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Cloudy with a Chance of Microbes
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Climate change is visible all around us. Glacier National Park in
Montana, established in 1910, was once home to more than 150
glaciers. Today, only 25 of the original glaciers can now be found,
and if you look at images on the park’s website (www.nps.gov/
glac/index.htm), there is little ice in view.
Those Paris talks were heralded as a success, but I
cannot see why. Most of the assurances play tricks with
the data. The U.S. has promised to reduce emissions
by 26% in 2030 compared to 2005 levels, but emissions
are already 10% lower than they were in 2005, so the
promised reduction is far less than it seems. Similarly,
the European Union has agreed to reduce emissions
by 40% — but this is compared to levels back in 1990
and emissions are already 20% lower than they were
then. Russia assures us she will reduce emissions by
25% by 2030 compared with emission levels in 1990.
However, remember that the Russian economy collapsed after 1990, so their emissions were greatly reduced anyway.
The conclusions actually mean that the emissions
of many nations will actually increase. These include
China, India, Indonesia, Kazakhstan, Mexico, Russia,
South Africa, Thailand, Turkey and the United Arab
Emirates. The good guys, including Argentina, Aus28

tralia, Brazil, Canada, European Union, Japan and
U.S. aim only to reduce their emissions of CO2 by a
scant 1% a year between now and 2030.
America derives more than 80% of energy from
fossil fuels, and has just regained the title of the biggest
producer of petrochemicals in the world, surpassing
nations like Saudi Arabia and Russia for the first time
since 1975. The U.S. is the most energy-rich nation in
the world. We cannot keep burning petrochemicals as
we do, and the problem is getting worse. It has been
recently exaggerated by the unforeseen fall in the price
of a barrel of oil from $136 in June 2008 to $30 in January 2016. Partly (as everyone knows) this is a consequence of the harvesting of shale gas, which has given
the western world untold potential energy supplies.
It is also (though nobody says so) because the
Islamic State (ISIL) has been undercutting the market.
Just five of its captured oilfields bring it an income of
$2,000,000 a day. We like to dismiss ISIL as a “terrorist group,” but this is simply a euphemism, just as we
tell someone they are being “let go” when they are terminated from their job or are “full figured” when in
fact they are fat. Coin a euphemism and we think that
the problem will go away. It doesn’t, of course. ISIL
is worth billions of dollars, administers scores of territories, runs farms and factories, hospitals and waste
disposal, even minting its own currency. The Islamic
State is a tyranny based on slashing, whether it’s personal freedom, a woman’s right to education, the necks
of innocent bystanders or the price of petrochemicals.
Our tendency to hide behind euphemisms has similarly stifled preparation for disastrous climate change.
Western leaders steer away from terms like “global
warming“ — instead they speak of sustainability, resilience and preparedness. But the truth lurks there for
everyone to see. People use euphemisms only to turn
their backs on what they fear.
RAINMAKING BACTERIA
Rainfall, not oil, is the key to life on Earth. We think
of rain as a physical phenomenon, but cloud formation
and rainfall are largely due to microbes. Each raindrop
develops from water vapor around a condensation
nucleus, and we usually imagine that this is a tiny
speck of dust. Often it is. As a student, I found fungal
spores in raindrops and snowflakes, which seemed
to have acted as condensation nuclei. In 1979, Russell
Schnell of the University of Colorado made a highly
significant discovery. He was stationed in Kenya and
was curious about the record-breaking frequency of
hailstorms that seemed to be associated with the tea
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plantations. Hail occurred on one day in three in the
tea-growing areas, yet was far less frequent in the open
countryside. Schnell turned to the microscope, and
found that the condensation nuclei around which each
hailstorm had formed had originated from the farming of tea on the ground. Schnell, who became deputy director of the Global Monitoring Division of the
National Oceanic and Atmospheric Administration,
recognized that “the feet of hundreds of tea pickers
going about their daily jobs” were releasing microbes
into the air. It transpired that a key player was the bacterium Pseudomonas syringae, a common plant pathogen, which wafted high into the air, where each organism formed the center of a droplet of water.
David Sands from Montana State University came
up with the perfect description for this phenomenon:
bioprecipitation. This represents a great leap forward
in our understanding — and there’s more. The raising of clouds of dust liberates cloud-seeding bacteria
into the air, ready to be whisked aloft by convection
currents on a hot day. This could explain the ancient
tradition of the rain dance. These tribal rituals are well
documented in the ancient American tribes living in
Missouri and Arkansas. Wu shamans in China also
performed rain dances, as did Romanian and Slavic
cultures. At the center of those time-honored performances was the shuffling or stamping of feet on dry
ground, stirring up clouds of dust. This is centrally
involved in rain nucleation, and so this seemingly
fruitless ancient folk tradition can find a rational explanation in microscopical science. Plenty of ancient
traditions are covertly grounded in science.
In 2002, a team led by Heidi Bauer of the University of Vienna collected cloud water samples from a
remote Austrian mountain site in winter and found
about 80 bacteria in a single cubic centimeter of cloud
water (79 colony forming units/ml). Many species of
bacteria were discovered, none of them species previously recorded in nucleation. Brent Christner at
Louisiana State University went on to publish evidence that rainmaking bacteria were widely distributed throughout the atmosphere (“The Ubiquity of
Biological Ice Nucleators in Snowfall,” Science, 319,
p 1214, Feb. 29, 2008). Perhaps these ingenious bacteria utilize atmospheric distribution as a mechanism
for transporting themselves across vast distances just
as plants rely on pollen, and fungi utilize spores. These
bacteria have been found at the tops of mountains and
even in Antarctica. They are everywhere — and these
microbes play a crucial role in cloud formation.
The way it works is rooted in evolutionary specialization and the unending capacity of microbes as
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Microbes are a key component of the weather, though their role
is usually overlooked. Russell Schnell of the University of Colorado, stationed in Kenya during 1979, recognized that bacteria
like Pseudomonas syringae could act as condensation nuclei in
cloud formation. This psuedo-color electronmicrograph shows the
organisms entering the stoma of a plant leaf.

opportunists. The bacteria do not act as nucleators
because of their size (they are far too large for the precipitation process), but because they produce specific
physico-chemical surface components that trigger ice
formation. The formation of crystalline ice causes the
breakdown of plant cell walls, which then allows the
bacteria to penetrate their hosts. Later, when the organisms are wafted high into the air, they exert the
same propensity.
Ice costs of us dearly. In America, frost causes up
to $1 billion annually in damage to crops. The protein
the bacteria secrete, which is responsible for ice formation, has been studied and the gene coding for it has
been identified. There is now a genetically modified
organism that cannot condense water vapor into ice,
and so does not damage crops to the same extent. This
is known as ice minus P. syringae. The idea now is to
seed these organisms onto crop fields, so that they outcompete the naturally abundant nucleating organisms
and thus reduce frost damage. Meanwhile, the wildstrain of microbes are also being cultured in bulk for
ski resorts, which are spreading these ice-nucleating
bacteria to encourage the formation of snow.
The perceptive mind will recognize that most
cloud formation occurs over the open ocean, so it can29

Steve Lindow and Andrey Kajava of the National Institutes of
Health, Center for Information Technology, produced this model
of the structure of the ice nucleation protein from P. syringae
proposed by Christner. Atoms in yellow and purple depict donorsacceptors of hydrogen bonds in the ice lattice (left) and protein
(right). The ice structure can be superimposed on the protein
surface, where it could bind.

ASM Press

Brent C. Christner of Louisiana State University heads a group
investigating the ecology of bacteria in the atmosphere. (This version by ASM Press depicts non-existent, eight-sided snowflakes;
they should have read Critical Focus, 62:4, pp 171–181, 2014).

not be mediated by terrestrial strains of bacteria. This
is true: Clouds over the sea are largely produced by
marine microbes. The condensation nuclei that they
produce are typically composed of dimethyl sulfide
(CH3)2S, which is secreted by marine phytoplankton.
The sulfate aerosol SO42− along with droplets of methanesulfonic acid CH3SO3H act as condensation nuclei
and cause vast clouds to form. The clouds reflect solar
radiation back into space, increasing Earth’s albedo
and reducing global warming.
A SEA OF MICROBES
One of the crucial microbes in the sea is the filamentous cyanobacterium Trichodesmium erythraeum,
which was first identified by E.O. Ehrenberg in 1830.
It was mentioned by Jules Verne in 20,000 Leagues Under the Sea, which was originally published in 1869 as a
series of magazine articles in Magasin d’Éducation et de
Récréation in Paris. Trichodesmium may not be a familiar microbe, but its activity certainly is; this species led
to the naming of the Red Sea where it regularly forms
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conspicuous reddish blooms. Many of these microbes
grow in rust-colored strands in warm seas that are low
in nutriment. The blooms were first reported on Aug.
28, 1770, by Captain Cook as he sailed across the Coral
Sea outside the Great Barrier Reef, Australia. There is
a reason why species of Trichodesmium are found in
barren areas of the sea: they are diazotrophs that can
fix nitrogen in daylight. This ability to create amino
acids out of air and water means that these organisms
are the first stage of the great food pyramid. Protozoa
and copepod water fleas feed upon these cells and in
turn become food for larger organisms like krill. Even
though you don’t see these microbes in television documentaries, they are the starting point of marine life.
We all know that baleen whales grow to their vast size
on a diet of krill, though few people stop to wonder
what the krill consume to become so numerous. Colossal colonies of microbes are the answer.
Microbes even mediate what happens at the
poles. On the Antarctic peninsula I have observed
colonies of Chlamydomonas nivalis, a pretty green alga
that prefers life in the snow; and there may even be
effects from microbes hidden in icy lakes that we cannot see. For 40 years we have known that there is liquid water beneath the Antarctic ice sheet, and now
Christener and his colleagues have analyzed subglacial Lake Whillans that lies beneath 800 m of ice, half
a mile down in West Antarctica. They found teeming
communities of autotrophs and heterotrophs that conTHE MICROSCOPE 64 (2016)
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firm the existence of complex microbial ecosystems
that can recycle components deriving from the lithosphere. In the Arctic, meanwhile, Markus Dieser of
Louisiana State University and his team have shown
the importance of bacteria like Methylococcus (and a
host of others from within the Methanomicrobiales
and their allies) in regulating the circulation and storage of methane (CH4), which is 84 times more potent
than CO2 as a greenhouse gas. The geochemical and
biological systems of the poles are influenced by these
microbial mechanisms, which ultimately affect the climate. Wherever we look, clouds, rain and snow are
key components of our environmental climate, and all
are regulated by the activities of microbes.
There is another factor that we need to understand: the disposition of the continents. In earlier eras,
there were massive tracts of land divided by huge
shallow seas. The vast mother continent of Pangea
began to break apart only 175,000,000 years ago, and
as the continents separated and then collided due
to tectonic shift, vast mountain ranges were thrown
up, ocean currents were set in motion and the global
climate was dramatically changed. Paleontologists
have modeled the climate of the past on what we experience today, but the world was once profoundly
different, as I discussed in my Critical Focus article
“Aquatic Dinosaurs Under the Lens” (The Microscope,
60:3, pp 123–131, 2012). There was a dramatic disappearance of calcareous microorganisms from the
north Atlantic when the polar ice caps formed, and
our present-day weather patterns finally emerged.
With the distribution of the continents and the existence of ice at the poles, a completely new climate
developed with frontal systems, storms and seasons.
By 35,000,000 years ago our recognizable present-day
seasonal climate had emerged.
Now that we are influencing the weather, the future will be different again, and not to our liking. The
latest analysis by a team of scientists in Europe and
America (due to appear in Atmospheric Chemistry and
Physics) reports that, during the warmer period before
the last Ice Age, the Earth was beset by “superstorms.”
They will return. You are unlikely to find much political resolve to act seriously on these problems. There are
too many vested interests involved, and they all have
short-term profit as the aim, rather than long-term
survival. To those of us in science, “short term” means
within the next few years, “medium term” signifies
when the grandchildren are grown, and “long term”
means a thousand years. It is different to the politicians
who take the decisions. Short term to them means by
the weekend; medium term means next month, and

It is colonies of the filamentous cyanobacterium Trichodesmium
erythraeum that give the Red Sea its name. These organisms are
diazotrophs, which can fix nitrogen from seawater in daylight and
utilize this gas to synthesize amino acids and proteins necessary
for life. Organisms like these are crucial for the regulation of our
climate. They produce aerosols of sulfate that cause vast clouds
to form over the open oceans

long term means by the start of the next election campaign, if not sooner. We lack the intelligent political
leadership that the world needs to survive.
Many American authorities like to insist that global warming will be manageable. They are not alone.
Although current calculations are based on a rise of
1.5° or 2° C, Professor Richard Tol from Sussex University, England, claims that a rise of 4° C will be manageable for rich nations. The last time the temperature
was 5° C warmer, Britain was covered with tropical
swamps rich in creatures like hippos; and the last
time the air was 5° C cooler, we were trapped in an
ice age with arctic glaciers reaching down to Tennessee. Believe me, those few degrees matter. Better by
far than all the official reports is the penetrating study
Experimenting on a Small Planet: A Scholarly Entertainment (Springer, 2013), which is the life’s work of Professor William Hay of Florida State University. This
important volume extends to 1,000 pages and sets the
subject in context. Hay is an exuberant enthusiast and
a clear-sighted analyst who paints a scholarly account
of our future. A new edition of his book is being published this year. In Britain, Sir David MacKay wrote
Sustainable Energy, Without the Hot Air (UIT Cambridge, 2009). I hosted the launch of MacKay’s book at
Cambridge University. He was a brilliant polymath,
who became the British government’s Chief Scientific
Advisor on energy and died in April 2016 at the age of
48. These are both penetrating accounts; you should
make sure you read them.
31

LUNGS OF THE WORLD?
The vast reserves of stored CO2 we are pouring
back into the air are the key. They were created by
microbes. People say that we owe our breathable atmosphere to trees pouring out oxygen, but they are
wrong. Trees in nature give no oxygen whatever to
the air. “Trees are the lungs of the world,” announces
a magazine article that I recently read. “They make
the oxygen we breathe.” In truth, the contribution of
trees to our oxygen supply is negligible — and they
have done virtually nothing to absorb CO2. The reason
for the paradox is that we consider trees only in the
sunshine, when they liberate the oxygen. During the
darkness, by contrast, the metabolic cycles reverse. At
night a tree absorbs oxygen and releases CO2, respiring like an animal. Some of the carbon is laid down
within the tree as it grows, that’s true; but when a tree
dies and decays everything is thrown into reverse. On
many occasions I have often been asked by some landowning colleague why their listless trees haven’t responded to treatment, and they look astonished when
I tell them the tree is simply senescent and dying of
old age. Trees are not immortal. Willows might live
for 75 years, apples for a century, cedars live to 150,
oaks to 300 years. The giant sequoia Sequoiadendron
giganteum can live for more than 3,000 years, while
the bristle-cone pine Pinus longaeva is the oldest living
organism at over 5,000 years old. Eventually, all trees
come to the end of their lives, and once the tree dies,
the microbes take over and recycle every atom as the
remains are degraded. As the dead wood is decomposed, each atom of oxygen that was liberated during
its life is drawn back in. Every single molecule of CO2
that the tree stored away as it grew is released back
into the atmosphere by the time it has been fully degraded by fungi and bacteria. We all hear about the
oxygen that trees pump in to the air during their lives
but not about the amount that they suck back in after
they have died.
The loss of wood mass is often slow in temperate nations like the U.S., and it can take a century for
a dead tree to decay completely. It is different in the
tropics. The higher ambient temperature causes the
degradation to proceed more rapidly, and it is curious
to note that there is often no soil in a tropical rainforest. To the casual visitor, you would think there was
abundant dirt. The forest floor along the Amazon is
littered with brown, decaying leaf litter. In the great
forests of the U.S., you will find a deep layer of peat
underneath, but not in Brazil. Drag the side of your
boot foot across the rainforest floor in the Amazon Ba32

sin, and beneath the thin layer of rotting vegetation
is solid, sandy clay. There is no humus. Soil, as such,
doesn’t exist here. Every plant and each tree that once
grew will decompose back to air and water and leave
no net gain for the atmosphere. Far from being the
“lungs of the world,” the great tropical forests are utterly irrelevant.
The only way in which trees can provide a net
gain of oxygen to the atmosphere and store away CO2
is when they grow faster than microbes can break
them down and recycle their constituents. We have
seen this reflected in history. The great plague of Europe in the Middle Ages killed at least one-third of the
population, so forests expanded and wild vegetation
flourished because there were fewer folk to manage
the land. The result was that the verdant vegetation
absorbed CO2 and, with less of the greenhouse gas to
capture solar heat, the climate cooled. The result was
the Little Ice Age. Today this occurs when timber is
harvested, so a table or a house made of wood contain carbon locked away. American homes are made
mostly of wood, which stores excess carbon. Europe,
on the other hand, uses far more brick, which liberates vast amounts of CO2 in the energy of firing and
the pollution caused by creating cement. The more we
construct buildings with wood, the more carbon remains locked away.
CO2 AND SEAWATER
Our breathable atmosphere was created by the
microbe world. In Earth’s early days, there was no
oxygen in the air, and the atmosphere was rich in CO2.
What changed? The microorganisms altered everything. They generated our oxygen, and put the excessive CO2 in store. Despite the amounts of CO2 we release, it is still a scarce gas. It is revealing to ask people
casually to name the third commonest atmospheric
gas. Nitrogen comprises 78% of the air and 21% is
oxygen, leaving 1% unaccounted for. What is it? Most
people say “carbon dioxide” or “water vapor,” but in
fact the third most common atmospheric gas is argon.
Most people know little about argon — it filled lamp
bulbs in the past, and now it is used in lasers — yet
this makes up almost all the missing 1%. Meanwhile,
CO2 comprises 0.04% of the air — only four parts in
10,000. There are about 800 gigatons (Gt) of carbon
in atmospheric CO2, with about 600 Gt held in green
plants and an additional 1,500 Gt stored in soil. There
are 4,000 Gt on the oceans, and the total amount in all
fossil fuels is 5,000 Gt. [Note: A Gt is a billion metric
tons, 1,012 kg, or 2,200 billion pounds.]
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Carbon dioxide is in constant flux, because it is
liberated by decomposing dead vegetation just as it is
absorbed by newly growing green plants. The oceans
play the greatest role in moderating our climate and
are under threat from pollution, pH change and global
warming, yet they are usually ignored. For example,
there was no section considering the oceans at the
United Nations Climate Summit in September 2014.
If they are ignoring the oceans, then there is little
hope for future policies. Seawater acts as a huge carbon sink. For billions of years, microscopic organisms
have laid down carbon as carbonates in their shells,
and this has resulted in the vast beds of sedimentary
rocks like limestone.
The chemistry is simple. Dissolved CO2 in the
oceans can be converted into carbonate (CO3–2) or bicarbonate (HCO3–). CO3 reacts with water to produce
carbonic acid:
CO2 + H2O

H2CO3

The reaction is reversible, and in the sea we find a
chemical equilibrium between CO2 and H2CO3. Ions of
hydrogen and bicarbonate can be released:
H2CO3

H+ + HCO3–

This reaction serves to buffer seawater against
random fluctuations in pH. Many microbes and other
minute marine organisms can fix bicarbonate biologically with calcium (Ca+2) to produce calcium carbonate, CaCO3. It is this process that gives rise to their
exoskeletons and the shells that fall to the seabed, accumulate in strata and eventually become sedimentary rocks. This is the process that has locked away the
excess CO2. Compared with the 600 Gt held by green
plants — the carbon sink about which we hear all the
time — there are 100,000,000 Gt of carbon stored in
those rocks through the reactions of microscopic lifeforms. It is those microbes that locked away carbon
and made the world habitable by humans. Trees had
nothing to do with it.
The warming of the seas poses problems for marine microbes. About 90% of the CO2 in the oceans is in
the form of bicarbonate HCO3– and the other roughly
10% is as the carbonate ion CO3– . Only about 1% is dissolved gaseous CO2. The increasing temperature of the
sea encourages the replacement of the carbonate by
the bicarbonate ion, which increases the solubility of
calcium carbonate. As the pH of the seawater decreases, marine organisms find it harder to secrete shells,
and existing carbonate deposits become increasingly

Most of the earth’s carbon is held in carbonate deposits, and this
accurate portrayal of limestone under the microscope shows the
shells of the microbes that comprise the rocky strata. They laid
down insoluble lime from marine carbonates some 200 million
years ago. This is the earliest microscopical study of these deposits and was published by Robert Hooke in 1665 (see also
The Microscope, 63:1 pp 23–34, 2015).

soluble. Since the solubility of gases is inversely proportional to temperature, less CO2 is absorbed by the
oceans as they warm, which exacerbates the problem.
Carbon dioxide abounded in the world’s early history, since the early Earth had no atmospheric oxygen.
Life emerged 4 billion years ago when primitive bacteria began to metabolize inorganic solutes as an energy
source; cyanobacteria followed. These are primitive
prokaryotes, lacking a nucleus or internal cell membranes, yet embodying the ability to photosynthesize.
As everyone learns in our schools, photosynthesis is
the green plant’s way of capturing sunlight. Chemically, the solar energy is used to harvest the ions of
CO2 and water, combining them to produce carbohydrates. We can simply represent the synthesis of glucose from atmospheric CO2 and H2O:
6CO2 + 6H2O + E

C6H12O6 + 6O2

The crucial component is E, the input of solar energy. In my article “Are Cells Ingenious?” (The Microscope, 52:3/4 pp 135–144, 2004) I pointed out how
33

science has failed to reproduce this ostensibly simple
task, which is carried out every day by each small
weed in your garden. Science cannot mimic photosynthesis, yet this is the basic mechanism that gave us life.
We pride ourselves on the achievement of creating solar panels, though microbes have had better converters for years.
The cyanobacteria are the organisms that began
to secrete oxygen into the air and laid down dead remains that (unlike the trees of today) did not decompose but instead formed rocky layers. By 3.5 billion
years ago, photosynthetic microbes were growing in
large layered communities that have come down to us
as fossils. These are stromatolites, of which Collenia is
one well documented genus. Their abundance peaked
about 1.25 billion years ago. By the time larger grazing organisms had evolved, and during the Cambrian
era, the stromatolites declined. We can find evidence
that gazing organisms caused their retreat, because
stromatolites increased each time larger animals diminished. Around 446,000,000 years ago, near the end
of the Ordovician, there was a massive episode of species loss. Two-thirds of all marine invertebrates died
out including bivalves, echinoderms and bryzoans.
Some 4,000,000 years later a further mass extinction
occurred, as the tectonic plate bearing the early land
mass of Gondwana drifted into colder, polar latitudes
and the sea levels fell. As the grazers gradually returned, the abundance of stromatolites decreased.
THE RISE OF OIL
We still see resonances of this around us. In today’s world, we can observe layers of mucilage produced by microbial growths, which will eventually
form masses of limestone that contain high levels of
stored carbon. We can observe growths of cyanobacteria forming thrombolites — today’s equivalent of the
stromatolites known only as fossils. It is those massive
accumulations, added to the precipitation of carbonates in the shells of marine mollusks, that are storing
away the carbon, releasing oxygen to the atmosphere.
When we discuss the carbon that is held within the
Earth, we immediately think of petrochemicals and
coal, the so-called fossil fuels. Traditional texts say that
our oil reserves were formed by the partial reduction
of decaying leafy plants, but I have a different view. I
believe that our oil came largely from microbes. Look
at diatoms under the light microscope and the cells
are characterized by refractile globules within each
cell. These are oil droplets, an energy store for the diatom, and I do not doubt that it is these droplets that
34

reveal a crucial source of today’s oil reserves. In sites
like Lompoc, California we can see massive deposits of
the mineral diatomite, which is composed of the silica
shells of innumerable dead diatoms. The oil that each
algal cell manufactured from captured sunlight was
eventually released as sediments were laid down, and
the oil accumulated to produce the oil fields that we
are exploiting today. Microbes made oil, I am sure, just
as microbes stored away the CO2 and gave us oxygen.
Petrochemicals are composed of complex chemical structures that are of immense value. Years ago the
walls of schoolrooms used to display posters listing
the products we obtain from petrochemicals. They are
used to create plastic water pipes, electrical wiring insulation, synthetic textiles, printer’s ink, car batteries
and tires, anesthetics and antihistamines, deodorants
and perfume, fertilizers and insecticides, lipstick and
paint, contact lenses and artificial limbs. Oil is the most
valuable single raw material in the world. And what
we do we do? We burn it, simply because we have
plenty of it; but it makes no more sense than a philanthropic billionaire keeping people warm by burning bundles of banknotes. The petrochemicals need to
stay in the ground, until we need them to create vital
products for our future survival.
Oil has been important since the stone age. It was
first exploited at least 70,000 years ago and traces
have been found in Syria on shaped stones produced
by Neanderthals. Natural bitumen, oozing from the
ground, was used to waterproof Neolithic boats, and
5,000 years ago the Indus people of Mehrgarh in Pakistan were lining wicker baskets with tar. It was also
used for sealing drains and gluing bricks together, a
practice that spread across the Middle East. Babylon
— the cradle of civilization, which more recently became a U.S. military base — was built with asphalt in
its walls and towers, and there were oil pits at nearby
Ardericca. Ancient Egypt used oil to seal mummies;
in fact, the word “mummy” derives from the Arabic
mūmiyyah, which translates as tar. The first oil wells in
the world were drilled in China by A.D. 347; indeed,
the present-day Chinese word for petroleum was
coined more than 1,000 years ago. The ancient Persians were first to discover how to refine petrochemicals around A.D. 900.
To see American oil oozing from the ground just
go to the La Brea Tar Pits on Wilshire Boulevard in
Los Angeles. Native Americans used asphalt seeping
from rock in prehistoric times, and crude oil was first
reported in the Americas at Pitch Lake, Trinidad, by
Sir Walter Raleigh in 1595. By 1682, it had been discovered in New York, and in 1859, a railroad conducTHE MICROSCOPE 64 (2016)
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While the world discusses the
many options that could minimize
pollution, new energy sources
are already imposing additional
burdens on an over-stressed environment. Shale gas technology
is now offering a vast new source
of petrochemicals. These charts
from BP research scientists
summarize likely future production levels expressed in billions of
cubic feet per day.

tor named Edwin L. Drake drilled an oil well at Titusville, Pennsylvania — from that date the U.S. began
to exploit crude oil commercially. John D. Rockefeller
founded his first oil refinery in 1862 and set up the
Standard Oil Company. When automobiles emerged
around 1900 the value of gasoline soared, and we all
know what has happened since. The coming of the
petrochemical industry saved the whale. Whale and
seal oil were used to provide heat and power at the
time, and the massive scale of the hunting would soon
have eradicated them. I have visited the oil tanks in
the abandoned whaling station on the Antarctic island
of South Georgia, each tank 30 ft high and 30 ft in diameter, and marveled at the amount of oil the industry extracted — all of it produced within the tissues
of the marine mammals by individual adipose cells
each about 50 µm across. Millions of mammals were
slaughtered to feed the growing demand for oil.
Now humanity is turning the tables on the microbe world, and we are pumping back into the air
the CO2 that the marine microorganisms painstakingly stored in stone. The atmosphere is getting hotter, and so is the sea. The oceans are also becoming
more acidic, and of course it is microbes that respond
to it first. The algae within the coral reefs, too small to
be seen without a microscope, cannot survive and so
many of the reefs are dying. Incalculable communities
of marine creatures that depend upon them are starting to disappear.
The second largest cause of warming is the release of methane into the air, and levels are steadily
rising. It is mostly microbes that make methane. Fungi

farmed by termites are also a significant source, but
the way we are managing the world is exacerbating
the problem. The largest underground methane storage facility in the western U.S. is the Aliso Canyon Gas
Storage Field, near the community of Porter Ranch,
Los Angeles, which started to spew methane into the
air in October 2015. By the end of that year, more than
100,000,000 tons of methane had poured into the air. It
was finally plugged in February 2016.
POISONOUS POLLUTION
Our combustion of petrochemicals is a serious
source of air pollution, but in areas like Amazonia
and Southeast Asia, vast tracts of virgin rainforest are
being deliberately decimated by fire to make way for
modern farming. You know of the dangers of photochemical smog in Los Angeles, but that’s nothing
compared to the daily smog in countries like China
and India. I have stood in Xiang, home of the terracotta warriors, coughing intermittently as the stifling
smog stops you from seeing further down the street.
Look upwards, and there’s bright sun and blue sky.
The smog layer is no deeper than a building, but it
is killing thousands of people. China is opening a
new coal-powered power plant every week. Much
of China’s coal supplies come from Australia, which
we rarely think of as a major polluter, but the Land
Down Under exported more than 230,000,000 tons
of coal to China in 2014. Japan, having become disillusioned with nuclear power, now plans to build 43
new coal-fueled generation stations just when nuclear
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There is no need to visit the Arabian Gulf to see how crude oil
oozes from the Earth’s surface. We can observe oil seeping from
rocky strata at the La Brea Tar Pits in Hancock Park, downtown
Los Angeles, which is the origin of the petrochemical industry that
made the city wealthy.

jungle; people are forced to stay indoors, babies die in
their cots, old folk fall down in the street, strangled by
smoke until they are breathless. I have also found it
sometimes hard to breathe in Burma (Myanmar) and
in Indonesia. We often say that large automobiles are
to blame for air pollution, but the pollution from burning forests throughout Southeast Asia causes more atmospheric pollution than what the U.S. creates.
Americans are dying too. At the Massachusetts
Institute of Technology, the Laboratory for Aviation
and the Environment has published data showing
that 200,000 U.S. citizens die each year from the burning of petrochemicals. Road transportation accounts
for 53,000 premature deaths of Americans each year,
closely followed by electricity generation with 52,000
fatalities. The criminal falsification of pollution data
by Volkswagen last year, and now by Mitsubishi in
2016, has deathly consequences. Thousands of people
are dying from poisonous gases, including oxides of
nitrogen, which these cars have secretly emitted. Pollution is bad enough, without these leading manufacturers making false claims about safe emissions.
TROUBLED CLIMATES

The tanks that once held oil extracted from whales and seals still
stand at Grytviken on the Antarctic island of South Georgia,
located at the same latitude south as England lies to the north.
The abundance of year-round ice and snow makes one realize
how inhospitable would be the British weather without the influence of the Gulf Stream.

power had been hailed as their answer to electrical
supply for the future. India is the most traffic-polluted
country on Earth, even if it is one of the most exciting to visit. In Delhi, the New Year was marked by
the introduction of restrictions that allows drivers of
cars with odd and even numbers into the city only on
the corresponding dates. Meanwhile, much of Southeast Asia is smothered by acrid smoke from burning
36

The level of the sea is now steadily rising, partly
as continental ice melts, but mostly due to thermal expansion — the volume of warm water is greater than
that of cold, and so, the sea is swelling. The rate is
increasing with time, and most of the world’s great
cities are at sea level. More than a billion people live
in coastal areas that are susceptible to flooding. New
York and San Francisco, London and Shanghai, are
among the world cities that rising seas will threaten.
Sea levels have risen by about a foot in the past century, and current predictions suggest that the seas will
rise by 5–9 m (up to 30 ft) within a lifetime. Assets
worth about $11 trillion are potentially threatened by
the kind of flood you would expect once in 100 years,
though that could rise above $200 trillion by the end
of this century. There will be more heat waves and
increasingly intense winter storms. In Britain, storms
are being named for the first time: Abigail hit Scotland
in November 2015 and Jake brought 80 mph winds to
Wales in March 2016, both causing widespread damage. Permafrost is melting, ice sheets are becoming
thinner, the North American snow pack is retreating
and glaciers are shrinking. Last summer I returned to
the Briksdal glacier in Norway, where a decade ago
I walked on its surface; now it ends in the distance,
halfway up the mountain. Familiar environments are
vanishing before our eyes.
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Left: Benjamin Franklin published this map in 1769, depicting for the first time the circulation of tropical water that we now know as the
Gulf Stream, which is a major moderating factor of our climate. Right: Studies by NASA revealed that the Gulf Stream did not circulate
clockwise, as Franklin concluded, but traveled northwards to the Arctic, carrying tropical warmth as far as Iceland. It is the freezing of
the polar sea that provides the impetus for this circulation. Global warming, if it hindered ice formation, would reduce the current so that
Europe and Scandinavia would become far colder.
Europe enjoys a climate moderated by the Gulf
Stream, which was discovered by Benjamin Franklin
in the 1760s. Franklin dropped labeled bottles into
the Atlantic Ocean, and sea captains reported where
they had ended up. Franklin thought that the current
ran clockwise, but we now know it runs northwards
and sinks in the Arctic, more like an escalator than a
racetrack. It is the freezing of the arctic seas that provides the impetus for the Gulf Stream and there are
already signs that this is slowing. If that northward
flow of tropical water ceases, Europe will be in serious trouble. At my home in England, 53° north of the
equator, we have olive and fig trees in our garden, a
palm tree and basjoo bananas; we have harvested lavish crops of apricots and peaches. Move the same distance south of the equator to South Georgia and the
South Sandwich Islands, and you will see an old whaling station surrounded by glaciers and snowy mountains with icebergs all around. The Gulf Stream turns
an arctic environment into a temperate idyll, and that
might disappear. London could become an ice field.
The Gulf Stream has weakened by 20% in the last few
decades, and more slowing will occur.
We stand at a crucial moment in history. We have
already tipped the atmospheric balance into dangerous territory, and the world will become less easy to
inhabit as a result. Even with the efforts of the world’s

nations pulling together, the temperature is likely to
rise by 4° C within the lifetimes of today’s children.
We will have to reduce levels of CO2 emissions to half
their current values to contain the rise in temperature
within 2° C, and even that will leave us facing severe
weather that will make life difficult. Our microbe confederates will be doing their best — absorbing carbon,
releasing oxygen, laying down new sediments that
will redress some of the damage — but it is human
profligacy that is leading us into these uncharted waters. We need to find permanent and non-polluting
energy resources. Wind power is of limited value
(the greatest demand for electricity will come in still,
freezing winter days when none of the windmill rotors turn), though we can do more with photovoltaic
generation. Rather than sterilizing areas of the planet
with solar arrays, we should use the land and run
poultry on the ground shielded by the solar panels.
This way we increase meat production while capturing solar energy.
My own favorite energy sources are rarely mentioned: hot rocks and geothermal energy, which lie beneath our feet. I gave a presentation in London in 2009
that examined the Department of Trade and Industry
report on energy futures. The British government had
coal, oil, even wave power discussed and analyzed
at length, but didn’t once mention the heat beneath
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all our cities. The ancient Romans built spas that harnessed hot water from geothermal springs. That was
2,000 years ago. Today they are tourist centers, selling
ice-cream and refrigerator magnets.
“GLOBAL WEIRDING”
Forty years ago, instead of a warmer world, people were heralding a new ice age. Global cooling was
the threat that the public were warned about. Two of
my friends wrote books prophesying a cold spell. In
1976, John Gribbin published Forecasts, Famines and
Freezing (Wildwood House), and Nigel Calder authored The Weather Machine and the Threat of Ice (BBC
Publications). Calder’s book followed his mammoth
BBC television documentary that warned us of an
imminent ice age. People say that scientific opinions
have reversed since that time, but this isn’t the case.
Even in the 1970s, only 10% of papers on climate predicted a new ice age. Most were typified by an article
in Science by Wally Broeker, “Climate Change: Are We
on the Brink of a Pronounced Global Warming?” in
1975. The first person to realize how the atmosphere
retained heat was French mathematician Joseph Fourier in 1824. Then in 1862, the British physicist John
Tyndall identified the culprits as carbon dioxide and
water vapor. Swedish scientist Svante Arrhenius published “On the Influence of Carbonic Acid in the Air
Upon the Temperature of the Ground” in 1896 as an
article in the Philosophical Magazine and followed that
in 1908 with his book Worlds in the Making, suggesting
that we might expect a gradual warming of our world.
Arrhenius calculated that a doubling of the CO2 in the
atmosphere would raise Earth’s average temperature
by 5°–6° C, a figure still quoted today. Between 1938
and 1957, a British engineer named Guy Callendar
published a series of 26 papers that set out to relate the
atmospheric increase in CO2 to rising temperatures. In
1955, Canadian physicist Gilbert Plass reviewed Callendar’s results in an article, “The Carbon Dioxide Theory of Climate Change” and calculated that, if the concentration of atmospheric CO2 were to double, Earth’s
temperature would rise by 3°–4° C. So global warming
has been known for a century; it is not the invention of
latter-day alarmists.
The term “global weirding” is widely quoted as
being introduced by New York Times columnist Tom
Friedman, who acknowledged the source, when he
wrote on Dec. 2, 2007: “Sweet-sounding ‘global warming’ doesn’t really capture what’s likely to happen. I
prefer the term ‘global weirding,’ coined by Hunter
Lovins, president and founder of National Capitalism
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Probably the best term
to describe climate
change is "global
weirding," an expression coined by Hunter
Lovins while discussing the weather with
farmers in Colorado.
Lovins is president
and founder of Natural
Capitalism Solutions
and co-founder of the
Rocky Mountain
Institute.

Solutions and co-founder of the Rocky Mountain Institute, because (as she says) the rise in average global temperature is going to lead to ‘all sorts of crazy
things’.” So I asked Lovins where the term came from
and she gave me a frank response: “I’m a Colorado
cowgirl,” she tells me. “Yes, I travel the world talking
with kings and counselors and crowds of thousands,
but my home is in the golden cottonwood draws of
the Front Range country, amid ranches and real people.” Lovins tells me that the word arose naturally,
when she was talking to the local farmers. “Things are
weird,” they’d say. “Sure is weird weather we’re having.” The term “global weirding” arose naturally from
those conversations.
Last year was the warmest ever recorded. Of the
top 14 warmest years on record, 13 happened in the
last 15 years. I wrote the draft of this article in early
December 2015 and the sense that climatic disasters
were looming seemed to be a challenging prediction.
Yet it has already come true. Many great cities in the
Northeast U.S. broke records for temperatures over
Christmas — not in the daytime but at midnight. New
York temperatures have been scientifically recorded
for a century, and the city has never been warmer
than 63° F on Dec. 24. Christmas Eve 2015 saw the
thermometer reach 67° F — at midnight. Meanwhile,
melting arctic ice has set a new record. In 2005, the
lowest-ever level of ice cover was recorded, and the
2015 figure is 350,000 square miles below that. The
nine lowest levels of Arctic sea ice have all been recorded in the last nine years, says the National Oceanic and Atmospheric Administration. At the start of
this year, the temperature at the North Pole — which
is typically below freezing, at about 25° F — was 40° F,
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A chart by the Meteorological
Agency of Japan plots the Earth’s
steadily increasing temperature
from 1890 to the present. The
gray line indicates reference
temperatures, the blue line the
fluctuating short-term mean, and
the red line is the overall average.
Until this shifts to a downward
trend, we cannot claim to have
addressed the global warming
problem.

which was warmer than San Francisco that same
morning.
A survey reported by Scientific American (Jan. 30,
2014) shows that half of Americans believe that global
warming has occurred naturally. This belief is hard to
fathom. We know that CO2 holds on to heat, and its
levels — caused by our burning petrochemicals — are
increasing in parallel with global temperatures. Even
if these doubters were correct, it would not provide a
reason to ignore the need to control CO2 emissions. If
the world is getting warmer through natural causes,
there is even less reason to add our own pollution.
No matter how fiercely people might deny man-made
global warming, there can be no argument that we
should make matters worse.
Our rapid industrial expansion means that we
are causing problems faster than natural processes
can remedy them, and the balance has already tipped
against us. Humans have disrupted nature’s longestablished cycles, and we are faced with a threatening future. Apart from the empty promises of the
Paris Treaty, what else could we do? Microorganisms
continue to lay down carbonates and liberate oxygen. They are one widely neglected source of action.
Microbes may be able to help us regulate the pH of
seawater, where acidification continues to threaten
the future life of the oceans. In the open sea, iron is
one element that is in poor supply and microbes need
this element to thrive. Fertilizing the sea with iron
seems sensible, for the growth of marine microorganisms captures CO2 and helps in the fight to con-

trol global warming. We still know little about these
mechanisms. Working Group III of the U.N.’s Intergovernmental Panel on Climate Change carried out an
analysis of fertilizing the ocean, though they were not
finally convinced that there might not be unwanted
side effects. With that in mind, they concluded that
fertilizing oceans with iron could be classed as pollution. The United Nations Convention on the Law of
the Sea decrees that all nations must take measures to
prevent, reduce and control pollution of the marine
environment, so the matter has not progressed.
Perhaps now it should. We need to know how
these factors truly balance out. The oceans are radically changing. Northern seas now see whales, basking sharks and dolphins in numbers never previously
encountered, and a survey by James Cook University,
Australia, reported in April 2016 that well over 90% of
the coral making up the Great Barrier Reef is dead or
dying. Warm water has killed the microscopic algae
upon which the coral polyps crucially depend.
Microbes can control cloud cover, rainfall, Earth’s
albedo, the balance of the oceans and the storage of
surplus CO2. They are our greatest allies in the struggle to keep our planet habitable, and we ignore them
at our peril. The steady increase in the energy of our
weather is now threatening the long-term viability of
human society. But we humans are expendable. Microbes will continue to thrive long after we are gone.
It is the microscopic world that holds the key to the
way the environment evolved, and the manner of its
restoration. As usual, microbes have the answer.
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