THE MICROSCOPE • Vol. 66:3, pp 117–127, 2018

C R I T I C A L FOCUS
Brian J. Ford

The Life Force That Breaks All the Rules
Water is the strangest substance known to science. It defies many conventions and is the
only compound that co-exists as a solid, liquid, and gas — yet nothing can live without it.
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The ice released in icebergs from the Greenland icecap dates
back more than 100,000 years. An arctic expedition in a Zodiac
boat gives an opportunity to retrieve a sample — this time not for
scientific analysis, but to add a unique flavor to the author’s glass
of scotch.
CO2 + O2 + 4H2S → CH2O + 4S + 3H2O
You may think this is a dead-end reaction, liberating formaldehyde as a product, but other deep-sea
volcanic reactions give us organic substrates:
6CO2 + 6H2O + 3H2S → C6H12O6 + 3H2SO4
Imagine, microbes that synthesize glucose by living on volcanic vents. There is a range of hexose sugars these organisms produce, ranging from fructose
and galactose to mannose and the inositols. All are
energy sources and they provide raw materials for the
complex communities that live around the hydrothermal vents. Shellfish, crustaceans, worms, and teeming
masses of microbes inhabit these deep-sea vents and
(in spite of what we’re taught) none of them relies on
the sun. We can count that out of the equation too.
So, if life doesn’t need food or air or sunlight,
what is the essential requirement? It is water. Water
is one of the ancient elements of the classics. The ancient Greeks wrote of earth, water, air, fire, and ether,
and the Chinese had wood, fire, earth, metal, and water. Indian philosophers in the Ayurveda tradition
had earth, water, fire, air, and ether; the Buddhists
knew them as earth, water, fire, and air. We know that
earth, fire, and air were soon found to be complex systems, while water remains — water. There it is, H2O,
the single fundamental compound upon which all life
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depends. Nothing can live without it.
Yet life exists only because of one a curious
fact: water is the strangest substance known to science. It breaks all the conventional rules. This is the
only compound that naturally exists on Earth in the
three forms of solid, liquid, and gas, and it defies so
many conventions. We all know that ice floats, but it
shouldn’t. Almost everything we know contracts as it
cools, but water (at around 39 °F/4 °C) is at its most
dense, and thereafter, as the temperature falls, so does
its density. Water expands by about 9% as it solidifies, which is highly counterintuitive; hence the floating iceberg. The density of ice is given as 0.917 g/cm³,
which is why 91.7% should lie below the surface of
the water. People usually overlook the fact that iceberg ice is denser than normal frozen water, typically
at 0.90 g/cm³, because of it being under pressure in
glaciers for hundreds of thousands of years. I have
collected samples of ice from the Greenland icecap
dating back 100,000 years. On that occasion, they were
used to chill a single malt scotch, which to my mind
tasted far better with such ancient ice cubes.
Moreover, seawater has a density of 1.023 g/cm³,
a figure which varies with location and which also
changes the parameters — but in any event, that curious expansion explains why “over 90%” of an iceberg
lies hidden beneath the surface.
KEEPING LIFE AFLOAT
Strange as it may seem, living cells owe their existence to the fact that ice floats on water. Imagine if you
will the world’s primeval lake, in which the first cells
ever to exist are beginning to multiply. Keep the picture in mind as winter approaches. The lake water begins to cool, and (as it cools) it contracts; so, if it were a
conventional compound, ice would start to form from
the bottom of the lake. As winter sets in, the solid ice
would slowly extend upwards from the lake bed until
there was just a thin layer of liquid water on the surface. As the last of the water solidified, the first-ever
cells would have been left stranded on the surface,
killed by the dehydration and the cold. No sooner had
life evolved than the conventional behavior of liquids
would eliminate it. It is only because ice floats, which
enables life to survive because, as that first winter
struck, a film of thin ice would have started to form on
the surface of the lake. As the cold increased, so would
the thickness of the layer until water at 4 °C would lie
beneath it. In this cold water our primitive microbes
would contentedly survive beneath their protective
shield, which kept the rigors of winter at bay. The cuTHE MICROSCOPE 66 (2018)
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Water reveals a complicated
phase diagram (shown with a
logarithmic y-axis). The various
phases that share boundaries with
water (ice Ih, III, V, VI, and VII)
feature hydrogen bonds that are
disordered. Phases with ordered
hydrogen bonding emerge as we
approach freezing point.

The intricate beauty of a single snowflake can be brought out
using Rheinberg illumination, with colored filters fitted to the
substage condenser of a light microscope. Kenneth Libbrecht
captured this fine example at the California Institute of Technology
in Pasadena.

rious anomaly of ice that floats is essential for life to
survive a freezing winter. Single cells withstand freezing. Human sperm and egg cells can survive for years.
The bacterium Herminiimonas glaciei has been found
in Greenland ice that is 120,000 years old, making
this the longest-surviving organism from prehistoric
times. In May 2018, two species of nematode, Panagrolaimus detritophagus and Plectus parvus, were found to
have survived for 42,000 years in permafrost from the
Kolyma River in northeastern Siberia. As larger organisms developed, some of them evolved mechanisms
for surviving even when their bodies freeze. The familiar painted turtle Chrysemys picta can survive hard
winters when ice forms within its tissues, and Rana
sylvatica, the wood frog, can be revived after freezing.
There are startling videos on YouTube of solid frozen
fish from a refrigerator swimming within minutes of
being revived by immersion in water. Woolly bear caterpillars of the moth Pyrrharctia isabella have adapted
to being frozen in ice during the winter months, and
tardigrades (water bears) have been even shown to
survive immersion in liquid nitrogen at –196 °C for
prolonged periods of time. We lose fingers if they become frostbitten, but these examples remind us that
there are evolutionary mechanisms that can allow
their entire bodies to survive freezing.
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In 1908, Dr. René Quinton used diluted seawater “plasma” to treat a patient with alopecia, who had become bald four years earlier. He
injected her with the seawater three times a week for nine months (a total of 5.4 l), and her hair grew back. Was this pure coincidence?
Yet ice isn’t simply ice — it exists in a greater variety of structures, both amorphous and crystalline,
than anything else. The hydrogen bonds in solid water form networks that give at least 15 different solid
phases. A molecule of comparable complexity, hydrogen sulfide (H 2S) has four. We are familiar with the
hexagonal structure of ice crystals (reviewed in “Critical Focus: The Hidden Secrets of Snowflakes,” The
Microscope, 62:4, pp 171–181, 2014), yet this hexagonal
configuration comes at No. 12 in a list that some say
now exceeds 15 different phases.
Hexagonal ice has an open structure (19.65 cm3
–1
mol ) containing 7.5 cm3 mol–1 water molecules, which
allows for many varieties. Ice increases in density as
pressure increases, initially by the bonds bending and
forming tighter networks and later by the networks
penetrating each other. The phase diagram is uniquely complex, so the idea of water as a simple, everyday
substance is very far from the truth.
It is, though, fundamentally important to every
form of life. Life developed in the sea, and in 1865,
the French physiologist Claude Bernard recognized
that the milieu intérieur was the fluid environment in
which all the bodily cells lived their lives. This was
an animal’s way of carrying inside its own version of
the ocean in which it had evolved. It is easy to say that
our cells live in their own internal sea, and many writers wondered whether seawater could be transfused
to make up the difference in a patient who had lost
blood. Before the First World War, the French physiologist René Quinton diluted seawater so that it was
isotonic with plasma and claims to have successfully
transfused patients in France and Egypt. He used to
publish photographs of patients before and after the
treatment, all showing remarkable improvements. In
cases of victims of cholera and typhoid, the remedy120

ing of fluid loss can be seen to offer an explanation,
though in some cases — including anorexia nervosa
and even one case of baldness — it is less easy to claim
cause and effect.
PLASMA SUBSTITUTES?
These seawater therapies remain a trendy topic
for those on the fringe of medicine. One typical article
explains how seawater must be handled judiciously
and kept cool to avoid damaging its vital properties
(Thompson, Dianne J. “Seawater, A Blood Plasma
Substitute?” Nexus Magazine, 13:6, pp 19–22, 2006).
Thompson explains that seawater “contains every
mineral and trace mineral known, in organic form and
in the proper ratios needed by human tissues.” It is
certainly true that all bodily fluids — blood, semen,
tears, and sweat — have a salty taste due to the sodium chloride (NaCl) in both the body and the oceans.
However, the idea of the ratios being the same as in
human tissue fluid is off the mark. There is three times
as much sodium and five times as much chlorine by
weight in seawater as there is in tissue fluid. Water
from the sea contains eight times as much calcium,
50 times as much magnesium, 250 times the amount
of iron, and 1,000 times more copper. We could not
use seawater as an emergency transfusion liquid for
intravenous use in dehydrated patients. When diluted
to be isotonic with plasma, however, it could play a
part — though the chemical composition of seawater
is certainly not the same as our internal fluids.
There are similar stories about transfusing coconut water. Many of us have heard anecdotal accounts
suggesting that coconut water would be suitable for
transfusion if there are no supplies of blood or plasma
for emergency use. Coconut water, people say, can
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provide such a well-balanced medium for living human cells that it has been used instead of blood on the
battlefield in wartime (I have mentioned this idea in
my own lectures). These stories are convincing, but
they are recounted without evidence. The time has
come to run the truth to earth.
Coconut water must not be confused with coconut
milk. Coconut water is the liquid in the center of the
coconut. The milk is made by liquidizing the coconut
meat that lines the shell and blending the two. Coconut
water is clear and tastes slightly of sweet sap, whereas
the milk is opaque and tastes strongly of coconut. The
coconuts we buy do not usually contain sap, because it
evaporates during storage and transshipment. The liquid that people drink in the tropics comes from unripe,
green coconuts, which are only thinly lined with white
meat but are bursting full of liquid. But it isn’t true that
this coconut water has the same constituents as plasma. Although it has a specific gravity similar to plasma
(SG 1.020–1.026), it is more acidic and is hypotonic to
plasma because of its carbohydrate content. Coconut
water is higher in potassium, calcium, and magnesium
than it is in sodium, chloride, and phosphate. This raises a key point — can it really be safely used in transfusions? Before there were any formal papers, there were
reports in the Second World War that British army
doctors had used coconut water in place of plasma in
Ceylon (now Sri Lanka), and the Japanese were said to
have had success in transfusing patients with coconut
water in Sumatra. I found the first paper on the subject,
published in 1942 by Emilio Soto Pradera and his colleagues of Havana, Cuba (Pradera, E.S. et al. “Coconut
Water, a Clinical and Experimental Study,” American
Journal of Diseases of Children, 64:6, pp 977–995, 1942;
doi:10.1001/archpedi.1942.02010120017002). This is an
excellent paper in which details of the fluid composition are meticulously measured for the first time.
Pradera was investigating the nutritive balance of
coconut water, and he showed it contained very low
levels of proteins and vitamins though it was rich in
amino acids, including lysine, leucine, cystine, histidine, and phenylalanine. His investigations were meticulous, and they deserve to be better known.
Pradera set out to test the clinical use of coconut
water to replace plasma and, in an era long before ethics committees and social constraints, he lists all the
precautions that were taken. There is no present-day
sense of bravado, but only of judiciousness. The paper emphasized “the few cases we had available for
study” and said that “conscientious clinical criteria”
should be used until there were further studies that
could be “judged by a greater clinical experience.”

Coconut water infusion in practice: Dr. Ben Eiseman described
experiments from 1954, showing a coconut held in a sling, with
a needle allowing air to replace the fluid as it emerges. The procedure was subsequently illustrated in Kenneth V. Iserson’s book
Improvised Medicine, published in 2016.
For all its preliminary nature, this was a thorough
study. They repeatedly transfused coconut water
into rabbits to see if they developed anaphylaxis
and observed that none of the rabbits suffered. They
then moved on to administer filtered green coconut
water on an intravenous drip to 12 human patients
(10 children and two adults). All were ill, yet in only
one did they observe a rise in temperature above
39 °C (102.2 °F), and this was in a child who had been
admitted with appendicitis. In each case, the rate of
administration was slow, at the rate of 30–40 drops
per minute for a period of 3–6 hours, the total amount
administered being between 1–2 L. Pradera used the
term venoclysis, rather than transfusion, to describe
the procedure. They mean roughly the same, but he
wanted to emphasize that they were studying the
nutritive value of coconut water in treating malnourished patients, rather than investigating it primarily as
a transfusion liquid. This was the first time that a paper appeared reporting that coconut water had been
intravenously administered to humans — and it was
successful. Pradera later emigrated to the U.S., and he
died in 1981 in Fairfax, VA.
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It was more than a decade after Pradera’s pioneering paper when Ben Eiseman, a renowned surgeon
from St. Louis, made the next major step forward by
successfully infusing 500 ml of water from green coconuts intravenously into 21 patients without side
effects (Eiseman, B. “Intravenous Infusion of Coconut
Water,” American Medical Association Archives of Surgery,” 68:2, pp 167–78, 1954). Eiseman then went on
to conduct a study of administering green coconut
water intravenously in 157 patients “to evaluate its
clinical role in parts of the world where pyrogen-free
solutions cannot be obtained.” Coconut water is naturally sterile, but its 40-mEq/l potassium concentration
and low pH cause it to act as a diuretic, so it proved
to be unsuitable for patients with kidney damage.
There were more papers reporting the safe transfusion of coconut water in human patients throughout
the 1970s; the most recent account was included by
Kenneth V. Iserson of Tucson, AZ in his 2016 book,
Improvised Medicine (McGraw Hill Education: New
York), which includes a diagram of the setup copied
from Eiseman. There are many websites (e.g., http://
asksteve2cu.blogspot.com/2013/06/the-health-drinkthat-makes-you-look.html) currently claiming that
“coconut water is identical to human blood plasma,”
and although it is clearly untrue that it matches plasma, its composition is more closely related to the cytoplasmic contents within each blood cell. This is the
essential point everybody overlooks, and it reveals
to us that — whether you are a lofty palm in a tropical atoll, or an analytical microscopist toiling at your
bench in a busy laboratory — what goes on within
your cells is much the same. The similarity between
the watery fluid inside a coconut and that within a
human blood cell reminds us of the universal nature
of all living things.
WATER AS A GAS
Much of what we think we know about water is
incorrect. We are taught that water is incompressible,
and hydraulic engineers know how serious can be the
effects of water hammer that this can cause. Yet it is
wrong. Water can be compressed, cold water being
more compressible than warm, though it is difficult to
measure. The compressibility was first studied scientifically by John Canton of the Royal Society: “Water
has the remarkable property of being more compressible in winter than in summer,” he wrote. Canton was
correct, and his research was published in 1764. Canton was measuring to an accuracy of parts per million
by volume and he took precautions to ensure that
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other variables, like ambient temperature, were taken
into account (Canton, J. “Experiments and Observations on the Compressibility of Water and Some Other Fluids,” Philosophical Transactions, 54, pp 261–262,
1764). This pioneering inquiry was ingenious. There
are practical implications for his discovery. Because
water en masse is compressed by its own bulk, the sea
level is 40 m (almost 100 ft.) lower than it would be,
providing us with 5% more dry land — and all because water is compressible after all.
With its formula of H 2 O, water should be a gas,
for all other compounds of similar molecular mass are
gases. Although the boiling point of water is 100 °C
(212 °F), the boiling point of methane, which we can
describe as H 4C, is –161.5 °C (–259 °F), while that of
hydrogen sulfide (H2S) is –60 °C (–76 °F). The temperature decreases with altitude, of course, so that at
the top of Mount Everest water boils at a mere 71 °C
(160 °F), and you could splash yourself without scalding. The highest I have been is 3,900 m (almost 13,000
ft.) from the Aiguille du Midi cable car above Chamonix in the French Alps, where water boils at 86.6 °C
(187.9 °F) and they warn you about the thin air before
you step out. I was aware of that and had knowingly
taken deep breaths throughout the ascent. Confidently I stepped out, took a few paces upwards — only
to pass out, completely unconscious, on a cushioned
bench nearby (these seats had been installed specifically to catch those who, through over-confidence,
weren’t adapted to the altitude). A few minutes later I
was fine, and I thanked those who had helped — but
it did remind one of the dangers of high altitude. Recently, I was staying in the Rocky Mountains, perched
above Estes Park, CO at an altitude of some 2,440 m
(8,000 ft.), where water boils at 91.6 °C (196.9 °F), and
it takes 12 minutes to boil an egg. These altitudes seem
intimidating to most people, though when you fly in
an airliner the pressure is the same as at that height.
Passengers usually imagine that a pressurized aircraft means the air pressure stays much the same as at
ground level, but in fact they are at high altitude, even
inside the plane. Only 2% of the world’s population
live above 8,000 ft., and residents insist that it can take
several days to adapt. Airplane passengers have just a
half hour to acclimatize — so don’t rush to get out of
your seat when the seat belt sign goes off.
Water vapor is the third commonest gas in the
atmosphere. Nitrogen comprises 78.09%, there is
20.95% oxygen, up to 4.00% water vapor, 0.93% argon, and just a trace of carbon dioxide, 0.04%. In its
gaseous form, water as vapor has a far lower density
than would be expected; yet as a liquid it is unexpectTHE MICROSCOPE 66 (2018)
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edly dense. It has an extraordinarily low coefficient of
expansion, an unexpectedly high dielectric constant,
and twice the specific heat of ice. We rely on the water
within the body to regulate the biochemical reactions
on which life depends. It is an excellent solvent, and
ionized water facilitates proton exchange between vital complexes. The macromolecular structures, including proteins and nucleic acid, are maintained by water, and the cycling of such complexes through sol and
gel phases is a crucial component of cellular metabolism. Water also has unusually high surface tension
(72.8 mN per meter at 20 °C), which allows the water
strider to glide across a pond. It also aids the capillary forces that are clearly important in the movement
of water around a multicellular body, most notably in
plants. Yet capillary action cannot explain everything.
Atmospheric pressure supports a column of mercury
roughly 760 mm (29.92 in.) tall on a typical day. For
water, this would mean a height of 10 m (33 ft. tall).
Capillary action could reasonably be expected to add
to the height. The formula for calculating the effect of
capillarity is given by this equation:

where h = height of the liquid column, γ = surface tension, Ѳ = the contact angle, ρ = liquid density, g = force
of gravity, and r = the radius of the capillary tube.
Capillary action could easily draw water up a plant
to a height of, say, 500 mm. Add this to the effects of
atmospheric pressure, add something more for luck,
and we can easily see how water could reach from the
roots up to the top of a tree some 12 m (39 ft. 4 in.) tall.
Call it 40 ft. None of this can explain how sap reaches
to the tops of the tallest trees. These are specimens of
the redwood (Sequoia sempervirens), many of which
reach more than 90 m (about 300 ft.). The greatest of
all was identified in 2006 and has been named Hyperion. It measures 115.7 m (379 ft., 8 in.) tall. The next
tallest species lies at the other side of the world and
is a Tasmanian gum-tree Eucalyptus regnans named
Centurion, which reaches 99.82 m (327 ft. 6 in.). No
matter how we interpret the science of suction and
capillarity, these trees are at least 80 m taller than the
laws of physics allow them to be. It has been widely
accepted that the answer was found in 1965, when the
Cohesion Theory was advanced. This proposed that
the fine xylem vessels that conduct water from roots to
leaves contained an unbroken column of watery sap,
the attractive cohesion of the water molecules remaining unbroken as the plant grew to be ever taller. It is
an attractive theory — but it is not so new.

This fern sporangium, which I drew in 1959, shows how these
plants rely on the curious cohesion of water. Evaporation from the
annulus cells makes them shrink, tearing apart the sporangium
as it contracts. When cavitation occurs, the whole snaps forward,
shooting out the spores.

In Isaac Newton’s book Optics (published in 1717),
a cohesion experiment showed that water could be
raised to a height of 19 m (over 60 ft.), and 10 years
later, Stephen Hales, a fellow of the Royal Society, described cohesion in his book Vegetable Statics. He wrote:
“Plants imbibe moisture so vigorously … which moisture, as it carried off in perspiration, thereby gives the
sap-vessels liberty to be almost continually attracting
of fresh supplies,” making the dawn of the cohesion
concept almost 300 years older than we realize. Cohesion provides plants with many curious facilities.
If you observe mature fern sporangia under a light
microscope, you can watch as water evaporating from
the cells of the annulus causes these cells to contract,
opening the sporangium ever wider — until cavitation suddenly occurs and the annular cells jerk forwards again at speed, launching the spores like a catapult at considerable velocity. I have watched fungus
sporangia of the Mucorales, which we teach as simply
breaking apart and allowing spores to escape. They
don’t. The sporangium ruptures as water evaporating
from the sporangium annulus draws it back, until the
internal pressure reaches a critical level, cavitation occurs in each annulus cell, and the spores are ejected
at speed. Cohesion and cavitation are harnessed by
plants more widely than we think.
Yet, even though we accept it as the mechanism
drawing sap to the tops of tall trees, it may not be
the whole story. Martin J. Canny of the Biology Department of Carleton University in Ottawa, argues
that the operating pressure within the xylem vessels
is regulated by tissue pressure upon the vessels and
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The proverb “a dog, a woman, and a walnut tree, the more you
beat them the better they be” inspired this cartoon by Brian
Bagnall for the book in which I gave a scientific explanation on
why beating a walnut tree increases its productivity.

tracheids within the xylem. Canny accepted that the
driving force of the rising sap was evaporation from
the leaves (exactly as Hales had recognized in 1727)
but claimed that the tissue pressure prevented cavitation occurring within each vessel. He showed experimentally that positive pressure could be measured
within the roots, xylem, and leaves, and demonstrated
that the pressure was exerted by the living cells of the
phloem and the xylem parenchyma. He showed under
the microscope that mechanical barriers allowed the
pressure to be contained. Canny called his proposal
the Compensating Pressure Theory and showed that
it explained why there was no gravitational gradient
within the xylem of tall plants, and why — when inflorescences are cut from tall palms — they exude sap
from the wound. He demonstrated pressure exerted
within the xylem, rather than tension drawing the sap
upwards. Plants are (of course) far more complex and
ingenious than it is popular to concede.
FORCE AND PRESSURE
I find in this ability to draw water to seemingly
impossible heights an explanation of an age-old and
bizarre proverb among country folk: “A dog, a woman,
and a walnut tree, the more you beat them the better
they be.” Several interpretations are given in the literature. The leading dictionary of sayings states: “The old
custom of beating a walnut-tree was carried out firstly
to fetch down the fruit and secondly to break the long
shoots and so encourage the production of short fruiting spurs” (The Oxford Dictionary of Proverbs, 2008). I
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find this intriguing. They explain their reasons for the
benefits of beating a tree but say nothing about beating women and dogs. And, as is so often the case with
these highfalutin reference works, the editors confidently state their explanation without a scintilla of scientific understanding behind it. It makes no sense: olives are certainly harvested by shaking a tree because
they are collected when juicy and scarcely ripened,
and they grow on the new branches; but walnuts are
shed by the tree when they are ripe and ready, and the
tree requires no shaking. In any event, walnut wood
is hard, and the tree cannot easily be shaken. Furthermore, the walnut does not produce “long shoots” and,
even if it did, beating the tree would not remove them.
My explanation is very different and, unlike the Oxford book, is backed by scientific reasoning (see page
15 of my book, 101 Questions About Science, Hamish
Hamilton: London, 1983). In my view, the effect occurs because the shock waves that are induced by
beating the tree cause cavitation within the xylem vessels and break the continuous column of sap. The tree
thus senses a reduction in flow within the xylem, and
it therefore fruits more abundantly to ensure the survival of the species. The physiological effect is analogous to root pruning, which is also done to increase
the productivity of a tree. A threatened plant is a fruitful plant. Not many people know that.
Water inflates the cells of plants through osmosis,
so that the cell contents press the surrounding plasma
membrane against the cell wall. This turgor pressure
is crucial for a multicellular plant to survive. Raising
and lowering the pressure opens and closes the cells of
the stomata, which meticulously regulate atmospheric
gas exchange with a leaf. Turgor pressure is used to
orient plant leaves so that they do not unnecessarily
overlap each other, casting shade; to change the orientation of leaves so that they lie normal to the axis of
sunlight and thus gather most solar energy form photosynthesis; and to open and spread apart the sepals
and petals. In some plants, turgor pressure plays a part
in seed dispersal, most conspicuously in the squirting
cucumber Ecballium elaterium. Each fruit is about 5 cm
(2 in.) long and turgor pressure builds up inside the
ripening fruit until it detaches dramatically from the
peduncle and flies off like a rocket. The juice and seeds
are squirted out under pressure and can travel for 6 m
(20 ft.). It is also turgor pressure that causes new plant
growth to appear so dramatically in springtime. The
new plants are not growing solely because of cell division, as you might think. The leaves and flowers of
an angiosperm are produced in miniature within the
plant apex during the fall. When spring arrives, and
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temperatures and day length reach a critical value, the
cells begin to inflate dramatically and so the growth of
the plant is really due to the inflation under pressure
of ready-formed tissues. So it is the expanding of cells
through the intake of water, rather than the growth of
new tissue, that causes the rapid expansion we see in
plants like bamboo. The fastest expanding bamboos
can lengthen by 35 in. (91 cm) in 24 hours — nearly a
yard a day.
Turgor pressure can reach remarkably high levels
and has been measured up to 20 atm (2 MPa) which
is more than five times higher than the air pressure
inside an automobile tire. This accounts for those episodes where a soft, herbaceous plant manages to split
a sidewalk and push its way through heavy asphalt.
People cannot understand how such a soft species
could force its way through a solid mass. It doesn’t, of
course; the plant simply grows in its own way as cell
division creates its essential tissues, and then turgor
pressure begins to operate. The plant tissues do not
move upwards through the asphalt, but the cells that
comprise them simply inflate under turgor pressure
and expand. The huge pressure within each microscopic cell causes it to increase in volume a hundredfold, and this is what raises the pavement. Humans
have harnessed a similar concept: we can use airbags
to lift heavy objects. Once a deflated bag is in place, it
can be slowly inflated by continual air pressure until a
heavy weight can be safely lifted. Hydraulic engineering relies on the same principle. So the weed disrupting the surface of a playground by bursting through
the asphalt is harnessing hydraulic power. Joseph Bramah first harnessed hydraulic science in England in
1795; plants were exploiting the power of water pressure half a billion years earlier.
MYSTERIOUS BEHAVIOR
The physics of water is extraordinary. Its high surface tension makes it both slippery and sticky. Put a
little water between two pieces of flat glass and they
will slip effortless against each other, but try to pull
them vertically apart and it is impossible. We use the
stickiness of water to hold a sandcastle together. Slide
two pieces of ice against each other and they slide effortlessly with negligible friction; have them come to
rest, and they immediately stick together. The stickiness of ice is used to hold a snowball together. Yet, although these seem to be similar phenomena, they are
completely unrelated. The strange interaction of water
and glass is due to the low compressibility of water
and its high surface tension; but the experiment with

Plants that push up the pavement seem to have inexplicable
power. It is not the soft and pliant plant tissues that move to force
their way through asphalt but the physical increase in hydraulic
pressure inside each cell due to osmosis. Each cell acts like an
airbag but is filled with liquid.
ice is because it melts under pressure. The slipperiness
of two pieces of ice pressed against each other is usually said to be because a thin layer of water forms as
the ice melts where the two are pressed together. It is
said that an ice skate melts the thinnest layer of water
from the ice on which is traveling and thus lubricates
itself. In the same way a ski, pressing onto the tiny
tips of snow crystals, causes minute areas of melting
at each point of contact, and so the ski glides on water.
When that snowball is pressed together, it is the pressure between every snowflake that causes momentary
melting at a molecular level, which freezes again seconds later when the pressure is relieved. These explanations are plausible but may not be the whole story.
Michael Faraday in 1850 proposed that the surface of
ice may be coated with a monomolecular layer of liquid water, because the molecules in ice are bonded to
surrounding molecules — but, at the surface, there are
no molecules above and so the layer remains liquid.
This, he argued, would be why ice cubes fuse together: the moment they touch there is no free surface, so
the water immediately turns to ice. Even today, physicists argue about which mechanism is responsible. In
so many ways, water remains a mystery.
Water even behaves differently when the temperature changes. The physical properties of hot water
(above ≈50 °C) are different from those of cold wa125

The curious structure
of the water molecule
provides the basis for
its unique behavior.
Rather than lying
in a simple H-O-H
configuration, the
spacing between
the atoms (and the
angle between the
hydrogen nuclei)
are anomalous and
largely inexplicable.

ter, and it has been shown — though nobody knows
why — that warm water freezes quicker than when
it is cold. We know this as the Mpemba effect, and it
was named after a school cookery student in Tanzania, Erasto Batholomeo Mpemba, who noted that a
warm ice cream mix froze faster than one that started
cold. Nobody believed him when he made his claim
in 1963. However, the effect had been known since ancient times. Aristotle, around 360 B.C., published this
note in his Meteorology:
The fact that the water has previously been
warmed contributes to its freezing quickly: for so
it cools sooner. Hence many people, when they
want to cool water quickly, begin by putting it
in the sun. Thus, the inhabitants of Pontus when
they encamp on the ice to fish (they cut a hole
in the ice and then fish) pour warm water round
their reeds that it may freeze the quicker, for they
use the ice like lead to fix the reeds.
Truly, there’s nothing new under the sun, and explanations for the phenomenon are many. In 2012, the
Royal Society of Chemistry announced a competition
to find the right answer, receiving more than 22,000
entries. The winner was Nikola Bregović of the Department of Chemistry at the University of Zagreb,
Croatia. His explanation involved the concept of convection currents — being stronger in a warmer liquid
— that more quickly transferred thermal energy out
from the cooling liquid. Everybody agreed that this
seems to be the explanation, though I am not persuaded. Bregović’s theory does not explain a viscous fluid
(like Mpemba’s original ice cream mix).
The hydrogen bonds of the water molecule align
the atoms in a tetrahedral arrangement. Setting down
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the structure as simple chemical symbols gives us
H-O-H, but this is misleading because they do not
click together, like Legos. There is calculated to be a
specific angle of 104.474° between the hydrogen ions,
which is sometimes glamorized as the “angle of life.”
Websites give variations on the theme, including 114°,
109.5°, 104.45°, and 105°.
Each hydrogen nucleus is bound to the central
oxygen ion by a pair of electrons that they share, forming a covalent bond. Two of the six electrons of the
outer shell of oxygen are used for this purpose, leaving
four that are organized into two non-bonding pairs.
The electron pairs surrounding the oxygen nucleus
arrange themselves as distant far from each other as
possible so that repulsion between the negative charges is minimized. Theoretically, this would result in a
tetrahedral geometry in which the angle between the
electron pairs was 109.5° (a value often quoted). However, the two non-bonding pairs are nearer to the oxygen atom and exert a stronger repulsion against the two
covalent bonding pairs, which has the effect of pushing the two hydrogen nuclei closer together. The result
is a distorted tetrahedral arrangement in which the
H-O-H angle is about 104.45° (which is often quoted
as 104.5°). The molecules exhibit high cohesion, which
accounts for the unexpectedly high freezing and melting points of water. It also had high thermal conductivity and raised specific heat, and water has remarkably
high latent heat. The amount of energy needed to melt
a block of solid ice at 0 °C to form water (still at 0 °C)
would, if applied again, raise the water temperature to
80 °C. Similarly, large amounts of energy are released
when steam condenses back into water, which is why
a scald from steam above boiling point is so much
more damaging than a blast of hot, dry air at a similar
temperature.
KEEPING COOL
The latent heat of evaporation from sweat glands
is harnessed by many animals to regulate their body
temperature. Not all mammals do this — the scent of
a wolf could reveal its position to a predator if it perspired, which is why wolves and dogs have no sweat
glands. They cool the blood simply by panting; the latent heat of evaporation of moisture from the mouth
and tongue help reduce the body temperature. Evaporation from the skin is a powerful coolant mechanism. There are reports from 1774 claiming that the
Secretary of the Royal Society of London, Sir Charles
Blagden, went into a room heated to 127 °C (260 °F)
taking a few eggs, a piece of beef, and a dog. Fifteen
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minutes later, the eggs were hard-baked and the steak
well cooked, but Blagden and the dog walked out unharmed. There are also reports of a Russia investigator,
Ivan Ivanitz Chabert, who went into an oven in 1831
in Paris with a few samples of steak and stayed there
for 5 minutes at a temperature claimed to be 193 °C
(380 °F). Although the meat was cooked, Chabert was
said to have emerged, sweating profusely and with his
pulse raised to 168 beats per minute. Normal blood
temperature, as we know, is 37.0 °C (98.6 °F) and a
body temperature above about 40 °C (104 °F) may be
life-threatening. The world record was set on July 10,
1980, when 52-year-old Willie Jones of Atlanta was
recorded with a temperature of 46 °C (115 °F) and,
after three weeks recovering in hospital, he survived.
How might people have lived through far higher ambient temperatures? It is down to the remarkably high
latent heat of water — the heat energy is dissipated
through the evaporation of perspiration. This alone
can keep the temperature of the blood below 40 °C
(104 °F), even when the surrounding air is hotter than
boiling point.
The temperature of our warming planet can also
reach dangerous levels. We know that Death Valley is the hottest place on Earth, because it is said to
have reached 56.7 °C (134 °F) on that famous day in
July 1913, but this is a desert. In May 2015, the Iranian
city of Bandar Mahshahr, population 155,000, reached
46 °C (115 °F) — a heat index of 74 °C (165 °F). We
owe much to the extraordinary latent heat of water.
Yet we do not harness it as we could. When Chicago
had an unexpectedly hot spell in June 2018, with temperatures topping 38 °C (100 °F), there was an Excessive Heat Warning, and much official advice appeared
in the press and on television. Said salsa instructor
Miguel Mendez: “No reason to be pounding the floor.
Let your body glide. Cool off and drink water.” The
Office of Emergency Management reminded everyone to stay hydrated, wear light-colored clothing, and
keep out of the sun. The public were advised to stay
in an air-conditioned space. This works for those with
available access, but thousands of residents do not
have air conditioning and they need relief at night.
Of all the advice, the recommendation I would have
offered was conspicuous by its absence: buy a fan.
Currents of cooling air from a cheap desk fan costing
less than $10 will evaporate water from the skin cells
and absorb heat energy from the body in the process.
The mechanism is just the same as air conditioning. A
heat exchanger (in a refrigerator or an air conditioning
unit) operates by circulating fluid through an evaporation chamber, and the latent heat absorbed during

the process of evaporation creates the cooling. If you
are exposed to a gently moving current of air wafting over your skin, the evaporation of moisture generates the cooling in precisely the same way. Turning up
your air conditioning unit on a hot and sweltering afternoon consumes massive amounts of electrical energy, generates excessive heat, adds additional burdens
of CO2 to the atmosphere as the power plants work
flat out, and has a high financial cost. Yet fans are not
mentioned as often as you would expect — and, when
they are, commentators so often misunderstand the
mechanism. I am writing these words in a heat wave,
the afternoon temperature each day rising above 90 °F
(32 °C). The comments about the use of fans reveal
how ignorant today’s young writers are about elementary science. Says one commentator on television:
“There is no sense in pointing a fan at yourself. Aim
it instead at an open window to help create a draft.”
A typical newspaper feature offering emergency advice says: “If you point [fans] outside, slightly towards
the windows, they push out the hot air. If you have a
ceiling fan, set them counterclockwise to pull the hot
air away.” This shows how people are unaware of the
immense cooling power that evaporation provides —
and it is all because water has such curious properties.
A heat wave that swept North America in early
July 2018 was linked to more than 70 deaths in Quebec, where temperatures soared past 100° F. In 1995,
excessive heat killed 739 people in Chicago. I was visiting the city at that time and noticed that metal handrails were too hot to hold. Most of the victims were
elderly or poor, and people did not want to keep their
windows open because of the outside air heat and the
fear of crime. The Natural Resources Defense Council
(NRDC) reports that in recent years there have been
an average 1,360 dangerously hot days each summer
in the 45 major American cities, and they now forecast
that in 30 years the number will be 10 times as great.
Juanita Constible, special projects director of the Climate Center of the NRDC, says: “That’s the equivalent
of 150 American deaths every summer day.” Yet an
electric fan could make life so much easier, and at very
low cost.
Water breaks so many rules; some scientists argue that it shouldn’t exist. Yet not only are the weird
properties of water the key to all life, but this single
example — the latent heat of evaporation of the water
from our skin cells — can save lives in a heat wave.
That same latent heat cools your refrigerator, and a
simple fan allows you to do the same on your skin. In
an era of global warming, that curious characteristic
could be crucial.
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