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LETTERS
The Future of Fusion
Jan Beyea' s contribution to the fusion discussion (J anuary 1990)
seems to me to present a plank in the environmentalist platform rather
thanto give a penetrating analysis ofactual public attitudes. While en
vironmentalists do have strong allies in the media, in academia, and
in the leadership of influential lay organizations, the public has been
known to go in a different direction when it at last senses that its own
interests are not being served by the orthodoxy.
Many years ago the head of the local labor union said to me "Let's
face it. there's no industrial hazard that can't be eliminated by a dollar
an hour wage increase'''. Nowadays this observation would be
considered too crass to be openly expressed. Nevertheless, the stacks
ofunsold radon detector kits gathering dust in hardware stores suggest
the continued willingness ofmembers of the public to discount even
widely publicized hypothetical hazards. We are constantly warned of
the ~ to protect "Spaceship Earth." But the public may come to
realize that, on a perilous journey, the agonizing decisions must be
based on more objective analyses of the comparative risks of alterna
tive courses of action and more attention to technological constraints
than has been customary in the environmental movement.
With respect to fusion power, the real issue seems to me to be
whether or not fusion power plants can be as safe and economical as
the advanced fission plants that are being designed by U.S. vendors
for off-shore use. I don't know whether or not Beyea and friends
would consider these plants to be "melt-dawn-free." But, having the
ability t? perf~ my own risk assessments, I would rather my
grandchildren live near an advanced LWR than in one of the sealed up
homes prescribed by proponents of energy conservation.
It will admittedly be more difficult for fusion power plants to
compete with advanced LWR 's than with a duplicate interstate high
w~y system covered with expensive PV devices, installed and main
tamed by an army ofworkers whose enthusiasm for solar energy is not
guaranteed to lead to unprecedented restraint at the bargaining table.
If fusion scientists and engineers are willing to accept the greater
chall~e, they deserve our continuing support. On the other hand, I
questton the wisdom of devoting major societal resources to the
~uit of standards of safety that are far more rigOroUll than those
ulllized by members of the public in malting their own "real life"
decisions.
Henry Hurwitz, Jr.
827 JQJNlica Road
Schenectady, NY 12309
The January issue carried four articles that dealt with the "Future
of Fusion." These articles, and others on this subject that I have seen
elsewhere, make no mention of what I feel is the reality that will
prevent nuclear fusion from having a major impact on our national
energy scene for several decades. By "fusion" I mean fusion that
might be achieved by the traditional mechanisms that are being
explored in mega-machines that heat plasmas or that implode pellets.
The "reality" to which I refer is the complexity of commercial power
systems that might evolve from those experiments.
Most of the proposals that I have seen for commercial fusion
power would use the fusion process as a source of heat which would
convert water into steam which would drive turbines which would
then drive electric generators. The primary commercial product ofthe
PHYSICS AND SOCIETY, Vol. 19, No.2, April 1990

fusion systems would be power for the nation's electrical grid.
We have had over one hundred years of experience with the
production of electricity from steam plants that burn fossil fuels. The
dependability and reliability of these steam plants is one of the
marvels of the age in which we live. In my memory I can't recall one
of ~ese ~lants exploding. Th~ir concept is simple, their design and
eng~eenng are su,perb. and theIT output has reshaped our society. Our
SOClety now reqUITes absolute dependability of our electricity as to
voltage, frequency, and capacity and outages ofelectrical power have
a severe economic impact on all who are affected. Fortunately
outages are rare. This is the game in which any new source ofelectric
power must compete. Increasing complexity of a system is a major
adverse factor in the ability ofthe system to compete. Nuclear fission
power plants are one or two orders of magnitude more complicated
than the fossil fuel plants with which they must compete. It is a credit
to all involved that nuclear fission electric plants have dane remarka
bly well in spite of their inherent complexity. But there have been
disasters, and the political problems surrounding the disposal of the
waste from these plants remains unsolved. It may well be thattoday's
nuclear fISsion power plants are about as complex as can be managed
by humans where the requirements of reliability are so stringent, and
where the societal costs ofeven occasional catastrophic failure are so
high.
It seems reasonable to predict that nuclear fusion power piants will
be one or two orders of magnitude more complex even than nuclear
fission plants. A;- a consequence, the probability seems low that they
could supply reliable 60 Hz power 24 hours a day for years at a time.
I don't recommend that we stop our research on nuclear fusion.
However, the combination of the inflexibility of our high perform
ance n:quirements for electric power systems and the almost certain
complexity ofpossible nuclear fusion power plants, leads me to make
an observation and a prediction.
Observation: It would be unwise for energy planners to count on
any schedule of proposed or predicted availability of commercial
quantities of electric power that is generated by nuclear fusion.
Prediction: Children born today will not live to see ten percent of
our national energy consumption being supplied by terrestrial nuclear
fusion power plants.
A~rt A. Bartlen
Department ofPhysics
University of Colorado
Boulder, CO 80309-0390

Global Warming Causes: Population or
Lifestyle?
Recently two quite different prestigious sources have commented
on the causes ofglobal warming, but with quite different root causes:
1. The University ofCalifornia held a workshop on global climate
change during the summer of 1989. The workshop combined the
strengths of the nine UC campuses and the three DOE labs under UC
management (Lawrence-Berkeley, Lawrence-Livermore, Los
Alamos). They concluded that "PopUlation growth is the single most
important force driving global environmental changes" (from Global
Climate Change Newslener I, #4, p. 9, Nov 1989).
2. The Pope also has spoken outon the global ecological crisis. but
on the other hand the Pope stated that "The seriousness of the
2

ecological crisis lays bare the depth of man's moral crisis." He
appealed to modem society to take a "serious look at its life style" in
a world given to "instant gratification and consumerism." He called
for "simplicity, moderation. discipline as well as a spirit ofsacrifice"
as ingredients of a healthier global society (Los Angeles Times. 6 Dec
1989, p. A6).
The juxtaposition of these two studies is most interesting. Is the
cause of the global greenhouse population growth or lifestyle? Why
does one study name population growth (and not lifestyle) and the
other study name lifestyle (and not population)? Is one correct and the
other wrong. are they both correct, are they both wrong, or are they
both partly correct and partly wrong?
As an old adage has it, "we stand where we sit." The University
and DOE scientists feel that conservation by denial is impossible
politically, so they refrain from attacking the superfluous use of
energy. They conclude that we should (1) use energy more efficiently.
and (2) use fuels that produce less Cal' On the other hand, the Pope
attacks the superfluous use of carbon fuels. but does not wish to
support birth control. Thus he too is silent on one part of the problem.
population growth.
In fact, annual global carbon dioxide production (C) can be written
d(C02 )/dt =C = PE/h + N.
where P is the global population of about 5 billion people. and E is
annual average per capita consumption of energy. The product of P
and E is presently about 100 million barrels of oil/day. or 200 quads
(1 quad = IOU Btu) of energy/year. The symbol h represents the
average amount of usable energy produced per unit energy. The value
of h for a particular process varies between almost zero (house fire)
to almost infinity (flssion. photovoltaics. fusion). Improved end-use
efficiency can help a great deal; for example, new refrigerators are
now using one third as much energy as before the oil embargo.
increasing h by a factor of three. At present, E divided by the average

valueofhis about 5 giga-tonnesperyearofcarbon. Thelastterm.N.
is the net production of CO2 by natural causes.
The logarithmic derivative of this equation gives us the fractional
rate of increase of C:
(dC/dt)lC = (dP/dt)/P + (dE/dt)IE - (dhldt)/h
For simplicity. we have ignored man's impacts on the natural produc
tion of carbon. by assuming that dN/dt = O. Actually man's impacts
should not be ignored since the cutting and buming of trees can be
large, and increased global warming can release methane, a very
effective greenhouse gas. from the tundra. The fractional increase in
population. (dP/dt)/p, is the large term at about 1.8% per year.
However, the large use ofenergy by the industrialized states is clearly
part of the problem since the world is aspiring to attain our life style.
Thus. it looks like both reports are partially correct. UC/OOE
favors the flrst term. the fractional growth of population (dP/dt)/P. as
the most important term in the equation. On the other hand, the Pope
considers the second term, the excess consumption offossil fuels (dEl
dt)lE. as the most important term. On the other hand. the energy
conservers, the nuclear power advocates. and the photovoltaicfans all
agree that the diminished use of fossil fuel through either end-use
efficiency or alternate, nonfossil power sources is the mostimportant.
I congratulate the two groups for pointing out the two leading
terms as the main cause of global warming. I agree that a global
population increase of 1.8% per year is large. but I also recall that our
life-style got us into trouble in the fIrSt place. We are all part of the
problem as well as part of the potential solution: I confess to
contributing to (dP/dt)/p by having three children. and to (dEldt)/Eby
visiting our son in Paris this coming summer at his new job.

David Hafemeister
Physics Department
California Polytechnic State University
San Luis Obipso. CA 93407

ARTICLES
The Case for Civil Defense in Nuclear War Education
Robert Ehrlich and Jane Orient
[A copy of the original lengthier version of this article, including 48
footnotes, can be obtained from the first author.]
A majority ofeducators teaching courses onnuclear war and peace
profess to believe in the importance of presenting both sides of
controversial issues. Yet the pro side of the civil defense issue is
seldom presented without the ridicule often used by its detractors. In
fact, many nuclear war courses do not include any significant amount
of material about civil defense. This may be because most educators
feel very strongly that nuclear war is unsurvivable. or perhaps that
thoughts of nuclear war survivability are an obstacle to peace. This
article argues that civil defense advocates should be allowed to make
their own case. so that students can decide for themselves whether or
not the idea deserves to be ridiculed.
This essay defends the proposition that civil defense measures
(shelters, food and medicine stockpiles, evacuation plans, and most
importantly, education about protective measures) could save many
millions of lives in the event of a nuclear war. We stress the word
"could" because skeptics can always come up with some condition
under which any given protective measure will fail to work.
For example, consider the idea of evacuating "high risk" areas
prior to an attack - a particularly controversial civil defense measure.
Evacuation of "high risk" areas would be futile in the event of an
attack without warning, even though most observers believe thatsuch
a "bolt-out-of-the-blue" attack would be highly unlikely. Likewise,
skeptics can point to the extreme difficulty in evacuating particular
PHYSICS AND SOCIETY. Vol. 19. No.2. April 1990

cities such as New York even given several days notice, butNew York
is far from typical in terms ofits ease ofevacuation. Skeptics also note
that an attacker can simply retarget fleeing populations. but this would
only be an effective tactic if the attack occurred relatively soon after
the start of the evacuation. and before the population dispersed.
Finally, skeptics note that even ifevacuation "succeeded," no place in
the nation is safe given the lethal levels of fallout radiation. "nuclear
winter," or other such global threats to life. A detailed rebuttal win be
given later. For now we reemphasize that the issue of how well city
evacuations would work is undecidable, short of an actual nuclear
war. Circumstances under which itcOIlld save many lives include (a)
most likely nuclear war initiation scenarios, (b) most cities. (c) most
strategies of an attacker. and (d) most realistic estimates of serious
ness of the long-term threats to life (fallout and "nuclear winter'').
Formost Americans, civil defense is an issue ohery low saliency.
If reminded in a poll that the Soviet Union spends far more on civil
defense than the U.S .• most Americans favor increasing U.S. expen
ditures. However. it is not an issue about which most citizens are
particularly concerned, especially now that the perceived risk of
nuclear war seems to have diminished greatly. Those few civil
defense enthusiasts that do exist are regularly derided as kooks or Dr.

Robert Ehrlich is with the Physics Department at George Mason
University. Fairfax. Virginia 22030-4444. Jane Orient is an M.D.
in Tucson. AriwM.
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Strangelove types who actually would relish the prospects ofanuelear
war. Some psychiatrists believe that "deniaI." the unconscious
suppression of unpleasant facts, is a motivation for believing that
nuclear war could be survivable. We believe. however, that the
reverse is more likely the case. and that the term "denial" better fits the
belief in nuclear war Imsurvivability. For many Americans the
thought of experiencing the kind of unpleasant hand-to-mouth exis
tence prevalent in 90 percent of the Third World today, a realistic
prospect for survivors, is simply unimaginable. It is more comfoning
to imagine one's instantaneous annihilation in a nuclear war. In
reality, of course, far more people would suffer slow, painful deaths,
especially those who died from radiation sickness -deaths that could
be prevented by talcing precautions, some of a relatively simple
nature.
For example, fallout radiation (present on dust particles) can
simply be washed off food without the food being contaminated
afterwards, and contaminated water can easily be decontaminated by
simply filtering it through an earthen filter. Another simple protective
measure unknown to many civil defense skeptics who think in terms
ofspecial purpose fallout shelters is the simple expedient ofsurvivors
staying in their own home basements for a week or two following a
nuclearwar. This measure wouldn't workfor evetyone: those without
home basements, those not at home when the attack occurs, those
whose homes bum down, etc. But for those living in perhaps 75
percent of the nation's land area, a ten to twenty-fold reduction in the
radiation level (as a below ground basement provides) is enough to
make survival possible. Of course some areas of the country would
become "radioactive wastelands" in the sense that a vety long time
would be required before radiation levels decayed to safe levels. In
those vety "hot" areas, survivors would need shelters with a protec
tion factor much higher than 10 or 20, and shelter stays longer than a
week or two would be required. But such areas occupy a relatively
small percentage of the nation's land area.
Civil defense critics often portray the situation otherwise by
speaking of the vast land area that can be "contaminated" by a single
nuclear explosion. In making this claim, they are either using the word
"contaminated" to refer to any amount of radioactivity, however
small (in which case everyone on earth is contaminated right now), or
else they arereferrmg to the present day peacetime radiation standards
used by the government for limits on radiation exposure. These limits
are 5 rems in one year for occupational exposure or 0.5 rerns in one
year for the general public. Such peacetime exposure limits are
extremely stringent in terms of the health risks (primarily excess
cancer deaths) faced by people exposed. The health risks faced by
people receiving a given dose of radiation are reasonably well-known
(at least for high doses), based on studies of the survivors of the
Hiroshima and Nagasaki bombings. For example, the rate of increase
in cancer deaths (most 20 or more years later) was found to be about
8 percent for evety 100 rads a survivor received.
In discussing the dangers of fallout from nuclear weapons, people
often mention the islands in the pacific that remain "uninhabitable" as
a result of U.S. nuclear testing, despite a radiologic clean-up opera
tion. In fact, the radiation on the Marshall Islands is somewhat higher
than it was before the testing. But it is still notvery high. The Northern
Marshall Islands Radiological Survey conducted in 1978 showed that
on most of the islands the annual dose due to fallout was about 0.006
rerns from all exposure pathways, including food, or about 4 percent
of the average annual external background dose in the U.S. On Bikini
Island, one of the most heavily contaminated areas, the maximum
annual dose to those eating locally grown food was less than 2 rerns.
One other gready-feared effect of radiation on humans and ani
mals is genetic mutations. Studies on the survivors of the Hiroshima
and Nagasaki bombings have. however, shown no evidence for an
increase in the 10 percent spontaneous rate of genetic defects among
survivors' offspring. This does not mean that no increase occurred,
only that it was too small to be seen given the size of the group studied.
Extrapolations from studies with mice indicate that a small increase
would probably be expected, but certainly nothing like the popular
misconception. shared by many nuclear war educators, of radiation
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producing anew breed of"monsters" among nuclear war survivors-
a favorite theme of science fiction and editorial cartoons.
Radiation is only one of numerous threats to human survival in
nuclear war. Other immediate or early sources of casualties would
include blast, thermal radiation, and fll'es. Later, people might perish
from starvation, disease, climate change ("nuclear winter"), or other
factors. Yet none of these factors, singly or in combination, has been
shown to pose such an overwhelming threat that all protective
measures would necessarily be useless.
Consider, for example, the "duck-and-cover" drills of schoolchil
dren in the 1950'5, which are still taught to all Soviet citizens today.
Although widely ridiculed, such simple action could save many
people outside the lethal blast area who might otherwise be severely
injured from flying glass or from the intense thermal radiation which
could cause severe bums or temporary blindness.
Obviously, inside the lethal blast zone. measures to protect lives
would need to be much more elaborate (blast shelters), but it should
be noted that the cumulative U.S. area subject to such lethal blast
damage (over 5 psi) is probably less than 5 percent (and for the
U.S.S.R. it is probably less than 1 percent). These figures will
probably surprise most people who may have heard the widely
repeated assertion that we and the Soviets have enough nuclear
weapons to kill each other 10 or more times over. Other variations on
this theme are that the world's arsenals equal one million Hiroshimas,
or three tons of TNT per person on Earth, or our favorite: a hand
grenade for every square foot of the Earth's surface.
If these latter "statistics" are true how is it possible that less than
5 percent of the U.S. (or 1 percent of the Soviet) land area would
probably be subject to lethal blast damage in an all-out nuclear war?
The early calculations of deaths per megaton were based on a "cookie
cutter" model. Each nuclear detonation is assumed to result in lethal
blast damage inside a circle of SpecifIC radius. One then imagines
nonoverlapping circles to be placed over the areas of greatest popu
lation density. In this way, it was estimated that perhaps 400 one
megaton weapons could kill about 25% of the population. This 25%
fatality level was considered by strategists in the 1960's to represent
the "assured
a level of damage that no nation would tolerate
destruction" level. "Assured destruction" does not mean that every
one would be killed with 400 megatons. Moreover, the present U.S.
megawnnage of ten times this amount would not kill evetyOne either.
even in the simplified "cookie cutter" model. The reason is that a point
of diminishing returns is reached fairly quickly after the major
population areas are targeted, and each additional megaton used
would kill fewer and fewer people; the major urban areas of the nation
occupy no more than 2 percent ofthe U.S . land area, and no more than
0.2 percent of the Soviet land area.
In fact. on a worldwide basis all the weapons in all the world's
arsenals would subject less than 1 percent of Earth's land area to lethal
blast pressures. Thus. the "overkill" statistic about being able to kill
each other ten times over is at best a metaphorical use ofnumbers that
has no relation to actual casualties. and at worst a deliberate attempt
to mislead people into believing nuclear war survival is impossible.
That statistic (as well as all the others: 3 tons ofTNT per person, one
million Hiroshimas, etc.) have as little bearing on the actual estimate
ofcasualties as the observation that the explosive power in the world' s
nuclear arsenals is comparable to that released in one vety large
volcanic explosion
The fact that only a relatively small percentage of the nation's land
area would be subject to lethal blast damage makes evacuations of
cities prior to nuclear attack a conceivable strategy. This, of course,
is not nearly as effective a strategy as having in-place blast shelters
that can be occupied on shon notice. but for a nation that doesn't wish
to pay the expense (estimated at 60 billion dollars or $250 per blast
shelter occupant) it is the next best possibility. Obviously, an
evacuation of cities would pose extraordinary problems for people
residing in the "host" areas. And even outside the "high risk" areas,
there still would be many other hazards, especially fallout.
Often, the ability of people to survive the shon-term effects of
nuclear weapons is portrayed as "meaningless" in view of the long
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term environmental effects. One example of such predicted effects is
the depletion of the ozone layer which supposedly has been linked to
various human activities. The primary human hazard of a depleted
ozone layer would be an increase in skin cancers due to ultraviolet
radiation. Calculations by the National Academy of Sciences esti
mate the rate of increase following a nuclear war to be about 10
percent for Northern Hemisphere survivors - roughly one tenth the
increase in danger faced by someone who today chose to move from
Minnesota to sunny Texas!
The long-term consequence of nuclear war that has received the
widest publicity as being possibly serious enough to bring about
mankind's demise has been "nuclear winter," originally proposed in
1983. More recent studies by Thompson and Schneider, however,
using more sophisticated models than the 1983 study, show that the
duration and magnitude of the maximum expected temperature de
clines (about 200 degree-days of cooling rather than 22.000). might
justify the term "nuclear autumn" better than nuclear winter. More
over, the magnitude of the climatic effect is highly dependent on
factors under the control ofthe initiator ofthe nuclear war (the choice
of weapons, their altitude of detonation. the targets, and the time of
year). Any attacker seriously concerned that nuclear winter is a
remote possibility need only choose his weapons and tactics accord
ingly to avoid "nuclear winter's retaliation." For example, calcula
tions ofthe maximum temperature depression averaged over northern
hemisphere mid-latitudes yield 15 "C for a war in the summer but only
a few degrees for a wintertime war. The idea of a "threshold" for
nuclear winter if one percent ofthe world' 5 arsenal is used, or that any
attacker would suffer as badly as his victim because of nuclear winter,
are additional myths created by those who see in these positions
further justifications for their long-held views on nuclear disarma
ment.
Given the present (and probable future) uncertainties in nuclear
winter calculations it would be foolhardy to claim that worldwide
climatic changes following a nuclear attack would certainly be
negligible, only that they almost certainly would not be catastrophic.
As S. L. Thompson and S. H. Schneider note: "On scientific grounds
the global apocalyptic conclusions of the initial nuclear winter hy
pothesis can now be relegated to a vanishingly low level of probabil
ity" ("Nuclear Winter Reappraised," Foreign Affairs, Volume 64,
1986, pp. 981-1005). Of course, even with climatic changes of less
than catastrophic dimensions, large numbers of people might suffer
starvation from the disruption of domestic agriculture and food
imports from other countries. But then the civil defense measure of
prior food storage could partly ameliorate such suffering in the event
of a nuclear war (or other natural and man-made hazards prevalent in
many parts of the world.)

Disinterest in civil defense is not a global phenomenon. The
Soviet Union, for example, spends over 20 times as much as the U.S.
does on civil defense every year. Despite assertions about the
unsurvivability of nuclear war made by Mikhail Oorbachev in his
1987 book, there is no sign of slackening in Soviet civil defense
efforts. Soviet civil defense is often dismissed as a sham by many
Americans and by selected Soviet officials by pointing to specific
problem areas, using ridicule, or by citing the response to the Cher
nobyl accident and the Armenian earthquake. In fact, while consid
erable problems were encountered in the Chernobyl and Armenian
earthquake disasters, Soviet civil defense also had some notable
successes. Moreover, those who regard Soviet civil defense as a sham
rarely cite specific details about the program, including the existence
of more than 20,000 blast shelters to protect up to 175,000 party
leaders, the blast doors in every subway system in the land (present in
cities ofone million or more population), the more than 100,000 full
time and 20 million part-time civil defense personnel, and the civil
defense classes that are required of all Soviet citizens. Although the
Soviet civil defense system would probably fall short in many
respects if actually put to the test, CIA estimates of its effectiveness
suggest that Soviet casualties in an all-out nuclear war that occurred
following a week of heightened tension during which preparations
could be made would probably be "in the low tens of millions,"
namely about 10 percent of the population.
At the same time that many deride civil defense as being incapable
ofcoping with an all-outattack by the Soviet Union, there is a growing
perception that better U.S.-Soviet relations make such an attack less
likely. perhaps even the least likely, ofpotential nuclear threats. If that
is the case, civil defense deserves reconsideration even by Doomsday
theorists. The proliferation of nuclear weapons (and worse, long
range delivery systems) to 1bird World nations, or even to terrorist
groups. poses a growing though clearly nonapocalyptic threat. Civil
defense could also make a considerable difference in coping with the
aftermath of the accidental launch of a few weapons.
This article cannot answer every one ofthe literally endless stream
of arguments advanced to "prove" that nuclear war would be unsur
vivable: firestorms, mass epidemics, societal collapse. insects inher
iting the earth, just to name a few. Rather. it has addressed some of
the commonly stated arguments in order to illustrate a general
approach, to highlight some of the factual material that should be
considered in reaching a conclusion, and to suggest specific sources
of additional information.
If civil defense advocates are correct, then decisions about this
issue could affect the lives ofmany millions ofpeople in the event that
nuclear weapons are ever used. Thus, a serious consideration of this
viewpoint is worthy of inclusion in all courses related to nuclear war
and peace.

Trees Can Sequester Carbon, Or Die And Amplify Global Warming:
Possible Positive Feedback Between Rising Temperature, Stressed Forests, and COl
Arthur H. Rosenfeld and Daniel B. Botkin
Global facts: good news and bad
Forest biomass plays an important role in the global carbon cycle.
Forests store billions of tonnes of carbon in plants and soil. This is
why there is curredtly so much discussion about planting trees to
sequester a significant fraction ofthe carbon added to the atmosphere
by human activity. The idea offorestation to offset carbon emissions
was first proposed by Dyson and Marland (1. 2). To assess the
viability ofmassive tree planting. we need to understand how planting
trees and deforestation relate to the current global carbon release.
We will make a rough estimate of how much carbon could be
sequestered by planting trees, and how much carbon could be released
by deforestation or global warming. For the purpose ofthe discussion
we make the following assumptions concerning the order of magniPHYSICS AND SOCIETY, Vol. 19. No.2. April 1990

tude ofvarious quantities and rates. some ofwhich, unfortunately. are
poorly known:
1. World combustion of fossil fuel produces about 5 Ot of carbon
(as CO2) each year:

A. Rosenfeld is Professor ofPhysics, University ofCalifOl"nia. D1Id
Director. CenJer for Building Science. Lawrence Berla!ley lAbora
tory. Berla!ley. CA 94720. D. Botkin is Professor of Biology D1Id
EnvironmenJalScience. University ofCalifornia. SantaBarbara, CA
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Systems Division of the u.s. DepartmenJ ofEnergy, under Contract
No.DE-AC03-76SFOO098. Theall.thorsthtmkRobertJ.Mowrisfor
help with research. editing and graphics.
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Fossil Fuel Rate =5 Ot/year.

(1)
300

Figure 1 gives the Mauna Loa (Hawaii) data on the buildup of
atmospheric CO2 , We will use it to give a simplified carbon account
ing. We also need to know that the atmosphere contains about 700 Ot
ofcarbon (as CO2), This gives us the right-hand scale ofFigure 1. We
see that the average concentration ofcarbon in the atmosphere is now
rising about 15 Otevery 5 years or3 Ot/yr. This is 60% of the fossil
fuel rate in Eq. 1. The remaining 40% is apparently removed by the
oceans (Bert Bolin, University of Stockholm).
2. We know that for the last 160,000 years there has been an
astounding correlation between temperature and atmospheric CO2
and methane concentration (Figure 2).
3. Living biomass, mainly trees, contains about 500 billion tonnes
(Ot) of carbon, comparable with the 700 Ot of carbon as CO2 in the
atmosphere. In the soil there are an estimated 2000-4000 Ot ofcarbon.
4. The carbon turnover rate from the 500 Ot of living biomass is
on the order of 1%/year, i.e. each year about 5 Ot of carbon are
sequestered by photosynthesis, and another 5 Ot are returned to the
atmosphere by respiration of living biomass and by decaying bio
mass.
5. If we deforest 1% of the world's 4 billion hectares (Oha), we
will promptly (within a few years) add 5 Ot of carbon to the atmos
phere.
6. Ifwe add an additional 1% to our forests, which will eventually
sequester 5 Ot (but only over 100 years), we will have netsequestering
for 100 years, but only at 1% of 5 Ot/year. In other words, in terms
ofdelaying the greenhouse threat for 20 years while we develop non
fossil sources ofenergy, we have the problem that dead trees decay in
a short time span compared to 20 years, but young trees grow in a long
time span compared to 20 years. Thus, for a 20 year time-horizon, we
must plan 5 ha to offset the carbon released by deforesting 1 ha. Thus,
it is better to save 1 ha offorest than to plant 1 ha. This is an important
consideration in dealing with nations which need incentives to slow
their deforestation.
7. Returning to point 5, that 1% dead and decayed forest biomass
represents 5 gt of carbon, we now cite a serious danger. If global
warming takes place too fast for forests to adapt to changes in
temperature and humidity, it is conceivable that an additional 1% of
the forests could die per year. This would be very damaging positive
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feedback.
How fast will forests have to migrate if fossil fuel combustion
continues to rise by 1.5%/year? At this rate the carbon dioxide
concentration in the atmosphere will double in about 50-70 years.
Climatologists are in general agreement that a doubling of CO2 and an
equivalent increase in other trace gases will warm the earth's average
surface temperature by 3-5 ·C. About a dozen research groups around
the world have developed computer models to help predict how global
climate will be affected by increasing greenhouse gas emissions, and
Figure 3 shows the results of one of these models (3).
If greenhouse gases double by 2050, Figure 3 shows an average
warming of3.5 ·C_ In the summer, for temperature latitudes, average
temperatures change by about 1 "C for every 200 km north-south
latitude change. If Figure 3 is correct and average temperatures rise
3.5 "C, then this would be equivalent to moving summer temperate
zones 600-700 Ian north over 60 years. If the temperature increase is
linear, the move would have to be about 10 kmlyear. Unfortunately,
Figure 3 is more nearly quadratic-the slope starts at zero, and then
increases linearly (e.g. T =tl, <IT/dt =2t)-so that by 2050 the rate of
change might be closer to 20 km/year. If the predicted global
temperature increase is correct, then forests will have to migrate at a
rateof200 kmperdecade, by 2050. This could result inmassiveforest
destruction. (During the last period of glacial retreat, forests had to
migrate at a rate of only about 0.2 km/decade.) So a "business as
usual" approach over the next 60 years is a severe threat to unmanaged
forests orwilderness areas. We will discuss this quantitatively below.
Massive human intervention to "help" the forests migrate north might
be possible. Unfortunately, without being able to predict how rainfall
patterns will change with temperature, it is doubtful that such a huge
and unprecedented project would ever even get started.
8. An additional danger is that as the atmosphere heats up, biomass
will decay at an accelerated rate, releasing additional carbon into the
atmosphere. Aerobic decay yields carbon dioxide, and anaerobic
decay yields methane, an even more serious greenhouse gas. An area
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We return to point 6. Remember that 4 Gha of forest contain 500
Gt of carbon, so each hectare contains 125 tons of carbon. Suppose
that we kill or clear one hectare. Then the trees will bum or decay
within dew years. This is a short time compared to the time necessary
for the world to switch to renewable sources of energy, and hence to
the time scale of the CO2 threat. For bookkeeping purposes, let'scalI
this decay time one year. Then we see the bad news:
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of concern is the arctic and antarctic boreal forests and tundra where
soils are believed to contain 2-5 times more carbon per unit than soils
closer to the equator (4). Arctic and antarctic soils have hig~er
concentrations of carbon because of the greater rate of vegetative
growth that occurs during the warm, long days of summer relative to
the slower rate of decay that occurs during the cold, short d~ys of fall
and winter. Increasing temperatures from global warmmg could
increase the decay rate in the soil and release billions of tonnes of
carbon into the atmosphere that arenow stored in the soils ofarctic and
antarctic boreal forests and tundra.

Photosynthesis: the good news
Next we note the oscillations in Figure I, and remember that
Hawaii is in the Northem Hemisphere, along with mostofthe land and
vegetation. For simplicity, in the rest of this note we will w:s~~e that
all the biomass in vegetation is in forests, and that all of It 15 m the
Northern Hemisphere. The dips of the armual oscillation correspond
to summer. when warmth and sunlight cause growth, increasing the
fate of photosynthesis, and pulling CO2 from the atmosph~re faster
than respiration and decomposition put it back. Then, each wmter. the
balance switches to excess decomposition and CO2 release. We note
that the summer pulldown is about 12 Gt. Only a part of this is yearly
net incremental growth in the long-term storage of biomass of typical
trees, the rest is leaves and twigs which falloff or are eaten. and small
roots which slough off. To a first approximation we assume that.
Growth of trees, northern hemisphere =5 Gtlyear

(2)

This doesn't mean that the forests are sequestering an extra 5 Gt/
year of carbon, but that carbon stored in new organic matter in forests
is approximately 5 Gtlyear. This increase offsets carbon release from
decay. We would only get a net sequestering ofcarbon if we plantnew
trees or allow now unforested areas to become forested. Ecologists
believe that the mass of carbon in vegetation is comparable with, but
less than the 700 Gt of carbon in the atmosphere. Our estimate is 500
Gt, and for simplicity. we assume that all of it is forests, so that
Forest biomass

(4)

...,.,.,..c

500 Gt

(3)

By comparing Eq. (1) and Eq. (2) we see that if we wanted to plant
enough forest to offset 100% ofcurrent armual fossil fuel combustion,
we would have to double the forested area of the world, i.e. add 5 times
the U.S. land area.
PHYSICS AND SOCIETY, Vol. 19. No.2, April 1990

(5)

In summer. it takes 100 years of growth to offset the damage of
clearing the same area of forest.
Worse than that, suppose we let the temperature rise too fast, so
that forests carmot migrate fast enough to keep up with the changing
climate (or carmot adapt). Then maybe 1% of the forest would start
dying each year. But 1%/year of 500 Gt of bio~ass corre~nds to 5
Gt/year, which in turn corresponds to our fossil fuel rate m Eq. 1. If
this were to happen we would double the rate of CO2 release, and
introduce a damaging and potentially irreversible positive feedback.
We are playing with fire.
.
. .
Fortunately. current estimates of human-mduced deforest~lon 15
only 0.2%/year. which corresponds to 20% of the current fOSSIl fuel
rate.

Tree planting or tree farming to sequester carbon
We can now see that it's impractical to plant trees fast enough to
offset deforestation-we'd have to plant 800 Mba (1/5 of the world's
forests) one time to offset killing 8 M ha/year. So let's assume that the
developed world can induce the developing world to slow deforesta
tion. Then we have a chance. and tree planting can become a useful
tool.
In the industrialized countries. before the first oil crisis, energy use
grew at the same rate as the Gross World Product, about 3.5%/year.
After the first oil crisis, from 1973 to 1986, the industrialized coun
tries held their energy use constant while their economies grew 2.5%/
year. Fora 13-yearperiod the industrialized world proved that it could
keep energy use constant and maintain economic grow~. Wi;h ~e
proper political leadership, we could reduce energy mtenslty m
industrial countries by 50%, using existing technology, and still
maintain the same quality of life-Leo comfortable, well-lighted
buildings, comfortable and safe automobiles, etc. If we reduce energy
intensity by 50% over the next 20 years this is equi~alent to a 2.5:01
year improvement in energy efficiency. If economIC growth contm
ues at 3.5%/year however, a 2.5%/year improvement in efficiency
translates into a 1%/year increase in energy use. Suppose this
increase came from fossil fuel. This means just to keep world carbon
emissions constant, we would have to plant enough trees to offset 1%
of the 5 Gt/year fossil fuel rate.
According to Eq. 2, growing trees sequester 5 Gtlyear, so we only
have to add 1% armually to world forests. This would require planting
40 Mha/year of forests. This doesn't solve the problem, but it gives
us an estimate of a reasonable use of trees to help keep carbon
emissions constant to reduce the impact of global warming.
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