Comments on UCAR's and
NCAR's 25th Anniversary
In February 1958, representatives of 11 universities that
then offered doctoral-level programs in meteorology met at
the University of California in Los Angeles and constituted
themselves as the University Committee on Atmospheric Research. The challenge the group faced was clear. A few weeks
earlier, the Committee on Meteorology (a blue-ribbon panel
of the National Academy of Sciences [NAS] that was convened in response to a growing concern that the nation's program of meteorological research was being badly neglected)
had released a report of their findings. The Committee on
Meteorology recommended a vastly increased program of
federal support for atmospheric research in universities and
creation of a National Institute for Atmospheric Research.
The institute was to carry out a long-term, high-quality program of research and to develop and make available the facilities needed for effective progress in atmospheric research.
Equally important, it would serve as an intellectual focus
where university and institute scientists would gather to lay
out scientific strategies for addressing the most urgent and
important problems of the atmosphere.
Clearly, if anything were to come of the NAS report—if
the recommendations of the NAS panel were to be implemented rather than forgotten—the responsibility for action
was on the university community itself. The university committee recognized and welcomed this challenge.
Moving with extraordinary efficiency and speed by today's
standards, in a brief 18-month period the university committee successfully solicited a $52,400 planning grant from the
National Science Foundation (NSF); conducted 17 nationwide planning conferences involving most of the atmospheric scientists then existing in academe; reexamined and reaffirmed the appropriateness of the academy committee
recommendations; incorporated in the state of Delaware as
the University Corporation for Atmospheric Research
(UCAR), a corporation consisting of 14 universities as charter-member institutions; and obtained approval and funding
from the NSF for creation of the institute—by then called the
National Center for Atmospheric Research (NCAR)—and
approval for UCAR to be the agent responsible for management and operation of the center under NSF sponsorship.
Thus, within one and one-half years, the relevant faculties
of 14 universities agreed to the creation of a research center
that could be seen by some as competitive for funding then
going to the universities; a federal agency agreed to include in
its budget request for that year sufficient funding to start this
new institution; the Congress agreed to fund this request; and
the boards of regents or trustees of 14 universities signed the
Articles of Incorporation creating and becoming a part of
© 1986 American Meteorological Society
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this new corporation. It never ceases to amaze me how much
we in the universities can accomplish when we work in unison toward a common goal.
Throughout all of this, the encouragement and support of
the leadership of the NSF were absolutely crucial to success.
UCAR and NCAR came into existence during a narrow window in the history of American science when attitudes and
interests in the states and in Washington, D.C., were positive
and supportive of scientific endeavor.
This year was filled with a series of scientific and cultural
events to commemorate the 25th anniversary of the creation
of both UCAR and NCAR. Among them were
1) an address by Richard Lamm, governor of Colorado,
to the UCAR trustees, UCAR members' representatives, NCAR and UCAR staff, and distinguished guests;
2) a series of special lectures given by nine former NCAR
postdoctoral fellows;
3) a highly successful and well-attended open house featuring tours of the Mesa Laboratory in Boulder, and
the Research Aviation Facility in Broomfield, Colorado;
4) a special lecture by James Lovelock of Great Britain on
his "25 Years as a Scientist" (Lovelock achieved fame
as an instrument designer who helped create life-searching techniques for a Viking mission to Mars and for his
invention of a technique to measure fluorocarbons in
the atmosphere at levels of a few parts per trillion);
5) a special UCAR/NCAR-sponsored international workshop on "Drought and Hunger in Africa: Denying
Famine a Future" (the workshop, attended by physical
scientists, social scientists, and policy makers from the
world over, emphasized climate, climatic change, desertification, agriculture, and development);
6) a series of special concerts;
7) production of various special documents, including an
informal history of UCAR and NCAR and a booklet
describing the history and nature of the NCAR Mesa
Laboratory;
8) an informal talk by I. M. Pei, internationally known architect of the NCAR Mesa Laboratory, on the design
and construction of the building.
The Pei visit was especially memorable for me. It is difficult to describe the feeling of warmth, charm, and humility
conveyed by this extraordinary man as he sat on the NCAR
plaza with NCAR and UCAR staff and chatted with us about
the challenges of designing the NCAR building. The building
represented a major turning point in his career as he broke
away from his former successes in designing low-income
housing in major urban areas. Clearly, I. M. credits his success
in overcoming the difficulties of design of the Mesa Laboratory with his later recognition and with the ensuing strong
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FIG. 1. A view of Table Mesa during construction.

FIG. 2. NCAR's Mesa Laboratory.

demand for his services for buildings from Singapore and
Beijing to Paris, from Hawaii to Boston.
The principal challenges I. M. faced were three-fold. The
natural beauty of the Table Mesa site—considered by Pei to
be one of the world's most beautiful—surprisingly was a
challenge. "How could one build a building more beautiful
than the site? Impossible." Once I. M. realized that he could
not compete with the site but rather must have his building
harmonize with and disappear into the site, he was able to
overcome this challenge. He employed, in part, a concept developed approximately 1000 years ago by the Mesa Verde
Indians.
The second difficulty derived from the majesty of the site—
the backdrop of the magnificent front-range mountains.
"Any building, including the Empire State Building, would
be dwarfed by it." This challenge of scale he solved by making it impossible to tell from outside the building just how

many floors the building has. From any distance, one cannot
tell how large (or small) NCAR is. The building does not
compete with the site in terms of scale.
Finally, a major difficulty related to how access to the building could be provided without at the same time disturbing
Table Mesa's natural beauty. Pei solved this, after walking
every possible route up the "hill," by finding the one that did
the least violence. Anyone who has ever driven to the top of
Table Mesa will bless I. M. for his choice for there are few
one-mile drives in the world more relaxing, more impressive,
or more inspiring.
Following this article, you will find an interesting and important address by James Lovelock, mentioned above, and
the fascinating reminiscences of Walter Orr Roberts—
NCAR's first director, UCAR's first president, and today
UCAR's president emeritus—on the early days of UCAR
and NCAR. I hope you will enjoy reading them.
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Geophysiology: A New Look at Earth Science'
1. Planetary medicine

Few of us have avoided the experience of imagining that we
were the victims of some fatal but romantic disease. It usually
happens after reading a medical textbook and identifying our
minor symptoms with those described.
In the affluent parts of the world, society may be undergoing collectively the same experience. The difference is that
the apparent hypochondria is about the world itself rather
than about their individual selves. The equivalent of the medical textbooks is the ubiquitous doom scenarios. There is no
shortage of planetary ailments to identify with, from the psychosociological drama of Orwell's nightmare vision to the
dismal prospect of nuclear winters and acid rain.
As in hypochondria, the real problem is not that these global maladies are unreal, but the uncertainty over whether the
present symptoms are prodromal of disaster or whether they
are no more than the growing pains of the world.
Intelligent hypochondriacs do not consult a biochemist or
a molecular biologist about their worries; they go instead to a
physician. A good physician knows that hypochondria often
masks a real ailment quite different from the one imagined by
the patient. Could it be that our very deep concern about the
state of the world is a form of global hypochondria? If it is,
then we might ask whether it is wise in such an event to seek
only the advice of expert scientists like climatologists or biogeochemists. It could be that the real planetary malaise is
beyond the understanding of their expertise. It might seem
that we have no other options; the practice of planetary medicine does not yet exist.
Let us assume that there is some truth in the foregoing
speculation and consider what might be the next step to take.
It might involve the establishment of this new profession of
planetary medicine.
What would be the qualifications of a planetary physician?
If the history of medicine is a guide, they will grow from
guesses and empiricism. But early in the history of medicine,
physiology, the systems science of individual humans, strongly
influenced its further progress. The recognition by Paracelsus that "the poison is the dose" was a physiological enlightenment still to be discovered by those environmentalists who
seek the unattainable and pointless goal of zero for pollutants.
The discovery, by Harvey, of the circulation of the blood
added further to the wisdom of medicine, as did meteorology
to our understanding of the earth. The expert sciences of biochemistry and microbiology came much later; it took a long
time before their new vision enhanced the practice of
medicine.

James E

The purpose of this paper is to introduce geophysiology, a
systems approach to the earth sciences. It is the essential
theoretical basis for the putative profession of planetary
medicine. In no way would geophysiology replace or lessen
the importance of the established sciences; it is complementary to them.
The paper will discuss the theoretical basis of geophysiology
and conclude by considering how this approach might assist
in the design of procedures for the diagnosis and prevention
of incipient maladies of our planet. The conclusions will be
especially applicable to the humid tropics.
2. Theoretical basis of geophysiology

Notions of the earth as some kind of living system have a long
history. In the last century, Dumas and Boussingault described the cycling of the elements like carbon and nitrogen
between life and its environment and laid the foundations for
the science of biogeochemistry. The first scientific expression
of the idea that the sum of the biota might be more than just a
catalogue of the species was that of Vernadsky (1945), who
used the term 'biosphere' to define the region of the planet
where life could be found. The new science of biogeochemistry was extensively developed by Sillen (1966), and by
Hutchinson (1954) and, most recently, by Bolin and Cook
(1983), McElroy (1983), Garrels (1976), Broecker (1980), and
Whitfield (1981).
Geophysiology developed in the late 1960s as an unintended by-product of the space exploration program of
NASA. It arose during attempts to design experiments to detect life on other planets, particularly Mars. For the most
part, these experiments were geocentric and based on the notion of landing an automated biological or biochemical laboratory on the planet and using it to recognize life by the
well-known techniques available to life scientists on earth.
Hitchcock and Lovelock (1966) took the opposing view that
not only were such experiments likely to fail because of their
geocentricity, but also that there was a more certain way of
detecting planetary life, whatever its form might be. This alternative approach to life detection came from a systems
view of planetary life. In particular, it suggests that if life can
be taken to constitute a global entity, its presence would be
revealed by a change in the chemical composition of the
planet's atmosphere. This change of composition could be
compared with that of the abiological steady state of a lifeless
planet. The reasoning behind this idea was that the planetary
biota would be obliged to use any mobile medium available
to them as a source of essential nutrients and as a sink for the
disposal of the products of their metabolism. Such activity
would render a planet with life as recognizably different from
This article is reprinted, by permission, from Geophysiology in a lifeless one. At that time there was a fairly detailed compoAmazonia: Vegetation and Climate Interactions (Robert Dickinson, sitional analysis by infrared astronomy of the Mars and
Ed.), the proceedings of a United Nations University international Venus atmospheres, and it revealed both planets to have atconference, soon to be published by J. Wiley and Sons.
mospheres not far from chemical equilibrium. Therefore,
they were probably lifeless. By contrast, earth's atmosphere,
© United Nations University
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viewed in this way, was seen to be far from equilibrium, with
oxidizing and reducing gases coexisting in what was clearly
an unstable state and that, nevertheless, was maintained
steady by life. In the infrared, earth radiates its signature of
life so clearly as to be detectable from well outside the solar
system. The success of this approach to life detection forced
our attention back to the earth and to the nature of the system that could hold so unstable an atmosphere in a steady
state that was even more remarkably just right for life.
In the early 1970s, Lynn Margulis and I introduced the
gaia hypothesis. It postulated the earth to be a self-regulating
system comprising the biota and their environment, with the
capacity to maintain the climate and the chemical composition at a steady state favorable for life.
Most earth scientists today would accept that the atmosphere is a biological product, and this is a tribute to the success of biogeochemistry. But most would disagree that the
biota in any way control atmospheric composition or any of
the important variables (such as global temperature and surface redox potential) which depend on the atmosphere. The
principal objection to gaia or the geophysiological approach
is that it is teleological. That is, the regulation of the climate
or chemical composition on a planetary scale would require
some kind of forecasting or clairvoyance by the biota. I will
now try to show that this objection is wrong and that geophysiological regulation requires neither foresight nor planning. It is in fact a simple consequence of Darwinian natural
selection. The evolution of the species is not independent of
the evolution of their environment. The two evolutionary
processes are in fact tightly coupled. Life and its environment
evolve together as a single system so that not only does the
species that leaves the most progeny tend to inherit the environment, but also the environment that favors the most
progeny is itself sustained. What then is the mechanism of
this geophysiological regulation?
Let us accept for a moment that the biota can profoundly
influence their environment. The converse is also self-evidently true; that is, organisms are affected by the environment. To take atmospheric composition as an example,
plants and animals are obviously dependent upon the oxygen, carbon dioxide, and nitrogen of the air, but they also
produce all three of these gases. In other words, life and its
environment are two parts of a closely coupled system where
these two components are arranged in a feedback loop (Fig.
1, top). Perturbations of one will affect the other, and this in
turn will feed back on the original change. The feedback may
be negative and oppose the change, or positive, and enhance
it, but it will not in general be nonexistent. Geophysiological
models are distinguished from the conventional models of
biogeochemistry (Fig. 1, bottom) by their amplified active
feedback. As a consequence, they are more powerful and can
adjust their operating points as the system evolves, a process
termed 'homeorhesis' by Waddington (1976). Biogeochemical models are puny by comparison, and the operating point
is commonly fixed by the chemical and physical constraints
of the system.
What properties does this close coupling of life and its environment confer on the whole system? Does it explain the
homeostasis and homeorhesis that is observed? The difficulty is that the diagram (Fig. 1, top) is much too simple; in
reality, the biota and the environment are vastly complex en-
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Fig. 1. (top) Geophysiological Model. A diagram drawn from
control theory to illustrate as a single system the active feedback between the biota and their environment. In the diagram, the biota are
represented as an amplifier connected to a sensor that recognizes any
departure from the operating point of the system. Physical or chemical variables, such as temperature or oxygen concentration, coming
from the environment or from external inputs, such as the sun or pollution, are summed and compared with the operating point of the
system. If there is a difference, biota respond by active feedback so as
to oppose it and to keep the system in homeostasis. The system also
has the capacity to evolve, thus moving the operating point to a new
steady value. This form of systems evolution is called homeorhesis.
(bottom) Biogeochemical Model. A diagram taken from biogeochemistry to illustrate the mass and energy transfer between the
biota and their environment. In biogeochemistry the system is
treated as a set of linked but separate parts. A change in one part, say
the atmosphere, can alter the conditions of another part, such as the
biota or the oceans, but the feedback between them, whether negative or positive, is taken to be passive rather than active and responsive. In biogeochemical systems, the evolution of the biota and the
evolution of the environment are usually considered as separate and
uncoupled processes.

tities, interconnected in multiple ways, and there is hardly a
single aspect of their interaction that can confidently be described by a mathematical equation. It occurred to me that a
drastic simplification was needed, namely, reduction of the
environment to a single variable, temperature, and of the
biota to a single species, daisies. I first described Daisyworld
in 1982, and I am indebted to my colleague Andrew Watson
for the clear graphic way of expressing it illustrated in Fig. 2.
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FIG. 2. The effect of daisy cover on the mean temperature of
Daisy world, curve (A) and the effect of temperature on the growth of
daisies, curve (B). In this example, the daisies are taken to be lighter
in color than the bare planetary surface so that increasing daisy
cover reflects more sunlight and so lowers the mean temperature.
The left hand intersection of curves A and B is a stable equilibrium
between daisies and temperature. The dashed curve (AL) is drawn
for a lower solar luminosity than with curve (A). If the daisy cover
did not respond to temperature, the difference in planetary temperature for the two solar luminosities would be (dT), about 16°C. If, as is
more normal, the daisies responded to the cooler sun by covering less
of the planet, the temperature difference would be (dTl), about 2°C.
This simple responsive coupling between life and its environment is
the basis of geophysiological regulation.

3. Daisyworld model

Daisyworld is a cloudless planet with a negligible atmospheric greenhouse that bears life only in the form of daisies.
To start with, let us assume that the daisies are white. Because
they are lighter than the ground in which they grow, they
tend to increase the albedo of their locality, and, as a consequence, are cooler than a comparable area of bare ground.
Where the daisies cover a substantial proportion of the
planetary surface they will influence the mean surface
temperature of the planet. The variation will be as illustrated
by the curve (A) in Fig. 2. The parallel dotted line shows how
the curve (A) might shift if there were a change in some external variable that influenced the planetary temperature. An
example of such a variable is the output of radiant energy
from Daisyworld's sun.
Like most plant life, the daisies grow best over a restricted
range of temperatures. The growth rate peaks near 20°C and
falls to zero below 5°C and above 40°C. As a function of
temperature, the steady-state population of daisies will be as
in the curve (B) of Fig. 2. Curves (A) and (B) relate the
temperature to the Daisyworld population at steady state,
and the steady state of the whole system must be specified by
the point of intersection of these two curves. In the example,
it can be seen that there are two possible steady-state solutions. It turns out that the solution where the derivatives of
the two curves have opposite signs is unconditionally stable,
whereas the other solution is unstable. If the system is initialized at some arbitrary point, it will normally settle down at
the stable solution.
What happens to this stable solution when some change of
the external environment alters the planetary temperature?

Vol. 67, No. 4, April 1986
Suppose, for example, that the sun warms up as our sun is
said to be doing. If the daisy population is artificially held
constant, the planetary temperature will simply follow the
change of heat output of the sun; there will be a much larger
temperature change than if we allow the daisy population to
grow to its new natural steady state. In this new steady state,
the daisy population has changed so as to oppose the effect of
a change in solar output.
Very few assumptions are made in this model. It is not
necessary to invoke foresight or purpose on the part of the
daisies. It is merely assumed that the growth of daisies can
affect the mean planetary temperature and vice versa. Note
that the mechanism works equally well whatever direction
the effect is. Black daisies would have done as well; as long as
the Daisyworld albedo is different from that of the bare
ground, some thermostasis will result. The assumption that
growth is restricted to a narrow range of temperatures is crucial to the working of the mechanism, but all main-stream life
is observed to be limited within this same narrow range; indeed, the peaked growth curve (B) is common to other variables besides temperature, for example, pH and the abundance of nutrients.
In a recent paper, Watson & Lovelock (1983), this model is
discussed in depth, and we emphasize there that the exercise
was conducted not because we thought that daisies or any
other colored plants regulate the earth's temperature by this
mechanism, but because it is easily understood as a model of
the close coupling between the biota and the environment.
The daisy populations were modeled by differential equations borrowed directly from theoretical ecology, Carter and
Prince (1981).
Daisyworld models have a novel and wholly unexpected
property. Their mathematical solution is not limited, as are
similar simple ecological models, to two species only. Indeed,
the number of species that can be accommodated appears to
be limited only by the speed and size of the computer used
and by the patience of the user. The inclusion of feedback
from the environment appears to stabilize the system of differential equations used to model the growth and competition of the species. Theoretical ecology models have nearly
always ignored the environment of their imaginary species,
just as geophysical and geochemical models have tended to
ignore the biota. Daisyworld models are admittedly primitive and, as yet, limited to a few species and a single environmental variable. But they are models of an active system
where the biota and the environment are closely coupled, and
they do share with the real world the same strong tendency to
homeostasis and stability.
The power of the Daisyworld models is perhaps best illustrated by the imaginary world depicted in Fig. 3. It illustrates
the time history of a planet where thermostasis is maintained
during the progressive increase of luminosity of its sun and in
spite of repeated disasters that destroy a substantial proportion of the daisies. In addition, the world is populated also by
rabbits that eat the daisies and by foxes that cull the rabbits.
The health of a self-regulating system is measured by its capacity to resist perturbation and by the rapidity and smoothness of the return to normal. The system illustrated in Fig. 3
(top) was perturbed four times during the course of its evolution by the abrupt but temporary deletion of 40 percent of the
plant population.
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These four perturbations were effectively resisted and the
system rapidly recovered its former stable state. Figure 3
(bottom) illustrates the variation of the population of the
species of this imaginary world. Between the perturbations,
both the environment and the populations are seen to be stable. At the disturbances, the changes in the population and in
the temperature take place in synchrony. The model is not
concerned with the cause of the perturbations, and these
could have been either internally or externally generated.
This response resembles that described by S. J. Gould in his
hypothesis of the punctuated evolution of the species.
Gaia models are limited neither to daisies nor to the regulation of temperature by albedo change. Other environmental variables, such as the pH of the soil or sea or the abundance of oxygen and other elements, can plausibly be shown
to keep within a narrow range by the same homeostatic processes that were illustrated in Fig. 2.
The regulation of the climate as a consequence of an evolutionary feedback system, involving atmospheric C 0 and the
weathering of the rocks by the biota, has already been described by Lovelock and Whitfield (1982) and Lovelock and
Watson (1982). The model is based on that of Walker et al.
(1981), who assumed that when life started the climate was
warm enough, in spite of a cooler sun, on account of a much
higher concentration of C 0 in the air. It was thought to
make up between 10 and 30 percent of the atmosphere. As
the sun evolves and increases its flux of radiation, the
temperature is kept constant by a progressive decrease of
CO2. The process of C 0 removal is the weathering of calcium silicate rocks. The gaian variant of Walker's model assumes that the biota are actively engaged in the process of
weathering and that the rate of this process is directly related
to the biomass at any time. If conditions are too cold, the rate
of weathering declines, and as a consequence of the constant
input of CO2 by degassing from the earth's interior, the C 0
partial pressure rises.
Models of this kind about C 0 and climate could add to
the current interest in this most important environmental
concern. They are based on an active feedback-control system, and with such systems, it is possible to predict instability
and oscillation enhanced by positive feedback; these instabilities are most probable when the system nears the limits of
its capacity to regulate. It is interesting to compare this prediction with the observations of the correlation between C 0
and climate that characterized the last glaciation, particularly the sudden and apparently synchronous rise of both
C 0 and temperature at the termination of the glaciation.
The exact sequence of these events is still uncertain but few
doubt that the end was sudden and that both C 0 and
temperature rose substantially on a global scale. These rapid
changes some 12000 years ago cannot be explained by geochemical or geophysical theory alone. They suggest a sudden
change of biomass; most probably the sudden death of a
proportion of the marine phytoplankton, an event that
would reduce the rate of pumping of C 0 from the air.
The geophysiological prediction of oscillatory instability
near the limits of regulation fits with these observations. It is
well known that glaciations are in synchrony with variations
of solar illumination consequent upon the earth's orbital position and inclination, the Milankovich effect. This alone
cannot account for the rapid reversal of the glaciation. But
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FIG. 3. (top) The evolution of the temperature on an imaginary
Daisyworld populated by daisies. The color of Daisyworld changes
in response to temperature over the range 5-40°C. It is also populated by rabbits that graze upon the daisies and by foxes that hunt the
rabbits. In addition, at intervals Daisyworld is perturbed by catastrophes that cause the death of 40 percent of the daisy population. It
is assumed that Daisyworld is warmed by a star that increases its luminosity linearly with time. When the planetary temperature exceeds 5°C, the daisies grow rapidly and are dark colored in response
to the initial low temperature. The mean temperature rises by positive feedback until the operating temperature for homeostasis is
reached. Homeostasis is maintained and the four perturbations resisted. The capacity of the system to restore homeostasis after a disturbance is seen to decline as the increasing solar output carries the
system nearer to its limit. The dashed line illustrates the planetary
temperature expected in the absence of life, (bottom) The populations of daisies (A), rabbits (R) and foxes (F) during the evolution of
Daisyworld.

the Milankovich effect could be the trigger that synchronizes
an otherwise free-running geophysiological oscillator.
4. Contemporary geophysiology and the
humid tropics

Gaia theory suggests that we inhabit and are part of a quasiliving entity that has the capacity for global homeostasis.
This is the basis of geophysiology, and if this theory is correct, then we cannot model the consequences of perturbations, such as those that we are now causing by our own actions, as if the world were a passive system like the spaceship
earth.
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It has been said by politically-inclined critics that the gaia
hypothesis is a fabrication, an argument developed to allow
industry to pollute at will, since mother gaia will clean up the
mess. It is true that a system in homeostasis is forgiving about
disturbance, but only when it is healthy and well within the
bounds of its capacity to regulate. When such a system is
stressed to near the limits of its capacity to regulate, even a
small jolt may cause it to jump to a new stable state or even to
fail entirely. In these circumstances, pollution, changes in
land use, or changes in the ecology of the continental shelves
could be the recipes for disaster global in scale.
It could be that the regulation of the earth's climate is not
far from one of these limits. Thus, if some part of climate
regulation is connected with the natural level of CO2, then
clearly we are close to the limits of its regulation. Carbon diioxide cannot be reduced much below the level observed in
the last glaciation, near to 180 ppmv, without seriously limiting the rate of growth of the more abundant C3-type plants.
If we perturb the earth's radiation balance by adding more
C 0 and other greenhouse gases to the atmosphere, or reduce the earth's capacity to regulate by decreasing the area of
forests, or both of these together, then we could be surprised
by a sudden jump of both C 0 and temperature to a new and
much-warmer steady state, or by the initiation of periodic
fluctuations between that state and our present or a colder
climate. A biogeochemist or a climatologist could argue that
even if a system like gaia exists, its response to environmental
change would be extremely slow compared with current
human concerns. Reasonable though this criticism may
seem, it begs the question, for we as animals are a part of gaia
and can respond to human concerns, but also it is wrong to
assume that a system that includes processes with slow response times cannot act quickly.
The anomalously low concentration of C 0 on earth in
comparison with that of the other terrestrial planets, and especially the fact that the mean surface temperature of the
earth is on the cool side of the optimum for the biota, suggest strongly that the biota are regulating the climate by
pumping C 0 from the air. The common feature of most of
our pollution and of our exploitation of the land surface
seems to be unintentionally to thwart this natural process.
How then do questions of global regulation bear on our
special interest in the humid tropics? I think that it reinforces
in several ways the general conviction from conventional
modeling that large-scale changes of land use in the tropics
will not be limited in their effects to those regions only (Dickinson, 1986) and geophysiology reminds us that the climatic
effects of forest clearance are likely to be additive to those of
C 0 and other greenhouse gases. Even the most intricate
climate models of the present type cannot predict the consequences of these changes unless the biota are included in the
models in a way that recognizes their very active presence
and their preference for a narrow range of environmental
variables. Putting the biota in a box with inputs and outputs,
as in a biogeochemical model, does not do this. By analogy,
the most-detailed knowledge of the biochemistry of oxidative metabolism in humans says nothing about how we sustain
our personal thermostasis in the hot or cold environments we
encounter.
Most climatologists agree that forests tend to increase the
cloudiness of the atmosphere above them and that the clouds
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alter the climate of the forest regions, both in terms of
temperature and rainfall (e.g., Molion, Chapter 15 and Solati, Chapter 16). The geophysiologist would see, in addition,
that the active process of evapotranspiration by the forest
trees could be coupled to the climatology so as to maintain
the region in a state of homeostasis within that range of climate preferred by the trees.
There is as yet no answer to the question: What is the area
of land of a region of the humid tropics that can be developed
as open farm land or as silviculture without significantly perturbing both the regional and the global environment? It is a
question like: What is the proportion of skin area that can be
burned without a significant systems failure? This second
question has been answered by the direct observation of the
consequences of accidental burns; so far as I am aware it has
not been modeled. Perhaps detailed geophysiological modeling can answer the environmental question. Certainly the
simple models illustrated here were well behaved, but if
human.physiology is a guide, empirical conclusions drawn
from a close study of the local climatic consequences of regional changes of land use are more likely to yield the information we seek.
In some ways the ecosystem of, for example, a forest in the
humid tropics is like a human colony in Antarctica or on the
moon. It is only self-supporting to a limited extent, and its
continued existence depends upon the transport of nutrients
and other essentials from the world. At the same time ecosystems and colonies try to minimize their losses by conserving water, heat, and nutrients; to this extent they are self
regulating. The tropical rain forest, likewise, keeps wet by
modifying its environment so as to favor rainfall. Traditional
ecology has tended to consider ecosystems in isolation. Geophysiology reminds us that all ecosystems are interconnected. By analogy, in an animal, the liver has some capacity
for the regulation of its internal environment, and its liver
cells can be grown in the isolation of tissue culture. But
neither the animal nor its liver can live alone; they depend
upon their interconnection.
We do not know if there are vital ecosystems on the earth,
although it would be difficult to imagine life continuing
without the anoxic ecosystems of the sediments. The forests
of the humid tropics do not add significantly to the world's
oxygen budget nor to the exchange of essential elements
through the atmosphere. Their intensive biosynthesis is recycled within their boundaries. Where they may be significant on a global scale is in their effect on climate through
evapotranspiration and the effect of their presence on the regional albedo. The transfer of nutrients and the products of
weathering down tropical rivers are obviously part of their
interconnection and may have a global significance.
If evapotranspiration or the movements of materials down
tropical rivers to the oceans are vital to the present homeostasis, then the replacement of forests with agricultural or
grassland surrogates would not only deny those regions to
their surviving inhabitants but also might threaten the rest of
the system as well. We do not yet know whether the tropical
forest systems are vital to the present planetary ecology.
They might be like the temperate forests that seem to be expendable without serious harm; temperate forests have suffered extensive destruction during glaciations as well as during the recent expansion of agriculture.
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We are, so far as geophysiology is concerned, very much in
the natural-history phase of information gathering. It would
seem, therefore, that the traditional ecological approach of
examining the forest ecosystem in isolation is as important to
our understanding as is the consideration of its interdependence within the whole system.
Insight into the potential value of physiology for the understanding of global problems can come from reading the book
by Riggs (1970), Control Theory and Physiological Feedback
Mechanisms, particularly those sections concerned with
temperature regulation and with systems failure. The recent
paper by Holling (1986) relates the physiological approach to
contemporary problems.
If it turns out that gaia theory provides a fair description of
earth's operating system, then most assuredly we have been
visiting the wrong specialists for the diagnosis and cure of
our global ills. We need answers to such questions as: How
stable is the present system? What will perturb it? Can the effects of perturbation be reversed? And can the world maintain its present climate and composition without the humid
tropics in their present form? These are all questions within
the province of geophysiology.
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UCAR/NCAR: The First 25 Years,
Personal Reminiscences
1. Introduction

Thinking over the first 25 years of UCAR/NCAR history
crowds my mind with sharp personal reminiscences. Thus I
was pleased when invited to put some of these to paper for
the BULLETIN . Naturally my reflections are biased by my own
prejudices and preferences. I must also confess that writing
them down proved to be more of a challenge than I realized
when I started. Each path tempted me further, but I had to
resist. So I have left out some persons and things that mean
a lot!
The strongest impact on what's happened these 25 years,
to my mind, is the computer revolution. The gathering and
processing of information has undergone dazzling transformation. When I was a beginning graduate student at Harvard College Observatory in 1939,1 wrote my first published
paper with another student and a professor as coauthors. It
was based on an analysis of C. G. Abbot's "solar constant"
observations to test if there were any significant periodicities
present. We used an IBM Hollerith Machine in the basement
of the Harvard Business School to assist in a statistical
treatment.
The power of the machine seemed wondrous to us. We
punched up the data on IBM cards. Amazingly, they were
identical with those "Do not fold, spindle or mutilate" cards
still in use today. It sorted out our deck of several hundred
cards, sensing with electrified wire brushes the data in given
rows and columns, and then it stacked the cards neatly in one
or another of some 15 boxes according to predetermined
value boundaries. It only took a few minutes. Then we would
pick them up and list them, or do manipulations on some
other rows and columns. Gradually we worked through a periodogram analysis that, incidentally, told us there was no evidence of significant periods. To us it seemed an uncannily
fast process. We would have required far longer to do it by
hand. Yet how crude it seems today by comparison with what
even the simplest microcomputer can do!
Computer power grew between 1950 and 1980 by a factor
of 10 , according to Charles A. Zraket (1982), and will probably increase again by 10 by 2000. This has transformed not
only scientific practices, but indeed every aspect of information management. In the words of UCAR Trustee, Harlan
Cleveland (1985):
We can probably take as common ground the size and
scope of the transition we are in. The French call it
"l'informatisation de la societe," the informatization
of society. . . . Both the size and scope are impressive . . . .
. . . the actual production, extraction and growing
of things now soaks up less than a quarter of our
9
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human resources . . . By the end of the century something like two-thirds of the whole labor force will be
information workers, (p. 26)
One product of this is, as Cleveland states, "the passing of
remoteness" (p. 105). People everywhere have access to images, sounds, printed words, and the products of measurement. The digital representation of data and its electronic
transfer is producing a change as profound as that with the
printing press. Nowhere is it more evident than in our own
science of the atmosphere. The vast world oceans are surveyed hour after hour by artificial satellites. Constant-altitude balloons drift with the winds of the Southern Hemisphere, telemetering their flow. Aircraft and ships transmit
wind and weather data wherever they venture. Unmanned
weather profilers and probes announce by microwave the
products of their vigilance. The nations of the world join forces in the far-flung World Weather Watch.
These changes towards globalism and interdependence
have been striking during the period since UCAR and NCAR
were born. Computer power rose by six orders of magnitude
or more, giving substance to the dreams of John von Neumann and Lewis F. Richardson for realistic numerical simulation models of weather and climate. NCAR has kept pace
with the advance of technology and, in cooperation with the
universities, government laboratories, and the private sector,
has assured that the most powerful and sophisticated tools
are brought to bear on one of earth's most complex natural
systems, the weather.
A second, more-subtle but equally profound transition has
occurred. It involves the incentive for doing basic research.
As Gerald Holton (1985) has expressed it, the stimulus for
much of modern science comes "from perceiving an area of
basic scientific ignorance that seems to lie at the heart of a
social problem. Work motivated in this manner positions itself squarely in the area of overlap between science, technology and society, without giving up its claim to being indeed
basic research . . . it can be considered a combination of discipline-oriented and problem-oriented modes." (p. 52) This
change in orientation is emerging strongly as we face tough
social and political decisions about how to set national and
international priorities for committing resources to research.
UCAR and NCAR will need increasingly to set their goals in
terms of this "combined-mode research." But I also can see
evidence that for nearly the whole of our past UCAR/NCAR
history we have, to a degree, perceived our mandate to be to
serve in this combined mode.
2. Highlights of the first 25 years

Several highlights of the quarter-century of UCAR/NCAR
press to the forefront of my consciousness. Uppermost is the
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organizational innovation represented by UCAR. In the
mid-50s several groups called forceful attention to weaknesses in the practice of meteorology in the United States and
Canada and to the social relevance of progress in the discipline. Awareness of the urgent need for improvement was
sharpened by the experiences of World War II, the meteoric
growth of commercial aviation, the expansion of agriculture,
and the explosion of world trade. A presidential commission
headed by J. J. George of Eastern Airlines underlined the
need for improvement in the meteorological research and
practice so crucial to these activities. But the first formal call
for the creation of a national atmospheric research center
came from the National Academy of Sciences' (NAS) Committee on Meteorology established in 1956 by NAS President
Detlev Bronk and headed by Lloyd V. Berkner and Carl
Gustav Rossby.
The committee was a truly distinguished one. It included
Horace Byers, Henry Booker, Jule Charney, Hugh Dryden,
Carl Eckhart, Paul Klopsteg, Tom Malone, John von Neumann, and Edward Teller. Its view was broad and imaginative. The committee held conferences about the future of meteorology and also visited numbers of university research
centers. In 1958 it reported to the NAS, to the U.S. President's Special Advisor for Science and Technology, the director of NSF, and to other government officials. It held that
research in atmospheric science was inadequate and recommended, among other things, that basic research in universities and other organizations be enhanced at once, and that a
National Institute for Atmospheric Research be created.
This, in turn, led the universities to establish a University
Committee for Atmospheric Research chaired by Henry G.
Houghton of MIT, with planning funds from the NSF. Under
the auspices of the committee, Tom Malone spearheaded a
major science-community-wide series of conferences to draw
up tentative plans for what soon gained the name of the National Center for Atmospheric Research. My first important
contact with Houghton and Malone was as a member of one
of these conferences. I remember the excitement of visualizing the potential of a national institute from attending the
conference on the upper atmosphere under Horace Byers on
some bitterly cold days at Yerkes Observatory near Chicago.
The membership of these conferences is a widely ranging
Who's Who of the atmospheric sciences.
Without the driving enthusiasm and skilled leadership of
Houghton and Malone and the solid work of the many conferences, NCAR could not have been created. Nor would it
have happened without the wise governance of many others
from the university community. They realized that NCAR
might at the outset compete for the limited money and manpower of the profession and thus hinder advancement at the
universities. Astutely they recognized, however, that in the
long run it would so enhance the image and the capabilities of
the science that all atmospheric research would benefit and
that the national interest would also be well served. A look at
the atmospheric sciences today amply substantiates this
faith. The atmospheric sciences in the universities display the
results of significant growth in the quality of the research
done, the prestige of the discipline as a hard science, and the
talents of the students attracted to it.
It is significant, too, that business leaders strongly supported the NCAR concept. They held a prestigious kick-off
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dinner at the Waldorf-Astoria, sponsored by the New York
Board of Trade, to uphold the new initiatives in atmospheric
science. As Earl Droessler and I sat in the balcony at the gala
affair and listened to the speeches, little did either of us imagine that I would one day direct NCAR or head UCAR! To
round the picture, the Weather Bureau and the military also
strongly endorsed the new program through public statements and congressional testimony.
The term "atmospheric science" was emphasized at the
time of NCAR's creation in order to express the firm conviction that the concept of the atmosphere should be broad, extending, as Patrick McTaggart-Cowan once testified, from
the sun to the earth and the depths of its oceans and to the far
reaches of the planetary system. The philosophy appealed intensely to me, with my astronomical background.
Once NCAR was established, and UCAR began growing
beyond the 14 founding university members, the strength of
the organizational innovation became apparent. Moreover,
the leadership of the National Science Foundation, through
Director Alan Waterman, Associate Director Randal Robertson, and Atmospheric Sciences Program Director Earl
Droessler, strongly supported the concept of an NCAR, and
deftly guided UCAR through the formative years of operating a national laboratory. A succession of chairmen of
UCAR devoted long hours and great wisdom, beginning
with Henry Houghton of MIT. UCAR's greatest accomplishment, in my view, was to bring into being a powerful coalition of interests with a unified front in the support of the
science.
An early achievement of UCAR/NCAR that gives me special gratification is how the corporation and the center served
in GARP, the Global Atmospheric Research Program. By
virtue of NOAA Administrator Robert M. White's appointment, I had the honor of serving for five years on the World
Meteorological Organization's Advisory Committee during
the planning phase of GARP. In this capacity, I played a liaison role with the International Council of Scientific Unions
during the time of inauguration of the Joint Organizing
Committee for GARP. Coordination of a coherent program
of multi-organization cooperation such as GARP was exactly the kind of large-scale cooperative endeavor for which
UCAR and NCAR were created.
Thus it is rewarding that later, as GARP became operational, NCAR was instrumental in arranging university-related planning meetings and in harmonizing substantial
parts of this unprecedented multinational cooperative research on the atmosphere. NCAR also supported the planning and coordination of GARP-related efforts such as
GATE (GARP Atlantic Tropical Experiment), MONEX
(Monsoon Experiment), and FGGE (First GARP Global
Experiment). I was gratified that these activities rallied cooperation in just the way the founders of NCAR and UCAR
envisioned.
I also took pride in the way the High Altitude Observatory
(HAO) blended into NCAR research after it merged into
UCAR as one of NCAR's divisions. The HAO had its origin
in my first professional research on the solar corona and
prominences under Donald H. Menzel at Harvard Observatory in 1939. When we established the solar station at
Climax, Colorado in 1940 it was partly due to funds from the
U.S. Department of Agriculture, and one of the aims that
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provided me with constant inspiration was the hope of understanding climate changes, like that of the Dust Bowl, in terms
of solar activity. In NCAR, the HAO today fills the niche of
sun-earth research and lends strength to the concept of the
intimate relation of the atmosphere of our nearest star and
that of our planetary home. Even though we still have not
established solar activity as a cause of the Dust Bowl, the
HAO has prospered within NCAR.
I have always loved new scientific gadgetry. In my years at
Climax one of my greatest pleasures was to build scientific
equipment with my own hands. Thus I found it truly rewarding that NCAR, with driving enthusiasm from Earl Droessler,
was able to establish the national balloon facility at Palestine, Texas in its early years. This facility involved building
some truly fascinating technology, of great complexity and
difficulty, to launch scientific payloads safely and reliably
above the flight range of airplanes. Establishing the National
Scientific Balloon Facility, now a UCAR operation separated from NCAR, is clearly one of the highlights of our "facilities mission" over the first 25 years. In the early years I
was a frequent visitor to the station, and the thrill of a dawn
launch of a huge scientific balloon package is something that
I shall never forget.
Perhaps because it so contrasts with my early Hollerith Machine days, I take joy from the fact that NCAR now operates
a major computer center for the atmospheric sciences. I always like to volunteer to be a tour guide for visitors to the
two Cray I computers that we keep in action 24 hours per
day, seven days per week. And I'm now boning up on the
Cray XMP supercomputer in anticipation of its installation
later this year. It delights me that NCAR can provide stateof-the-art computing power to our own scientists and to
others throughout the atmospheric science and oceanographic community. I am constantly amazed that the facility
is linked by telephone, cable, and microwave to approximately 140 remote terminal sites where more than 1000 atmospheric scientists access its capabilities and run their programs. At the founding of NCAR, spurred by the imagination
of John von Neumann and his colleagues, we recognized that
such a computer center had to be the centerpiece of advanced
research in our discipline. I was warned by many of the difficulty of breaking into the big-computer business, so I derive
satisfaction from the way the NCAR staff succeeded and
from the growth of university-wide cooperation in the planning and use of these resources.
An important early NCAR goal was to build a general atmospheric circulation model for short-term global weather
research. One of the first scientists to join NCAR was Philip
D. Thompson, who had worked with Jule Charney in von
Neumann's early numerical-model efforts in the 1950s. Collaborating with these pioneers gave Thompson the inspiration to use NCAR's resources and the rapid advances in
computer power to further von Neumann's dream of realistically simulating, at great speed, the global weather system.
This became a major aim of NCAR's earliest researchers. It
has now culminated in a family of flexible and powerful
general-circulation models of wide applicability. These are
extensively used at NCAR and by scientists at remote terminals, and their capabilities are constantly upgraded by the
users. This is clearly one of the highlights of the first 25 years,
in my view.
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With one of the general-circulation models, for example,
Stephen Schneider and associates at NCAR promptly made
tests of the nuclear-winter hypothesis shortly after its introduction by the TTAPS (named after its authors' initials:
Turco, Toon, Ackerman, Pollack, Sagan) group. With our
more-de tailed, interactive, three-dimensional model, we simulated smoke plumes from a large-scale nuclear war and discovered a range of possible weather impacts, including freezing temperatures even in summer. The work substantiates
the global risks involved in fires from such wars, including
tongues of "quick-freeze weather," that even penetrate into
the war-free hemisphere. Our researchers found that in many
instances the expected consequences were less drastic than
those deduced from the first one-dimensional model runs by
the TTAPS group. But our results have far greater likelihood
of realistically appraising the possible outcome of a largescale nuclear war, and they indicate that they are indeed serious. I have taken great personal interest in this research,
which I consider one of the most important areas of our
work, in spite of the grimness of the findings. Moreover,
study of the nuclear winter has advanced other areas of climate research as well.
One of NCAR's scientific groups has developed the Community Climate Model (CCM), a modular climate-system
model designed for long-term climate research. It is constructed for easy addition of hypotheses or processes without
reprogramming. This allows large numbers of different
scientists to run their own experiments on the Crays without
having to go through the cost and anguish of building their
own models from the ground floor. The CCM is now used in
approximately 40 different university and other research projects. It has contributed greatly, for example, to NCAR's efforts to define the probable region-by-region consequences
of the global greenhouse warming expected to become significant over the next 50 years or so. Recently I have been teaching nonscientists, through computer-based teleconferences,
about the social, political, and economic implications of the
probable greenhouse warming, so this work has been high on
my personal agenda.
Another major facility development at NCAR that excites
me, as an ardent fan of aeronautics and a personal-plane
pilot, involves airborne research. At the Jeffco Airport, near
Boulder, we maintain and operate a fleet of four aircraft that
serves approximately 20 different programs and some 60
scientists each year. The aircraft used today include a fourengine Lockheed Electra, a North American Sabreliner jet, a
Beech King Air, and a Beech Queen Air, all heavily instrumented with atmospheric sensors when they fly.
The aircraft facility has supported important components
of the National Hail Research Experiment, the Line Islands
Experiment, and the GARP Atlantic Tropical Experiment
(GATE) by flying extended weather and cloud-physics missions in domestic and foreign airspace. We have also conducted numerous atmospheric-sampling missions in North
and South America for air-chemistry research and for surveys of volcanic dust and gaseous emissions from the eruptions of Mount Saint Augustine (Alaska), Mount Saint Helens, and El Chichon (Mexico). Hundreds of smaller-scale airborne experiments have been performed, in addition, for
NCAR programs and those being done cooperatively with
university teams. Though I have never flown a scientific misUnauthenticated | Downloaded 01/09/23 11:20 PM UTC
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sion in one of our aircraft, I follow the work with special
interest.
NCAR in collaboration with Ted Fujita of the University
of Chicago and others, has also pioneered in the development and use of Doppler radars for weather research and operational applications. This work has been responsible, in
part, for the decision of the U.S. National Weather Service to
replace its aging weather-radar network with a state-of-theart Doppler system called Next Generation Weather Radar
(NEXRAD). With a prototype of these kinds of radars
NCAR has participated in demonstrating that it is possible to
measure the internal wind structure of severe storms and to
detect the development of tornadic cyclones and tornadoes.
We have also led in exhibiting the capability, with such
radars, to detect and warn of the violent downdraft of the
"microbursts" first suggested by Fujita as the cause of windshear effects sometimes fatal to jet aircraft when they are taking off or in the final process of landing. The recent Delta
crash at Dallas/Fort Worth and the Pan Am crash three
years ago at New Orleans probably came from microbursts.
This research has great promise of leading, within a few
years, to the development of a Doppler radar system for airport terminals to avert disasters from these types of shortlived but violent weather phenomena. The Federal Aviation
Administration (FAA) is now collaborating with NCAR in
designing such a system and planning a prototype test operation for Denver's Stapleton International Airport. I have a
special interest in this work, too. For years I have, in my personal capacity as a Mitre Corporation trustee, served to review Mitre's work on developments in air safety and air traffic control in support of the FAA. Consequently, I am keenly
aware of how important are NCAR's contributions in this
domain. Clearly, in this work we are working in "an area of
basic scientific ignorance that seems to lie at the heart of a
social problem." Clearly, we are in an area of overlap of
science, technology, and society.
3. Summary

As I mentioned at the outset, there are many beguiling paths
branching out from our start 25 years ago. I have been tempted to wander down too many of them. NCAR has, for example, substantial work in progress on acid rain, trace-gas
chemistry, air-pollution processes, air-sampling standardization, and in other areas of air chemistry. At the time of
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NCAR's founding, atmosphere chemistry, aside from health
effects, was a badly underexploited science considering its
importance in such matters as the greenhouse climate effect,
acid-deposition damage, ozone-layer destruction, and the
formation of urban chemical air pollutants. It is rewarding to
me to see the progress in this field at NCAR and throughout
the world. And I could go on to speak of many other highlights in the atmospheric sciences in which NCAR and
UCAR have played at least a part!
Let me close, however, by acknowledging that perhaps the
greatest satisfaction of all that I derive from being at NCAR
is to see the many young scientists that visit us for stays of
months to a couple of years in predoctoral or postdoctoral
research projects. They come from large and from small institutions, and they come from many nations. Many earn
their degrees in their home universities while doing research
at NCAR. Some are in chemistry, some in instrumentation,
some in space physics, some work on radiation balance and
some on climate influences on food, forestry, or soil preservation. Some concentrate on the social and economic impact
of weather and climate. Nearly all collaborate with senior investigators at NCAR. For many it is a stepping stone to a career in the academic world or the world of research at a governmental or industrial laboratory. The experiences of these
young people at NCAR, with its global focus, fit them admirably for careers in that emerging new world so rich in information flow and so rapidly growing in interdependence.
The enthusiasm of these young scientists and engineers is
inspiring. Their high competence is gratifying. This makes
me realize, as I come to NCAR each day, that not only is the
image of the atmospheric sciences vastly enhanced compared
to the days of our inception, but that young talent of the
highest order is being recruited into this science of ours, so
critical to the welfare of the world. This, indeed, was the
highest goal of our founders.
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