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Natural Disasters

Calculations regarding natural disasters tend to fall into two categories: how destructive is a
particular event?; and how likely is it to occur? In general, questions of the first sort are much
easier to estimate in an order of magnitude sense than the second sort.

Destructiveness
For most natural (and man-made) disasters, destructiveness depends on the energy delivered to

a given area. Strictly speaking, it should be power, rather than energy (why?) but most events of
interest to us occur on short enough timescales that energy is the more useful quantity. The total
amount of destruction will also depend on the area affected.

Below are some possible forms of natural and man-made disaster.

Explosions
The latent heat of fusion of TNT can be approximated assuming the usual few eV per atom

binding energy (see Week 1), and is not markedly different to that of other substances. The
important difference is that this energy is released very rapidly during an explosion, yielding about
4 MJ/kg. For most natural disasters, the natural unit is the kiloton (kt) of TNT (4× 1012 J); the
Hiroshima atom bomb had a yield of 15 kt.

A volcanic explosion occurs when gas trapped in lava expands as the lava ascends to the surface,
resulting in PdV work. We can write
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If the change in pressure is say a factor of 103 and T ∼ 1000 K, then we have W ∼ 6×104 J mol−1.
If our gas has a mass of say 0.02 kg/mol, then the energy density of the explosion is 3 MJ/kg,
comparable to that of TNT. The big difference, of course, is that the volumes involved can be much
larger. For instance, Krakatoa involved the vapourization of roughly 1 km3 of material. If 10% of
the material was gas, then the yield was 1018 J, or 250 Mt, larger than the largest hydrogen bomb
ever built.

Fission or fusion bombs, of course, require less material because the energy density (= c2, or
1017 J/kg) is much much higher. If the conversion of matter to energy were perfectly efficient, a
100 MT explosion would require a few kg of material. Fortunately, in practice the efficiency is only
about 0.01 %.

The escape velocity for the Earth is about 11 km/s. The energy density of an object falling
from space is thus roughly 60 MJ/kg, ten times higher than that for conventional explosives. Thus,
bolide impacts can be highly destructive (see below).

The initial velocity of material in an explosion can be estimated by setting kinetic energy per
unit mass equal to the energy density, that is v2 ∼ W/m. For energy densities of 1 MJ/kg, we get
velocities of about 3 times the speed of sound - hence the bang!

The pressure pulse produced by an explosion can be deduced simply by remembering that
pressure is energy per unit volume. This famously allowed Fermi to estimate the yield of the
Trinity bomb test simply by dropping a few pieces of paper as the bomb went off.
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Example What was the pressure pulse 1 km from the Hiroshima ground zero?
Example G.I. Taylor, in a 1950 paper, suggested that the radius of an explosion should expand

with time as r ∼ t2/5ρ−1/5W 1/5, where t,W and ρ are time, energy and (background) atmospheric
density, respectively. This approach also allows you to calculate how the radiated energy from the
surface of the fireball decreases with time. How far from ground zero is the point at which objects
will start to combust?

Earthquakes
Work is just force times distance. When fault motion occurs, it is overcoming the frictional

stress, which can be considerable. Unfortunately, although the overburden stress is just ∼ ρgh,
the relevant coefficient of friction during an earthquake is very poorly known. A typical large fault
might be 100 km long, 10 km deep and move 10 m in a single event. If the friction coefficient is of
order unity, that gives a yield of roughly W∼ 1018 J, about the same as Krakatoa.

Most of the damage from earthquakes arises from surface waves. However, only a small fraction
ε(∼ 10−5) of the total energy goes into radiated seismic energy. If we consider an isolated surface
wave, then its wavelength λ will control the depth to which the induced strain extends. The strained
volume is then ∼ 2πrλ2 where r is the distance from the epicentre. The elastic energy per unit
volume is µε2, where µ is a rigidity modulus and ε is the strain, which we will approximate as x/λ,
where x is the surface displacement. So we get

Wε ∼ 2πrµx2 (2)

which allows us to deduce how ground displacement varies with distance from the epicentre. For
the example given above, we get displacements of about 1 cm at 100 km distance from the fault.
That seems pretty reasonable.

Bolide impacts
Above we pointed out that the energy density of an asteroid is about 60 MJ/kg. Thus, an

asteroid ∼200 m in radius would deliver energy equivalent to that of Krakatoa, and would carve a
crater a few km across (a bit bigger than Meteor Crater). Such events probably happen once every
thousand years or so, while a 20 kt impact happens every year. Of course, much larger impacts can
happen infrequently (the K-T impact was probably 100 Tt) and are probably the most destructive
events likely to happen to a terrestrial planet. Arguably, more destruction would be caused by an
ocean impact than a land impact, due to the tsunamis generated (see below).

Example Global impact effects arise when the pressure wave is sufficient to deliver material to
the stratosphere. What impact energy is required to achieve this, and how big a bolide would you
need?

Tsunamis
We have seen that shallow water waves have a phase velocity v of

√
gD where D is the water

depth. Tsunamis typically have wavelengths � D, where D ≈5 km in the deep ocean, so they are
shallow water waves.

Example What is the characteristic wave-speed of a tsunami prior to it encountering the con-
tinental shelf?

We can assume that the wavelength λ (and hence the period) of the tsunami is controlled by
the physical process causing it (asteroid impact, landslide, eartquake etc.). From our discussion of
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Waves, the kinetic energy per unit length of a single wave is ρh2λ3ω2/D ∼ ρh2λg. This makes the
important point that the energy contained within a wave goes as the square of the amplitude.

To make comparisons with other catastrophes easier, it may be easier to think about the power
delivered to unit area. Very roughly, that means we take the kinetic energy per unit length and
multiply by ω/h. That yields a power ∼ ρgh · (gD)1/2 = ρghv which makes a certain amount of
physical sense.

Example What is the energy per metre and power per unit area delivered by a Sumatra-like
tsunami?

Forest Fires
Forest fires are much less destructive than some of the other natural disasters, mainly because

the rate of energy delivery is low. A 1 km2 area of forest might contain 108 kg of tree, implying a
total energy of 1014 J, about equivalent to Hiroshima, but that energy is likely to be released over
days, rather than a fraction of a second.

Wood probably burns at around 1500 K (flames are orange). So the surface of a forest fire will
radiate about 300 kW/m2, or several hundred times the power of the Sun at its hottest. We expect
the energy density of burning wood to be a few thousand kJ/kg, which implies that sustaining a
fire takes about 10−1 kg m−2 s−1 of fuel. A real tree is mostly empty space, so its cross-sectional
density is probably no more than 100 kg m−2, implying it will burn for 103 s, or about an hour.
That seems reasonable.

Astrophysical disasters
There are a variety of potential astrophysical disasters waiting to happen. One is a coronal

mass ejection, a burst of plasma ejected from the Sun. These have typical velocities v of 500 km/s
and masses of 1012 kg. The kinetic energy E of such a CME is about four orders of magnitude
larger than the energy stored in the Earth’s magnetic field (B2V/µ0). The length-scale of CMEs
r is larger than the Earth (perhaps by a factor of 10) so that only 1% of the total energy would
be delivered to Earth - but even so one can see that large disturbances to the Earth’s magnetic
field will result. The power per unit area delivered during one of these events is ∼ Ev/r3 or about
105 W m−2, consistent with large events being naked-eye visible. The last large CME (in 1859)
fortunately happened before the development of modern electricity-transmission and electronics; a
comparable CME today would probably have disastrous effects e.g. how long would it take every
transformer in the US to be replaced?

Gamma-ray bursts are collimated beams of high-energy photons from distant supernovae,
with a typical energy release of ∼ 1044 J. It has been calculated that the Earth might be irradiated
by a GRB at some level every 10 Myr or so, though if so most such events must not have been
enough to generate wide-spread extinction. This probability seems like it should be amenable to an
OOM argument.
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