertically sheared synoptic
environment, such that the easterly trade winds near the surface gradually transition to southwesterly winds aloft.
With this atmospheric pattern, a more intense tropical cyclone would be more influenced by the upper-level winds,
which would turn the cyclone more northward; a weaker tropical cyclone would be more influenced by the surface
trade winds, driving the cyclone more westward. But because vertical shear modulates the intensity of the cyclone,
the intensity and track are locked into a complex, nonlinear relationship, rendering tropical cyclones approaching
Hawaii from the east notoriously difficult to forecast.
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available, oftentimes a forecaster has to use a local maximum wind observation at a point to try
to characterize a tropical cyclone’s intensity. Why is tropical cyclone intensity defined in such
narrow terms? Could this be the reason why we cannot significantly reduce statistical forecast
errors? Perhaps the metric itself is flawed, but are there any reasonable alternatives? Even if a
scientific consensus emerges someday regarding how best to quantitatively characterize the
intensity of a tropical cyclone vortex, any changes to how the best track dataset is recorded in the
future will alter the ability to conduct historical analyses. Thus, there will be institutional inertia
embedded within any proposed changes, which injects a social and political dimension into the
problem of improving the intensity metric for tropical cyclones. Furthermore, one of the reasons
why maximum sustained wind speed has been used to quantify tropical cyclone intensity is
because of its ease of use in error calculations; a single number is certainly an easier metric than
a complex matrix of indices. Hence, we have the greatest of meteorological ironies—having the
convenience of being able to easily quantify the accuracy of a tropical cyclone intensity forecast
could very well be the reason why those same forecasts are so difficult to improve!

The difficulty with quantitatively metricizing the intensity of a system is neither solely a
meteorological problem nor unique to the natural sciences, so transdisciplinarity can help us
think through this research plateau. Philosophers have long considered the difference between
intensity and extensity. French philosopher Henri Bergson, in his Ph.D. dissertation 7Time and
Free Will: An Essay on the Immediate Data of Consciousness,’?’ uses the adjective “intensive”
to describe things that are real but do not have physical mass that takes up space and “extensive”

to describe things that can be quantitatively measured. Although intensive quantities cannot be

627 Henri Bergson, Time and Free Will: An Essay on the Immediate Data of Consciousness, 1st ed. (Mineola, NY:
Dover Publications, 2001).
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measured, “it can nevertheless be said that it is greater or less than another intensity.”?8

Affective emotions, such as fear, anger, and the desire for power, are real insofar as they exert
forces that can change the course of physical systems like states and institutions—even if those
intensive affects themselves are not physical in nature. With respect to intensity, Bergson writes
that we often define it
...by the number and magnitude of the objective, and therefore measurable, causes which
have given rise to it. Doubtless, a more intense sensation of light is the one which has
been obtained, or is obtainable, by means of a larger number of luminous sources,
provided they be at the same distance and identical with one another. But, in the immense
majority of cases, we decide about the intensity of the effect without even knowing the
nature of the cause, much less its magnitude.5?°
For tropical cyclones, the most intuitive definition of intensity would be one that is based on
impacts. A more “intense” tropical cyclone should be one that causes the most damage, loss of
life, or human suffering; or, in the case of a tropical cyclone that never makes landfall, one that
has the greatest potential of causing the most damage. This potential is not something that is
physical or that takes up space. It also cannot be easily measured. And so, the intensity of a
tropical cyclone aligns philosophically with the Bergsonian concept of intensity. However, in an
effort to make extensive that which is actually intensive (a methodological tendency of
positivism), meteorologists had to derive a quantitative and measurable definition of intensity
based upon the “causes which have given rise to” tropical cyclone intensity. These extensive
causes would be quantities like wind speed, storm surge, heavy rain, and other aspects of a
tropical cyclone that cause damage.

Out of all of these extensive characteristics, the one that is most easily measured is wind

speed. And so, the most measurable “proxy” to the intensive nature of tropical cyclone damage

628 Bergson, 3.
629 Bergson, 4-5.
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potential is wind speed, which has been adopted as the operational definition for tropical cyclone
intensity. Thus, the extensive quantity of wind speed has become a “placeholder” of sorts for the
concept of tropical cyclone intensity, and as researchers, we must remember that this quantitative
measurement is but a placeholder, rather than a true representation of tropical cyclone intensity.
To think of the measured wind speed as exactly equivalent to tropical cyclone intensity, simply
because we defined it as such, would be to neglect the important factor of human judgment that
is implicit in that definition. In their commentary on Gabriel Tarde’s critique of economics,
Bruno Latour and Vincent Lépinay acknowledge that “everything is potentially a number,”%3° but
as such, “Tarde argues that the very places economists may have failed in their quantification
reveal a number of interesting things regarding the other types of quantification which are just
waiting to be brought to light, provided we make the effort to go and seek them out....What
counts—Iliterally—is the comparison of judgments.”®3!

As we discussed in Chapter 3, the process of analyzing the intensity of a tropical cyclone
and determining the real-time and post-storm best track dataset involves an element of
subjectivity and human judgment, and this human contribution may even increase as satellite
data increase in resolution and fidelity, owing to the inescapable challenges of spatiotemporal
scale. The availability of higher resolution data may counterintuitively render the process of
attaching a single number to tropical cyclone intensity yet more difficult, as the internal
structural complexity of a tropical cyclone becomes better resolved. The reality that judgment is

part of the process of quantification is not at all a bad thing! Although it may initially leave a

sour taste in the mouths of those who believe in the mythical ideal of science as a truth-seeking

630 Latour and Lépinay, The Science of Passionate Interests: An Introduction to Gabriel Tarde’s Economic
Anthropology, 16.
831 Latour and Lépinay, 17.
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activity of disinterested objectivity, by bringing to light the importance of these judgments in the
process of quantification, we empower scientists to lean on their expertise and leave
breadcrumbs along the path of research to allow researchers the opportunity to consider other
potential pathways of quantification. By empowering researchers with the acknowledgment that
their expert judgment is already an important part of the data analysis process, they would feel
less constrained by the notion that their decisions are already being made by the numbers. As
Latour and Lépinay admonishes, “If you really want to quantify—which is, after all, the
foundation of all sciences—you should try to find all the available types of quantum, instead of
using just one to analyze all the others.”®3? In the case of tropical cyclone best tracks, by making
visible the process of human judgment, researchers would be empowered to not simply take the
dataset at face value, but rather, to consider all the potential margins of error and that are implicit
in each assessment of tropical cyclone position and intensity.

The process of distilling the complex notion of tropical cyclone damage potential down
into a single measurable number is what Bruno Latour would call replacing a “matter of
concern” with a “matter of fact.” The former is analogous to the aforementioned “science in the
making,” with all of the contingencies, complexities, and controversies embedded; whereas the
latter is “ready made science,” a simple quantity or concept that can be black boxed and placed
into a textbook. Latour uses the Space Shuttle Columbia disaster of 2003 to illustrate the
difference between matters of fact and matters of concern:

What else would you call this sudden transformation of a completely mastered,
perfectly understood, quite forgotten by the media, taken-for-granted, matter-of-factual

projectile into a sudden shower of debris falling on the United States, which thousands of
people tried to salvage in the mud and rain and collect in a huge hall to serve as so many

632 Latour and Lépinay, 19.
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clues in a judicial scientific investigation? Here, suddenly, in a stroke, an object had

become a thing, a matter of fact was considered as a matter of great concern.®?

Latour advocates for the embracing of matters of concern while we do the hard work of research
at the science-society interface. By resisting the temptation to quickly convert matters of concern
into simple and solidified matters of fact in order to facilitate measurement and calculation, we
empower ourselves to explore previously-held assumptions and open up new avenues of
research. In the case of Columbia, if matters of fact were treated as matters of concern, the pieces
of the engineering and institutional puzzle that led to the disaster may well have been avoided.

In critiquing the methodology of positivism, Latour writes, “Positivism—in its natural or
social form, in its reactionary or progressive form—is not wrong because it forgets ‘human
consciousness’ and decides to stick with ‘cold data.’ It is wrong politically. It has reduced
matters of concern into matters of fact too fast, without due process.”%** This is not to say that
“human consciousness” has anything to do with tropical cyclone intensity, other than the fact
that the assignment of an official intensity value to a tropical cyclone is still a somewhat
subjective endeavor operationally; rather, by calling attention to the tendency of scientists to
reduce matters of concern into matters of fact too quickly, Latour is highlighting “the arbitrary
choice or cut one makes into the complexity of things when one begins an inquiry.”®3* Here, the
notion of arbitrariness is not meant in the pejorative sense of implying carelessness; rather, it is
the philosophical notion that human judgment is an inherent part of the scientific process, as
much as we may not want to acknowledge it. Experimental design, interpretation of data, and

statistical analyses are all synthetic to a certain degree. A choice had to be made by the scientist

633 Bruno Latour, “Why Has Critique Run out of Steam? From Matters of Fact to Matters of Concern,” Critical
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along the way, because data by itself cannot make its own choice of what information is
revealed. In the words of Nagarjuna, “action depends upon the agent,” and “the agent itself
depends on action.”%3¢ In the case of tropical cyclone forecasting, by sacrificing the full
complexity of a four-dimensional vortex for the sake of an easy-to-use number to represent
intensity, we also sacrifice our ability to accurately simulate the future evolution of that intensity.
As such, no matter how much we improve the technology of NWP models, advances in tropical
cyclone intensity prediction will continue to elude us. Thus, the main roadblock in tropical
cyclone intensity prediction appears to be as much a philosophical problem as it is a physical
problem. But this is not at all to say that quantitative approaches should be abandoned. Quite the
contrary, by acknowledging and revealing the importance of human judgment in the process of
quantification in the construction of datasets like the tropical cyclone best tracks, we remove the
illusion of objectivity that may be hindering our progress toward novel ways of assessing
intensity. In doing so, we become cognizant of the fact that the process of assigning meaning to a
quality should not be masked by measurements that are merely placeholders, and we better
evaluate the possibilities of other forms of quantification that can help us better approach
problems of intensity. In other words, we should not abandon numbers, but we should remember
the history, controversies, tensions, judgments, decisions, and intuitions that went into the
numbers, which are more than merely a technical measurement.

Interestingly, the one method in which the meteorological community has employed to
make gains in tropical cyclone intensity forecasting skill in recent years, despite the decades-long

research plateau, has been in the area of statistical-dynamical modeling, such as the Statistical

636 Nagarjuna, The Fundamental Wisdom of the Middle Way, 25.
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Hurricane Intensity Prediction Scheme (SHIPS).®37 These types of models combine the
deterministically simulated atmospheric parameters of global NWP models with historical
relationships between those parameters and past tropical cyclone intensity changes. The models
then use a series of predictors based on those parameters to predict the future intensity change of
the tropical cyclone. To date, statistical-dynamical modeling techniques have proven to be more
reliable than purely dynamical models, although the latter have improved.®*® Recent gains in
tropical cyclone intensity forecasting skill have also come from improved statistical-dynamical
techniques of predicting the possibility of tropical cyclone rapid intensification (RI). Historically,
RI has been notoriously difficult to predict, because the timing and magnitude of such bursts of
intensification within a tropical cyclone are governed by internal dynamics that are difficult to
observe and simulate. Oftentimes, operational forecast centers have to play “catch up” once an
RI episode begins, far outpacing the intensification rate in the original forecast. New statistical-
dynamical techniques, such as the SHIPS Rapid Intensification Index (SHIPS-RII) used by the
National Hurricane Center®® and the Rapid Intensification Prediction Aid (RIPA) used by the
Joint Typhoon Warning Center,%*° have greatly contributed to reducing intensity forecast errors
in the last few years.

The success of statistical-dynamical NWP models over purely dynamical models is a
curious fact about tropical cyclone intensity forecasting. This differs from track forecasting,

which no longer use statistical techniques, now relying purely on dynamical NWP models.

637 Mark DeMaria et al., “Further Improvements to the Statistical Hurricane Intensity Prediction Scheme (SHIPS),”
Weather and Forecasting 20, no. 4 (August 1, 2005): 531-43, https://doi.org/10.1175/WAF862.1.

638 Cangialosi et al., “Recent Progress in Tropical Cyclone Intensity Forecasting at the National Hurricane Center.”
639 John Kaplan et al., “Evaluating Environmental Impacts on Tropical Cyclone Rapid Intensification Predictability
Utilizing Statistical Models,” Weather and Forecasting 30, no. 5 (October 1, 2015): 1374-96,
https://doi.org/10.1175/WAF-D-15-0032.1.

640 John A. Knaff, Charles R. Sampson, and Brian R. Strahl, “A Tropical Cyclone Rapid Intensification Prediction
Aid for the Joint Typhoon Warning Center’s Areas of Responsibility,” Weather and Forecasting 35, no. 3 (June 1,
2020): 1173-85, https://doi.org/10.1175/WAF-D-19-0228.1.

311



Physically, the intensity change of a current tropical cyclone should not depend upon historical
cases; storms of the distant past should have no effect upon the storms of the present. So why is
it that statistical-dynamical techniques still add value to the intensity forecast process? Perhaps
the dynamical NWP models are not fully capturing the physics that govern tropical cyclone
intensity change, or there are still gaps in our conceptual understanding of tropical cyclone
intensity. This stochastic nature of tropical cyclone intensity prediction returns us to the problem
of spatiotemporal scale in a way that cyberneticists have long considered. In his 1948
publication, Cybernetics or Control and Communication in the Animal and the Machine, Norbert
Wiener ponders why “The more familiar astronomical phenomena can be predicted for many
centuries, while a precise prediction of tomorrow’s weather is generally not easy and in many
places very crude indeed.”®*! He contrasts the elegant Newtonian mechanics that govern
planetary motion, which can be seemingly reversed in time without changing their orbital
behavior, with the complex, turbulent processes of atmospheric convection and thermodynamics,
which are irreversible in time. But Wiener notes that even such stability as demonstrated by
astronomy fall apart when considered on larger and longer spatiotemporal scales, or when
studying complex and chaotic processes like galactic dynamics and “nebulae and star clusters

and their statistics,” which become a sort of “cosmic meteorology,”**

messy and stochastic. In
other words, the predictability of a system is intimately tied to the scale of the system. Thus,
because tropical cyclone tracks are driven by large-scale atmospheric dynamics, we are better

able to dynamically model those processes relative to the smaller-scale dynamics internal to the

tropical cyclone that drive its intensity changes.
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As difficult as it may be to characterize the intensity of a tropical cyclone vortex with a
single metric, it is orders of magnitude more difficult to quantify the potential impacts of a
tropical cyclone to mariners and to communities on land—even though impact may be a more
philosophically “sound” way of defining tropical cyclone intensity. For decades, the Saffir-
Simpson Hurricane Wind Scale (SSHWS) has been used to categorize the intensity of hurricanes
in the Atlantic and the central/eastern Pacific, with only occasional revisions.®** However, it is
widely known that the SSHWS is extremely limited—and could even be detrimental—to
attempts at communicating the potential damage or threat from a specific tropical cyclone, since
it does not take into consideration impacts from the cyclone’s wind field, storm surge, or inland
flooding potential. Other indices such as the Power Dissipation Index and the Accumulated
Cyclone Energy have been proposed,®** but none have fully captured the extent of the complex
hazards present within a landfalling tropical cyclone. The insurance and consulting industries
have a vested interest in impacts forecasting, so the private sector has invested heavily in risk
modeling and other types of tropical cyclone impacts assessments, but to date, a predictive scale
that sufficiently captures the full range of tropical cyclone impacts still evades us.5%

For all of the controversies and uncertainties I presented regarding tropical cyclone
intensity and impacts forecasting, no satisfactory metric currently exists to properly support
tropical cyclone decision-making. Scales matter, and the disciplines that are required to think
through the problems that arise at different spatiotemporal scales will be different. Thus, tropical

cyclone intensity is truly a matter of concern. It is a prime example of a concept that eludes the
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positivistic urge of researchers to quantify and metricize, and we are reaching the limit of what
our hyper-specialized tradition of disciplinary research can provide. To break this research
plateau, we will need to apply a radical transdisciplinarity with the mindset of non-duality. As
with the quantum crisis, it is time for meteorologists, social scientists, and philosophers to
engage in constructive dialogue to address tropical cyclone intensity forecasting as a matter of
concern while resisting the urge to overly simplify the problem into a matter of fact. As with
many problems of a complex nature, we should also resist the urge to “solve,” which is how we
came upon the problem of oversimplifying intensity into a single number in the first place;
rather, we should focus on ways in which we can still make progress even if the problem of
intensity cannot be fully solved. If the goal of the technoscience of meteorology is to save lives
and mitigate economic damage, how can we rethink the process of providing impacts-based
decision-support, knowing what we know now regarding the limitations of a numerical value for
tropical cyclone intensity? As a socio-meteorological community, we may need to make some
difficult decisions, to include supplementing the best track dataset once a better way of capturing
tropical cyclone intensity and impact is determined. One thing is for sure: physics and statistics
alone will not be able to address the fundamental issues that undergird the challenges behind
tropical cyclone intensity forecasting, and a pluralized set of disciplines in dialogue will be
necessary to tackle the asymmetric and anisotropic research questions implicit in the problem of

tropical cyclone intensity.
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5.3 The Transdisciplinary Future of Meteorology
5.3.1 PUBLIC AND PRIVATE SECTOR WEATHER FFORECASTING

So what will the transdisciplinary future of the technoscience of meteorology look like?
Although efforts to integrate the social sciences into meteorology have begun in earnest, as
captured in Eve Gruntfest’s recent book Weather and Society: Toward Integrated Approaches,’*®
collaborative efforts have yet to truly become deeply transdisciplinary. The intellectual fruits of a
comprehensive transdisciplinarity would help us make progress toward addressing the
epistemological crisis that faces the technoscience of meteorology—namely, that quantitative
and positivistic methods of research alone are insufficient in bringing the science through that
final mile of saving lives and mitigating economic damage. Looking ahead, the two primary
areas of emergent transdisciplinary work that will likely carry the technoscience of meteorology
through its complex matters of concern are public-private sector weather forecasting and
emergency management.

The relationship between public and private sector weather forecasting has become
increasingly complex, and at times, has been a major source of controversy within meteorology.
As with all fields that have public and private sectors simultaneously producing a product or
service, tension exists between the government agency tasked with issuing official hazardous
weather warnings and private companies that offer tailored forecasts and decision support
services to specific consumers for a profit. In some ways, this conflict is tied to traditional
public-private political debates that have long surrounded the issues of federal regulation, private
sector lobbying, and individual versus corporate rights. But more importantly, this conflict

within the technoscience of meteorology is unique given its public-facing history, deep
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connections with broadcast media, high economic impact, and cultural importance within the
American psyche since the earliest days of government.

Because of the cost and the spatiotemporal challenges of managing a geographically
distributed network of weather observations, most in-situ weather stations and remote sensing
platforms discussed in Chapter 3 are funded by taxpayer dollars and maintained by the federal
government. In addition, most operational NWP models and their associated supercomputing
facilities are maintained by the federal government. In the United States, National Weather
Service (NWS) is the federal agency charged with maintaining and operating the U.S. weather
data infrastructure. It primarily consists of 122 Weather Forecast Offices (WFOs) scattered
throughout the country that are in charge of forecasting local weather in “country warning
areas.” Those offices serve as the “front lines” of providing severe weather warnings to the
general public, being in charge of issuing Tornado Warnings, Flash Flood Warnings, Winter
Storm Warnings, etc. and liaising with local emergency managers and first responders. In
between major weather events, the offices continue to operate 24/7, producing those all-too-
familiar routine weather forecasts (e.g., “partly cloudy with a 30% chance of rain”’). These WFOs
are supported nationally by the NWS National Centers for Environmental Prediction, each with a
specialized area of forecasting responsibility. These national centers include but are not limited
to the National Hurricane Center in Miami, Florida that is in charge of issuing hurricane watches
and warnings, the Storm Prediction Center in Norman, Oklahoma that is in charge of issuing
tornado and severe thunderstorm watches, and the Aviation Weather Center in Kansas City,
Missouri that is in charge of providing weather forecasts to aviation interests in cooperation with

the Federal Aviation Administration.
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Whereas weather services in most countries are deeply tied to the state government, the
United States has a vibrant commercial weather enterprise in addition to the official forecasts
provided by the National Weather Service. Today, public sector NWP serves as the cornerstone
of all weather forecasting efforts, although the end product—the actual weather forecast—can be
produced by meteorologists in different sectors. The NWS uses its own data collection and NWP
infrastructure when producing its routine weather forecasts and severe weather warnings, with its
forecasts targeted at the country at large. As stated in its mission statement: “The National
Weather Service (NWS) provides weather, water, and climate data, forecasts and warnings for
the protection of life and property and enhancement of the national economy.”**’ The key word
in this statement is national. In other words, as a federal government agency, the NWS provides
services in accordance with the public domain policy, but draws the line with targeted support to
specific sectors of the economy. For example, NWS forecasts are posted broadly on their
websites, shared via social media, and are free to use by anyone in the United States and abroad.
However, with rare exceptions that involve large crowds of people, the NWS does not provide
targeted services for special events or transportation systems run by specific corporations (e.g.,
private parties, cruise lines, cargo shippers), since the federal government cannot specifically
endorse or appear to favor one private entity over another.

The placement of the NWS within the Department of Commerce also results in a
complex relationship with the private sector. As Gary Alan Fine points out, “Weather
information is linked to the needs of corporate capitalism in protecting property, enhancing the
national economy, and providing data for the private sector. Some forecasters felt that the

movement from writing forecasts to manipulating databases was part of a process by which the
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agency served corporate clients, backing away from contact with citizens.”®*® Fine goes on to
say, “Some companies feel that, with the exception of warnings, the National Weather Service
should do no more than provide raw data to those who contract for that data. Were it not for the
expense of maintaining the meteorological infrastructure and the legal liability of severe weather
warnings, the agency itself might have been privatized, and attempts have been made over the
years.”%* This reinforces the idea that the public sector should focus on collecting and delivering
weather data, given its unique ability to maintain the observational infrastructure of the weather
enterprise, and leave the day-to-day forecasting to the private sector. This has remained a
controversial topic to this day.

In addition to television and radio broadcasts, private sector meteorology consists of
numerous businesses and corporations that contribute to the weather enterprise by providing
weather forecasting and warning services to targeted customers (e.g., railroad companies,
commercial shipping, commercial airlines, hotels and theme parks). It also consists of Certified
Consulting Meteorologists, some of whom work in the field of forensic meteorology, providing
meteorological expertise in court proceedings that involve weather-related litigation.®>° But by
far the two largest corporations within private sector meteorology are The Weather Company
and its direct competitor, AccuWeather.

The Weather Channel was launched in 1982 as the first cable television network to
devote its sole attention to weather broadcasts, whereas AccuWeather focused its products
toward the radio, online, and eventually mobile platforms (e.g., smartphone apps). For years, The

Weather Channel was the only national broadcast company that hired reputable meteorologists
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known for their scientific contributions to the field, including Steve Lyons (hurricane expert),
Greg Forbes (severe weather expert), Paul Kocin (winter weather expert), and Heidi Cullen
(climate expert), which enabled them to gain a reputation of being an authoritative and scientific
source of weather forecasts. The Weather Channel remained a family-owned company for its
first couple of decades but was eventually bought by NBC Universal in 2008. In the years
following, as the “entertainment news” industry began to flourish with Fox News Channel at the
helm, a lot of media platforms succumbed to viewer pressure and sacrificed scientific
information for more dynamic headlines. However, with the formation of The Weather Company
followed by its purchase by IBM in 2016, The Weather Channel has most recently rebranded
itself as an authoritative private sector source of not only weather forecasts, but also the future of
private sector NWP.

In as complex a field as meteorology, with high stakes and public facing services that
support life-or-death decision making, friction is bound to exist at the public-private interface.
This tension between sectors was first formally explored in 2003, when the National Research
Council published its landmark report, Fair Weather: Effective Partnership in Weather and
Climate Services, known colloquially since then as the “Fair Weather report.”%*! This was the
first organized effort to describe the complex web of relations between public, private, and
academic meteorological sectors, collectively known as the weather enterprise, and to provide
recommendations for cooperation.

In 1991, the NWS established its Public-Private Partnership Policy, the interpretations of
which have driven much of the controversy since. This policy is summarized by the Fair Weather

report as stating that “the development of custom products needed by specific usergroups and the
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television and radio dissemination of most NWS watches and warnings should be left to the
private sector.” Furthermore, “the policy gives some general criteria for implementation,
including the statement, ‘The NWS will not compete with the private sector when a service is
currently provided or can be provided by commercial enterprises, unless otherwise directed by
applicable law.” Some members of the private weather sector read this passage as prohibiting the
NWS from providing information to the general public whenever the private sector could do so.”
Meanwhile, “The NWS interprets the policy to affirm that the NWS creates and disseminates
forecasts and warnings to the public at large and does not provide customized weather products
for specific individual clients. The NWS would decline to tailor a weather product, for example,
for a local ski resort or a sports team because such a tailored product could be obtained from the
private sector. A broader interpretation, the NWS insists, would be untrue to the intent of the
policy statement. Thus, the 1991 NWS policy has not resolved the conflict.”%2 This has led to
persistent controversies, pitting meteorologists in the public sector who believe that weather
forecasts are already taxpayer funded and should be considered a right against meteorologists in
the private sector who attempt to add value to existing general forecasts by providing more
targeted decision support—all while turning a profit.

These controversies came to head in 2005 when Senator Rick Santorum sponsored a bill
that would have legislated limitations into the NWS’ ability to provide forecasts, thereby clearing
a path for AccuWeather (a company based in the city of State College, Pennsylvania) to develop
its commercial enterprise. Santorum came under heated criticism across the weather community,

653

particularly since AccuWeather had contributed to his campaign.®>> Over the years, certain
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members of AccuWeather management have been the most vocal critics of the NWS, lowering
its reputation among government meteorologists. In contrast, The Weather Channel has sought to
capitalize on AccuWeather’s tenuous relationship with the NWS by branding itself as a private
company that respects and follows NWS’ lead when reporting on “official” forecasts.

Tensions between AccuWeather and the weather enterprise culminated in the Senate
confirmation battle over the Trump Administration’s nomination of the former CEO of
AccuWeather to the position of NOAA Administrator.®>* To make matters worse, during the
subsequent government shutdown, AccuWeather published a highly controversial article that
questioned the accuracy of government weather forecasts during the shutdown,®> even as the
company continued to use government-sourced weather observation and prediction databases,
resulting in immediate and swift uproar across the meteorological field. After all, “Critics argue
that tax dollars permit private firms to survive; providing a database makes private firms more
profitable. One former employee of AccuWeather, considered by some to be the weather
service’s arch-nemesis, explained that by providing the database to private companies, ‘It’s like a
steel company wanting you to give them the raw materials, and then they make the steel and get
all the profits.””%%% AccuWeather subsequently apologized and revised parts of their article.%’
And yet, even with all of this controversy, AccuWeather maintains a healthy consumer base,
with contracts across multiple sectors of industry and with the general public largely immune to

the political controversies within the weather enterprise. In fact, AccuWeather has become a
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household name for many people who are familiar with their app and website, much to the
chagrin of government meteorologists.

In addition to the issue of competition, multiple media platforms complicate the issue of
weather forecast dissemination. The NWS issues “official” forecasts, but the local news, radio,
television, and social media celebrities often will put their own spin on a forecast, sometimes
differing greatly from the official message. Thus, the challenge of managing the public-private
partnership across the weather enterprise appears to be a more difficult task as the days go by:

Media outlets have input into the forecast that they provide. With the exception of those

who rely upon the NWS webpages or weather radio, for most of the public the weather

information that they receive is mediated—shaped, selected, massaged, and visualized by
media sources. While broadcasters select what they report, they lack direct access to the
information of government forecasters. In many cases, what is available through the
media is a translation, with some tweaking, of what government meteorologists have
disseminated in their forecasts and forecast discussions. As Bruno Latour suggests,
however, official weather forecasts are often swamped by a tide of voices, public and
private. Latour argues that the voices of operational forecasters are powerful at the end,
determining what weather was, not what it will be, but he doesn’t emphasize that their
claims and data begin the conversation from which others can speculate and provide the
warrant for that discussion. Government forecasters, while sometimes hidden, provide
talking points for local knowledge.%®

NWP has also become a growing matter of concern within the public-private sector
relationship. As complicated as the international dimensions of NWP already are with respect to
differences in the concept of public domain and the “free” release of taxpayer-funded NWP data,
particularly between the United States and Europe, the challenges are becoming yet more
complicated as the private sector joins the fray. In 2015, IBM announced plans to buy parts of

The Weather Company (the parent company of The Weather Channel), which was later revealed

in 2016 as an effort to develop its own machine-learning based NWP model.®>° In early 2019,
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IBM announced that it will be “introducing the world’s highest-resolution global weather
forecasting model...the IBM Global High-Resolution Atmospheric Forecasting System
(GRAF).”%0 Meanwhile, Panasonic also announced their own global weather model in 2016.5%!
With the entry of IBM and Panasonic into the field of weather prediction, the age of NWP
models as technology that resides strictly within the domain of the public sector has come to an
end. What will this mean for the public-private sector relationship? Like SpaceX being the first
private company to push space exploration beyond the domain of NASA, IBM’s recent
development will likely bring waves of change to the weather enterprise.

Although the public-private controversies and the question of whether weather forecasts
should be considered a right or a privilege has been controversial, there have been encouraging
signs of cooperative engagement within the weather enterprise that can point us toward a more
productive future. Recently, the NWS advanced its Weather-Ready Nation initiative, which seeks
to enhance our nation’s resilience to hazardous weather by engaging communities across sectors
at the local level. It includes safety campaigns, educational programs, and even an ambassador
program that empowers individuals, organizations, schools, and private sector companies to
participate in the generation of ideas and actions that can enhance community preparedness
ahead of severe weather. Many companies, including AccuWeather, have become Weather-
Ready Nation Ambassadors, so although the dividing line between what weather services should

be public and what should be private remain blurry, there is hope for a renewed sense of

660 Jeff Masters, “IBM Introducing the World’s Highest-Resolution Global Weather Forecasting Model,” Weather
Underground, January 8, 2019, /cat6/IBM-Introducing-Worlds-Highest-Resolution-Global-Weather-Forecasting-
Model.

661 “Panasonic Weather Solutions Introduces Panasonic Global 4D Weather - The World’s Most Advanced Global
Weather Forecasting Platform,” Panasonic, January 6, 2016, https://www.panasonic.aero/press-release/panasonic-
weather-solutions-introduces-panasonic-global-4d-weather-the-worlds-most-advanced-global-weather-forecasting-
platform/.

323



cooperation as hazardous weather disasters become more prevalent and more expensive across
the country.

As with all the other controversies that have driven the technoscience of meteorology, the
public-private controversy will play a pivotal role in shaping the future of this field. And as with
the controversies that we have explored in this dissertation, fully embracing this tension with a
non-dualistic mindset is a way to effectively horizontalize the sectors. Given the institutional,
corporate, and economic complexities of weather products and services—particularly with
respect to different consumer bases—any transdisciplinary work of the future will necessarily
encounter the public-private sector divide. Properly leveraging the strengths and reach of each
sector will be necessary to close the loop on weather communication such that the advancements

in meteorological science can benefit the greatest number of people across all sectors of society.

5.3.2 EMERGENCY MANAGEMENT

One of the strengths of meteorology is its ability to rigorously apply the empirical,
scientific method to something as transient, ephemeral, and invisible as the air. Yet, its greatest
strength is also its greatest liability—the culture of strict adherence to the science often
constrains the actions of the meteorologist, sometimes with negative consequences with respect
to the needs of its customers, such as vulnerable and at-risk populations. As we consider the
transdisciplinary future of meteorology, there is a new and rapidly-growing discipline of
professionals that thrives in the space between science and people, bridging the divide between
the meteorologists and the various publics that they seek to serve. Emergency managers
throughout the United States serve as liaisons between different sectors of the community during

events and incidents that threaten the security of their jurisdictions. They provide decision
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support to elected officials while simultaneously coordinating the work of first responders and
other municipal agencies, and in a hazardous weather event, they effectively serve as liaisons
between meteorologists and the different publics interspersed throughout their communities.
Emergency managers are the conduits by which risk—as defined by the Department of
Homeland Security to be a “function of Threats, Vulnerabilities, and Consequences”—can be
properly assessed and managed in an operational setting.6?

Whereas meteorologists can often “hide” behind the science, making difficult decisions
that are “customer blind” for the sake of realistically diagnosing the state of the atmosphere or
reducing forecast uncertainty to the greatest extent possible, emergency managers must consider
the human impacts of each of their decisions. Whereas the social imperatives of ethics, values,
fairness, equity, and justice are rarely considered by a meteorologist when writing a forecast,
emergency managers must always make such considerations when providing decision support to
elected officials or communicating with the media: Are hospitals and other critical infrastructure
prepared for the storm surge? When should evacuations commence, particularly for vulnerable,
low-lying areas? Are storm warnings being properly disseminated along appropriate
communication pathways such that lower-income populations are aware of their risks?

There is also an institutional difference in the way agencies handle the decision support
spectrum. For example, in the civilian sector of the United States, the NHC and CPHC focus on
the meteorology of writing forecasts for tropical cyclones, leaving evacuation decisions to state
and local emergency managers and authorities. However, the NHC and the CPHC will issue
hurricane watches and warnings and be active with social media to provide decision support for

emergency managers who must make decisions on evacuations and sheltering. This is in stark
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contrast with the military sector, which draws a concrete line between the meteorologists at the
JTWC and the local forecasters, base commanders, and base emergency managers. JTWC
meteorologists are tasked with only forecasting the storm, with no public watch/warning
responsibilities, thus leaving all decision support to local forecasters and emergency managers on
station. This structure is to ensure proper attention is given to the meteorology over the more
political nature of public safety decision-making. Furthermore, this structure gives local base
forecasters and emergency managers more power in making the appropriate local-based
decisions, which may differ across different host nations.

Arguments can be made for the “pros” and “cons” of the civilian versus military
structures of tropical cyclone decision support. Within the United States, the close interaction
between the NHC/CPHC and local emergency managers and the standard watch/warning
construct does a better job of facilitating the fair and equal treatment of all populations,
regardless of locale. However, for U.S. military assets spread across multiple bases overseas,
more emphasis is placed on the local needs without sacrificing fairness, given that the
populations residing at U.S. military bases are more socially uniform. The latter also hinges on
the assumption that local forecasters are properly trained in the interpretation of JTWC forecasts,
or else local emergency managers and base commanders are left in the dark. Given the high
turnover of military personnel, continuous and rigorous training is required to ensure proper
levels of decision support to emergency managers.

In the United States, Hurricane Katrina has become a textbook scenario of a major
hurricane impacting vulnerable populations. The summer and fall of 2005 was the second most
active Atlantic hurricane season on record behind 2020, with a total of 31 tropical cyclones, 15

hurricanes, of which 7 were considered “major” with winds exceeding Category 3 intensity on
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the Saffir-Simpson Hurricane Wind Scale. Of these hurricanes, the most devastating and
consequential was Hurricane Katrina, which developed over the Bahamas in late August, crossed
the Florida peninsula, then explosively intensified to a Category 5 hurricane over the warm
waters of the Gulf of Mexico shortly thereafter, reaching a peak intensity of 145 knots (167
mph). After turning north, Katrina weakened and made landfall near Buras, Louisiana on August
29 as a Category 3 hurricane with maximum sustained winds estimated at 110 knots (127
mph).®6® The most devastating aspect of Katrina was not the wind, but the storm surge—major
coastal inundation resulting from the wind-driven dynamic fetch of a tropical cyclone and
barometric effect of the low pressure acting on the sea surface that combine to raise sea levels. A
high water mark of 27.8 feet was observed in Pass Christian, Mississippi. Although the storm
surge was less to the west of the landfall location, the impact of the water rise was exacerbated in
the New Orleans area by the failure of levees after Lake Pontchartrain rose, inundating numerous
parishes in the region. Approximately 80% of the City of New Orleans flooded with water in
some areas rising up to 20 feet.%** According to the White House report on Katrina, “an
estimated 1,330 people were dead as a result of the storm,” and “Around 770,000 people were
displaced—the largest since the Dust Bowl migration from the southern Great Plains region in
the 1930s,”%%° with an estimated damage of $108 billion, making Katrina the costliest hurricane

on record in the United States.%%¢
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As with Hurricane Sandy of 2012, the National Hurricane Center’s official track forecast
was remarkably accurate over three days in advance. Although an evacuation of a major city
such as New Orleans is a daunting task, numerous failures of leadership occurred in the days
leading up to the hurricane and in the days following, resulting in a human catastrophe unlike
anything seen in modern American history. The slow response of the Federal Emergency
Management Agency (FEMA) and the controversy surrounding the leadership and missteps of
New Orleans Mayor Ray Nagin and Louisiana Governor Kathleen Blanco have become textbook
scenarios of the failures of bureaucracy in securing communities ahead of severe weather. These
political dynamics are discussed in great detail in Christopher Cooper and Robert Block’s book

667 a5 well as Ivor Van

Disaster: Hurricane Katrina and the Failure of Homeland Security
Heerden and Mike Bryan’s The Storm: What Went Wrong and Why During Hurricane Katrina—
The Inside Story from One Louisiana Scientist,*®® illustrating that although weather disasters are
often referred to as “natural,” Katrina demonstrates that the worst disasters are typically not
natural at all; instead, they represent the culmination of simultaneous human failures at multiple
levels of governance. In the popular discourse following Katrina, people assumed that the storm
was still a Category 5 at landfall, but in reality, it had already weakened to well below its peak
intensity. Mike Smith rightly points out: “Katrina turned out nof to be the worst case. She
weakened before she hit land. Had she maintained Category 5 strength, the flooding in New

Orleans would have been quicker (due to additional breaches), likely resulting in more

deaths.”®® Building further upon the discursive aspect of this event in Politics and Time,
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Michael Shapiro highlights the gradual evolution of media attention from discussing insurance
costs to questioning the built environment in this “precarious landscape,” followed by an
inevitable shift toward the urban and racial aspects of this disaster, of “material geographies and
imaginaries of the racial-spatial orders of major US cities...that emphasizes ‘civil unrest,” which
[the news media] attributed disproportionately to young black males.”®’? These complex social
and political discourses are important, because they are the method by which meteorological
events are ultimately remembered in the history of time.

Hurricanes Katrina and Sandy illustrated how within just a span of seven years, the entire
modus operandi of the tropical weather and emergency management enterprise had to rethink its
standard operating procedures. With Katrina, mismanagement at multiple levels of government,
compounded with the extreme vulnerability and racial tensions of the impoverished Gulf Coast
communities, resulted in the failure of emergency management to act fairly, quickly, and
ethically to save lives. If a devotion to equity and justice were placed at the forefront of
operations, then interpersonal and interagency conflicts would not have been as prominent as
they were. With Sandy, the meteorologists tasked with providing the initial decision support
ahead of the storm were ultimately faced with a values question: Do we stay true to the scientific
constraints imposed upon our operations? Or should we change our operations to flex with the
needs of vulnerable populations when nature reveals itself in shades of gray? Sandy’s non-
traditional character required a non-traditional operational response, and that is a lesson that has
forever changed hurricane warning policy in the United States.

In order for accurate storm forecasting and proper warning policy to benefit vulnerable,

at-risk populations, there needs to be a diversity of warning and alert systems appropriate to the

670 Michael J. Shapiro, Politics and Time, 1st ed. (Malden, MA: Polity, 2016), 65-66.
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population demographics of concern. For example, Wireless Emergency Alerts (WEAs) have
been useful for dissemination of warnings for life-threatening weather hazards in our current era
of smartphones and mobile devices. However, the most vulnerable populations often include
lower-income communities, those with cognitive or physical disabilities, or those who may have
language and institutional barriers—all of which either reduce the likelihood of owning a WEA-
capable mobile device or increase the difficult of understanding a WEA message. In 2013, the
Department of Homeland Security published a Mobile Penetration Strategy for WEAs, stating
that “Approximately 73 percent of the U.S. landmass and over 99 percent of the U.S. population
are covered by at least one CMSP that elected to participate fully or partially in WEA,” but
acknowledged that “for WEA to be useful, individuals must possess a WEA-capable mobile
devices and both be aware of and understand WEA messages received by that device.”¢"!

Those in the hazardous weather and emergency management communities often take for
granted the level of understanding the general population has for weather warnings and
messages. For example, they are often asked whether the NWS has an app for mobile devices.
The short answer to that question is no, the NWS does not have an app beyond its traditional, and
now somewhat primitive, NOAA Weather Radio broadcasts. The reasons for this are many,
including the NWS’ reluctance to expend resources to enter a market already saturated by the
private sector, and in effect, preserving the private sector’s right to profit off of their own value-
added weather apps.®’> However, proponents for an official government app would argue that if

the values of the NWS are to truly align with its mission to save lives, then the agency should

7! Daniel Gonzales, “Wireless Emergency Alerts: Mobile Penetration Strategy” (Department of Homeland Security
Science and Technology, July 2013), 124,
https://www.dhs.gov/sites/default/files/publications/Wireless%20Emergency%20Alerts%20Mobile%20Penetration
%20Strategy.pdf.

672 Andrew Freedman, “National Weather Service Hold on Mobile Apps Stirs Controversy,” January 9, 2012,
https://www.washingtonpost.com/blogs/capital-weather-gang/post/national-weather-service-hold-on-mobile-apps-
stirs-controversy/2012/01/08/gIQAjWKUIP_blog.html.
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embrace all avenues of communication with the population, particularly since “taxpayers have
already paid for the weather information.”¢”* Ultimately, this controversy centers around the
public-private sector tensions that have long been prevalent in the weather enterprise,’’* begging
the question: What public-private structure should be considered fair, particularly for vulnerable
populations within the context of emergency management? If a portion of the weather enterprise
must be reserved for the profit-making incentives of private sector weather app developers, what
are the boundaries of ethics established by meteorology and the management of emergencies?
There are no easy solutions to these questions, but progress can be made with effective
transdisciplinary engagement and the mindset of non-duality.

With regard to long-term solutions to the problem of transmission of knowledge and
information to vulnerable, at-risk populations, I am a firm believer in the importance of
developing education and training programs that are made available to a diverse cross-section of
the American public. The NWS’ Warning Coordination Meteorologists perform this outreach
role to emergency managers and first responders, as does the FEMA’s National Domestic
Preparedness Consortium in partnership with universities around the country. When I served as
the Weather & Climate Program Manager for the National Disaster Preparedness Training
Center (NDPTC) from 2013 to 2016, instead of just focusing only on course development, I
considered the technopolitics of the situation and devised a plan to overcome the interagency
bureaucracy and negative inertia inherent in the world of training and outreach. I traveled to each

of the NWS Regional Headquarters to meet with their upper management to convey that not only

673 Marshall Shepherd, “Why Doesn’t The National Weather Service Have A Weather App?,” Forbes (blog), August
12, 2019, https://www.forbes.com/sites/marshallshepherd/2019/08/12/why-doesnt-the-national-weather-service-
have-a-weather-app/#39b7a5ca58a8.

674 Marshall Shepherd, “When It Comes To U.S. Weather Forecasting: Private, Public Or Both?,” Forbes (blog),
June 7, 2016, https://www.forbes.com/sites/marshallshepherd/2016/06/07/when-it-comes-to-u-s-weather-
forecasting-private-public-or-both/.
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were NDPTC training courses properly developed, vetted, and delivered to state and local
entities across the United States, but also that these courses complemented the NWS mission by
offering training and reaching locations that their own Warning Coordination Meteorologists
were unable to reach due to distance and time. By registering NDPTC as a Weather-Ready
Nation Ambassador and then inviting the NWS to participate in NDPTC training courses as
instructors, I formalized the positive interagency relationship, which continues to this day.
NDPTC was in a unique position to enhance the NWS’ institutional reach to vulnerable and at-
risk populations, so this interagency dialogue led to transdisciplinary work that solidified a
relationship that was necessary to build a lasting training and education program.

As one of the fastest-growing career fields, emergency management is a relatively new
discipline that emerged out of multiple disciplines; it is itself an example of transdisciplinarity in
action, and it is quickly becoming a way for the technoscience of meteorology to address its
matters of concern at the science-society interface. As NWP technology continues to improve,
and as applications of machine learning and artificial intelligence begin to enter the weather
forecast process, the role of the human will become increasing tied to decision support.
Subsequently, emergency managers will become an increasingly critical part of the decision-

making loop at the intersection of meteorology and society.

5.4 Conclusion: Keeping the Skies Untamed

The overarching purpose of this dissertation was to make sense of the technoscientific
crisis that faces the field of meteorology, namely, that although weather forecasts continue to
improve in accuracy, such a scientific and technological advancement does not necessarily

translate into more lives saved or economic damage mitigated. If the goal of meteorology as a
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science is to better understand the weather in order to improve the human condition, then it is
imperative that we examine with a critical eye whether that purpose is being actualized. Well-
forecast hurricanes like Sandy and Katrina call attention to the fact that the relationship between
forecast accuracy and community preparedness is nonlinear and complex; just because a forecast
for a storm is accurate does not necessarily mean more lives will be saved. However, there exists
a prevailing assumption among many meteorologists that because the traditional scientific
method has carried us through an incredible century of advancements in weather forecast skill,
simply further improving forecast accuracy automatically entails more effective preparedness
and response to storms. This assumption is not only flawed but is also dangerous, because it lures
us into a false sense of security that quantitative and empirical science alone can solve the human
problems that emerge from the technoscientific and technopolitical domains within which
meteorology is situated. Simply throwing more science at a complex problem that requires more
than science to address is at best epistemologically ineffective and at worst societally
detrimental, forcing us into seemingly intractable research plateaus that are reinforced by
disciplinary divides.

We began this journey by considering the fundamental question, “What is science?”
Although meteorologists are natural scientists of the highest order, rigorously practicing
empirical science applied to the extremely complex and chaotic processes of atmospheric fluid
dynamics, rarely do they take a step back and think about the purpose of meteorology. Some
invoke the mythical ideal of science to argue that “basic research” should in theory be done in
isolation, asking only the disinterested and dispassionate questions of physics without regard to
operational or societal applications. However, the public-facing character and widespread

socioeconomic impact of meteorology, as with many other modern scientific disciplines, do not
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allow for such a mythical scientific ideal to exist in practice—particularly when considering the
technopolitical infrastructure that surrounds the very act of doing the science of meteorology.
Vannevar Bush’s techno-optimist vision of science as a linear progression toward truth has long
since been epistemologically replaced with models that emphasize the co-production of scientific
knowledge and the understanding that matters of fact are ultimately constructed alongside
matters of concern.

To address the technoscientific crisis of meteorology, we first critiqued the primacy of
the methodology of logical positivism, upon which the vast majority of the modern natural
sciences rest. Although the greatest strength of positivism is the systematic accumulation of
knowledge through a scientific method that maximizes objectivity and allows for scientific
problems to be broken down into smaller components with more manageable controls in the
laboratory, some of the consequences include the hyper-specialization of disciplinary expertise
and the artificial discretization and oversimplification of complex systems in a way that removes
the experimental system from the continuous flow of real systems in nature. The components of
knowledge derived from a positivistic framework, when put back together, may not necessarily
capture the emergent phenomena that arise out of complex systems, where the product may be
greater than the sum of its parts. With respect to the study of the atmosphere, the application of
classical mechanics through the use of simplified techniques such as parcel theory allows for the
mathematical description of kinematics and the development of numerical methods, but those
techniques fall prey to the intrinsic predictability limits imposed by the chaotic nature of the
atmospheric system. Analogously, with respect to the study of the field of meteorology, the
application of positivistic methods of social science through quantitative data derived from

surveys, observations, and focus groups allows for heavily-controlled and contingent conclusions
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to be drawn, but at the expense of understanding the complexity of the network of human and
non-human actors and actants that comprise the relational assemblage of meteorology as a
technoscience. Thus, in order to interrogate the novel problems that may arise, relational
methods of sociology such as Actor-Network-Theory prove useful when studying the science-
society interface in as complex a technoscience as meteorology.

Through our analysis of the major controversies and points of tension that have defined
and driven the technoscience of meteorology, we established the importance of embracing the
uncertainties and contingencies of what Bruno Latour calls “science in the making” or “matters
of concern,” rather than merely considering the black boxes of “ready made science” or “matters
of fact.” Borrowing from Foucault’s notion of epistemes, we identified the dualistic relations
between amateur observationalists and professional theorists, between operational practice and
academic research, and between public sector and private sector weather forecasting. A common
epistemic thread of amateur weather observing extends from Thomas Jefferson and William
Redfield through a World War II radar technician on Tinker Air Force Base to the modern
weather enthusiast diligently logging the changing weather conditions from his or her backyard
and reporting observed precipitation via social media apps. Likewise, the epistemic thread of
professional weather theorizing extends from Benjamin Franklin and James Espy through the
architects of Polar-Front Theory at the Bergen School of Meteorology in Norway to the modern
professor in halls of academia and the teams of researchers dedicated to advancing numerical
weather prediction efforts in government laboratories and private corporations. The interactions
and intersections of these epistemes have caused some friction and tension throughout the history
of meteorology, with the most recent controversies and debates focused on the roles of the public

and private sectors in weather forecasting.
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Rather than attempting to “solve” the epistemic controversies and tensions by intervening
in them, the sociological scholar of the technoscience of meteorology should apply what Jairus
Grove calls an “ecological approach”’> to research, whereby “all of the things of the world
should set the agenda for research rather than our anthropocentric image of the world.” Those
who study the work of meteorologists often think of the humans behind the weather forecasts as
the agents, with social science research either ethnographically directed at understanding the
behavior of those forecasters or, as Bruno Latour critiques, at identifying the social “context” or
social “forces” that constrain warning communication or the forecast products themselves.
Although this positivistic research methodology is useful to quantitatively test hypotheses, the
novelty of a relational approach that allows objects and circumstances to drive research is lost.
Grove writes with regard to research in security studies, but this perspective can be applied to
sociological studies of meteorology as a technoscience: “If a research agenda is driven by one’s
presumption of that which is to be studied then we already find ourselves lost in our imposed
telos of the research rather than the object of that research.”¢’¢ In other words, we should
approach our research in the spirit of encounter, and a good starting point is to place ourselves
within the midst of one of the epistemic controversies that drive the technoscience of
meteorology. By “encountering the world as it is” rather than “organizing research around our

677 we apply relational thinking to the problems at hand and preserve the

projection on the world,
complexity of the technoscience, rather than artificially controlling and isolating variables for the

sake of testing a highly specific hypothesis. Such positivistic research is still necessary to

scientifically advance our understanding of the atmosphere, but “Data compel us to think but

875 Grove, “Ecology as Critical Security Method,” 367.
676 Grove, 366.
77 Grove, 366.
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cannot compel us to know.”%’® Thus, relational research is necessary when attempting to make
sense of the technoscientific crisis that confronts the field of meteorology.

In addition to controversies and tensions, a major portion of our analysis was centered on
the problem of spatiotemporal scale. The acts of weather analysis and weather forecasting face
unique challenges that arise from different spatiotemporalities, exacerbated by the increasingly
complex human-machine collective that is fed by the network of in-situ and remote sensing
observational data and anchored by the temporal rhythm of NWP models running at each
synoptic time. The weather analysis process is a convergence of science and art, with objective
and subjective techniques interwoven within the mind of each human analyst—each technique
offering important but qualitatively different contributions to our understanding of the initial
state of the atmospheric system. Weather analysis, particularly tropical cyclone analysis, is an
example of a quantitative process of data generation that involves inputs that are subjective but
essential, demonstrating the importance of pluralizing different techniques in establishing
datasets that are used by both operational forecasters and researchers. Projecting forward from
this analysis, we demonstrated that the weather forecast process is a technopolitical endeavor that
increasingly hinges on the technology of NWP, with geopolitical ramifications that extend well
beyond the forecaster and the receiver of the forecast. From this technopolitical understanding,
we considered the value of a forecast within the context of decision support, whereby timeliness
and consistency have utility beyond the statistical quantity of forecast accuracy and skill.

Finally, we conceptually borrowed from the quantum crisis, and the reinvigoration of
dialogue between the sciences and the humanities that followed, to advocate for a radical new

transdisciplinarity as the technoscience of meteorology navigates its present crisis of

78 Grove, 367.
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epistemology and ethics. In order to reconcile the disconnect between vast improvements in
meteorological science and technology with the increasingly complex socioeconomic problems
of community preparedness and public safety, transdisciplinary work needs to evolve beyond
mere collaborations between meteorologists and social scientists. New research avenues need to
be established between existing disciplinary paradigms, and the work must be approached
through a mindset of non-duality, with a mutual recognition of the importance of horizontalizing
and pluralizing qualitatively different modes of inquiry. With this mindset, amateur contributions
and dilettantism should be encouraged to broaden the intellectual envelope of all researchers,
regardless of their own specialties. The existence of research plateaus is a sign that perhaps the
status quo is insufficient to continue progress in understanding either a social or natural system,
so it behooves researchers of all disciplines to seek novel research methodologies, knowing that
problems—particularly those with regard to infensive properties—are rarely encountered
exclusively in one discipline.

This dissertation neither tests a specific hypothesis nor generates quantifiable results, and
this work also does not prescribe normative solutions or “standard operating procedures” for
approaching the complex and seemingly intractable problems of the technoscience of
meteorology. By analogy to the military concept of the three levels of war,®” this dissertation is
neither a tactical study nor an operational one. Rather, this work is strategic in that it proposes a
new way of reframing the epistemological and ontological assemblage of meteorology to make
sense of the technoscientific crisis that confronts meteorologists, emergency managers, decision-
makers, and all who have a stake in weather forecasting. Thus, I propose the following

recommendations as a strategy for addressing technoscientific crises:

79 USAF College of Aerospace Doctrine, Research and Education, “Three Levels of War,” in Air and Space Power
Mentoring Guide, vol. 1 (Maxwell Air Force Base, AL: Air University Press, 1997).
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e Continue the work of positivism to advance scientific knowledge according to
professional expertise, but with the understanding that natural complexity is often
sacrificed upon the altar of experimental controls.

e Acknowledge that judgment is an important and necessary part of the process of
quantification, which frees us to consider other pathways of quantification in a way
that respects qualitative differences.

e Consider the value of a scientific product beyond what is measured, since
measurement is often merely an extensive placeholder for what are actually intensive
quantities.

e Research plateaus are a sign that scientific progress is asymptotically approaching a
limit established by the bounds of an existing disciplinary paradigm, and
transdisciplinary approaches grounded in the mindset of non-duality can provide a
productive path forward—even if an ultimate solution to a complex problem remains
elusive.

e Horizontalize the epistemes within a scientific discipline and pluralize the different
modes of inquiry across disciplines.

e Embrace controversies and tensions as opportunities to understand the evolution of a
particular science and as entry points for transdisciplinary research.

It is my hope that this dissertation can inspire STS scholars and other researchers across
the social sciences to apply their own methods of research to the technoscience of meteorology,
particularly those who are compelled to apply relational theories to explore the complex and
ever-shifting assemblage of weather forecasters and technologies. Likewise, I hope that this work

can inspire meteorologists to think about the complex social and technical network of actors
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within which they and their work are situated, knowing that the actualization of the purpose of
meteorology as a science for the public good requires more than statistical improvements in
forecast accuracy. Beyond the technoscience of meteorology, I hope the insights raised in this
dissertation can be generalizable to other sciences that may be struggling with similar
epistemological and ethical crises.

In her book, Looking Forward: Prediction & Uncertainty in Modern America, Jamie
Pietruska of Rutgers University writes:

The allure of objectivity remains powerful when it comes to anticipating the
future. It is comforting, perhaps, to have a probabilistic glimpse of our own future, or at
least to believe that we can comprehend it with professional expertise and methods of
rational calculation. Yet despite the array of forecasts that we have at our fingertips
today, the “specter of Uncertainty” haunts us still, evident in the very extent to which we
are beholden to the routinized forecasts of everyday life. Although we cannot definitively
know what may come, we can—if we look closely—see how our convictions about
prediction and uncertainty influence our decision making today. Looking forward gives
us the clearest view not of the future, but of ourselves, with all our aspirations and
anxieties, in the present.%°

Humanity has not succeeded in physically taming the untamed skies, but through advancements
in science and technology, the skies have been conceptually tamed through quantitative
empiricism and the scientific method. As that necessary work continues, we now stand at the
precipice of a new juncture of knowledge-making, beyond which our familiar disciplinary vision
can carry us no further. As the skies remain untamed beyond the reach of paradigms and
disciplines, so too should we keep our epistemic modes of inquiry untamed as we embark upon

this new journey with a renewed sense of intellectual “humility and spirit of adventure.”¢8!

680 Jamie L. Pietruska, Looking Forward: Prediction and Uncertainty in Modern America (Chicago: University of
Chicago Press, 2017), 264.
8! Grove, “Bringing the World Back In,” 415.
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