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Source: The Feynman Lectures on Physics
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Water Waves

Source:  AAPT and Ztek “Physics: Cinema Classics”
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Feedbacks will amplify this temperature increase to	

2 - 3 degrees C.  
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Prof. J. D. Whitney (Harvard and chief of the 
California Geological Survey):  Muir is an 
“ignoramus” and a “mere sheepherder.”
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Climate is the statistics of weather: “Climate is 
what we expect; weather is what we get.”  Can 
we use tools borrowed from quantum physics? 







Fire in the Earth System
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Fire is a worldwide phenomenon that appears in the geological record soon after the appearance of
terrestrial plants. Fire influences global ecosystem patterns and processes, including vegetation
distribution and structure, the carbon cycle, and climate. Although humans and fire have always
coexisted, our capacity to manage fire remains imperfect and may become more difficult in the
future as climate change alters fire regimes. This risk is difficult to assess, however, because fires
are still poorly represented in global models. Here, we discuss some of the most important issues
involved in developing a better understanding of the role of fire in the Earth system.

Over the past decade, a surge in the in-
cidence of large, uncontrolled fires has
occurred on all vegetated continents, ir-

respective of national fire-fighting capacity or
management tactics (1–5). These episodic fires
have high economic costs. The fires in South-
east Asia’s tropical forests related to the 1997–
1998 El Niño–Southern Oscillation (ENSO)
event, for example, resulted in economic costs

near $U.S. 8.8 to 9.3 billion, of which a con-
servative estimate of $U.S. 1 billion was from
adverse health effects of smoke haze (6). During
the same period, more than 20 million ha burned
in Latin America, causing an estimated $U.S. 10
to 15 billion in damages (4). The ubiquity of
such large fires calls into question our capacity
for fire control and highlights our limited under-
standing of fire’s causes, effects, and feedbacks.

There is growing awareness of the deleterious
effects of such uncontrolled fires on biodiversity,
human health, and the economy (2). However,
there remains a serious lack of knowledge about
fire’s fundamental role in Earth system pro-
cesses, as well as an insufficient appreciation of
fire’s interaction with anthropogenic global en-
vironmental change. For example, though the In-
tergovernmental Panel on Climate Change (IPCC)
report concluded that global climate change will
increase the risk of extreme fire events (7), its
assessment did not quantify potential fire-climate
feedbacks. In order to achieve a better understand-
ing of fire, it must be understood as an integral
Earth system process that links and influences
regional and global biogeochemical cycles, hu-
man activity, and vegetation patterns. Failure to
develop a coordinated and holistic fire science
will slow efforts to adapt to changing fire regimes
and manage fire.

Fire in Earth History
Fossil charcoal indicates that wildfires began
soon after the appearance of terrestrial plants
in the Silurian [420 million years ago (Ma)]
(8). Combustion occurs when atmospheric O2

concentrations are above 13%, and variation in
O2 levels correlates with fire activity throughout
Earth history (8) (Fig. 1). Many Permian coals
contain large quantities (70%) of charcoal during
a period when atmospheric oxygen was thought
to have exceeded 30%, making even moist veg-
etation flammable (8). Counterintuitively, the
burial of decay-resistant charcoal and organic
matter following postfire erosion may have in-
creased oxygen levels and caused long-term re-

duction of atmospheric carbon dioxide levels (9).
Fire also influences the geological cycling of other
elements, such as phosphorus, by volatization
and leaching (10).

Fire’s occurrence throughout the history of
terrestrial life invites conjecture that fire must
have had pronounced evolutionary effects on
biotas. However, the evolution of adaptations to
fire remains a difficult topic to explore because
traits that increase the rate of occurrence of fire,
or of recovery following burning, are not unam-
biguously the result of natural selection by fire
regimes (11) (table S1). Nonetheless, flammable
vegetation types leave distinct signatures in the
fossil record, chronicling changes in their abun-
dance and geographic range. For example, trop-
ical grasses produce large quantities of fine, aerated
fuels that become highly flammable during dry
periods, and their C4 photosynthetic pathway
produces organic matter characteristically de-
pleted in 13C. Stable isotope analyses of carbon
in sediments have shown that tropical savanna
biomes simultaneously spread in Asia, Africa,
and the Americas, approximately 7 to 8 Ma,
coinciding with a substantial spike in charcoal in
marine sediments (12). It has even been sug-
gested that fire led to the expansion of savannas
due to climate feedbacks that created hotter,
drier conditions that favored savannas (13).

Humans and Fire
The spread of highly flammable savannas, where
hominids originated, likely contributed to their
eventual mastery of fire (14). The hominid fossil
record suggests that cooked food may have ap-
peared as early as 1.9 Ma (15), although reliable
evidence for controlled fire use does not appear
in the archaeological record until after 400,000
years ago, with evidence of regular use much later
(16). The routine domestic use of fire began
around 50,000 to 100,000 years ago (17), which
may have influenced the evolution of human
tolerance to air pollution (18), and hunter-gatherers
used fire to reduce fuels and manage wildlife
and plants beginning tens of thousands of years
ago (19).

In recent history, the ongoing transition from
subsistence to industrial economies is typified
by the conversion of forests into agricultural or
pastoral landscapes through the use of fire. For
example, fire-resistant tropical rainforests are rap-
idly being cleared with fire in agricultural frontiers
(20) (Fig. 2). Conversely, in the developed world,
suburban sprawl into rural and natural landscapes,
where people and their dwellings are juxtaposed
with flammable vegetation types, is accompa-
nied by substantial fire-suppression efforts (21).
Worldwide, fire is used to minimize fuel hazard,
maintain habitat quality, and stimulate forest and
pasture regeneration. Despite human use of fire
to achieve economic and ecological benefits (22),
fire remains an unreliable tool, often evading con-
trol, particularly during extreme drought events
(3, 23). This imperfect mastery of fire manage-
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