
EART 265 Order of Magnitude Estimation

More Disasters

We'll try to highlight di�erent approaches to analyze the following natural disasters. Note that for
sustained phenomena (like a hurricane), the energy release isn't as relevant since it's sustained. This
makes it di�erent from �impulse� type events like a bomb or earthquake. In these cases, power is
probably a more important way to look at it.

Tornadoes

Tornados are fast-spinning vortices of air associated with a thunderstorm. At its core is a very
low pressure center. Ultimately, the energy comes from latent heat release by condensation (see
hurricanes). Tornaodes are damaging due to a few factors. The main one is the strong winds can
collapse buildings, and debris (including cars and trees) caught up in the high winds can (and will)
be very damaging.

One approach to judging a tornado's potential for damage is to start with the pressure de�cit within
the tornado. The record low pressure is ∼ 90 kPa (recall that 1 atm∼100 kPa). Thus:

∆P ∼ ∆E

V

where ∆E is the energy di�erence between air inside and outside the tornado. For ∆P ∼ 10 kPa :
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This generates a typical velocity of:
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This is maybe a bit high (probably because there is a lot of dissipation in the system, with some of
the energy is converted to heat) but right OOM. Objects �ying around at this energy can be deadly.
Even a small object moving at this speed is capable of causing great damage.

Power output can be estimated using a timescale for dissipation of the tornado, i.e. if we spin the
air up and then cut o� its source of energy, how long would it take for the whole thing to spin down?
From observation, we might guess that ∼1 min is too short and 1 hour is too long. So maybe 10 min
or ∼ 103 s. Thus:

Power
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t
∼ 10 kJ/kg

103 s
∼ 10 W/kg

Guessing that the tornado has a typical size of 102 m diameter x 1 km tall:

Power =
Power

m
· ρV ∼ 10 W/kg · 1 kg m−3 · 3/4 · (102 m)2 · 1000 m ∼ 108W ∼ 0.1 GW

which is a pretty big value given that it's concentrated in a small volume (c.f. Moss Landing power
plant capacity of 3 GW).
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Hurricanes

Hurricanes are driven by the release of latent heat (which ultimately comes from solar energy stored
within the ocean transported in the form of evaporated water vapor from the ocean surface). The
structure of a hurricane exhibits bands of thunderstorms that form in regions of rapidly rising air.
All of this takes place in a rotating air mass, a detail that we'll ignore for simplicity. Assuming
a typical diameter of the most vigorous part of the hurricane as 100 km, and a typical updraft of
5 m/s (think of the downward motion of a plane in a large thunderstorm), the upward volume �ux
of air can be estimated as:

π
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· (105 m)2

2
· 5 m/s ∼ 2× 1010 m3/s

where the 1/2 assumes that half the air is moving upwards and the other half is moving downwards.
Tropical air has a typical water vapor mass concentration of 2% (can you think of how to estimate
this? if not, how would you conduct a simple experiment to estimate this?). We'll assume that all of
this water vapor condenses to liquid within the hurricane (is this a good assumption?), which leads
to a rate of latent heat release of:

P ∼ 2× 1010 m3/s · 1 kg/m3 · 0.02 kgw/kgair · 2× 106 J/kg ∼ 1015 W

The time required to release as much energy as the U.S. consumes in one year (1020 J) is:

t ∼ 1020 J

1015 W
∼ 105 s

which is approximately one day!

Lightning

Lightning is an electrical phenomenon whereby high voltage electrons discharge their energy to
Earth. When this energy is released, it causes a column of air to heat up to very high temperatures,
which we see as emitted light. Thunder is the resulting pressure wave caused by the rapid expansion
of this heated air column. It's obvious from observation that lightning is hotter than the sun, since
it looks much more blue or violet than sunlight. So let's guess that it's twice the temperature of the
sun so this column has T ∼ 104 K (this is actually too low by up to a factor of 3, but that's what I
would guess from pure observation without prior knowledge).

Thus, the energy release is:

E = m cp ∆T =⇒ E

m
∼ cp∆T ∼ 103 J

kg K
· 104 K ∼ 10

MJ

kg

This is comparable to a bomb! This is especially notable because of the short duration of a lightning
strike (typical duration 30 µs). A typical size of a lightning bolt is diameter of 10 cm (smaller than
tree trunk but not by a lot), and typical length is 1 km. Thus, power output is:

P ∼
10× 106 J

kg ·
3
4 · (0.1 m)2 · 103 m · 1 kg

m3

30× 10−6 s
∼ 2× 1012 W
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which is roughly the same as the average power consumption of the United States (1020 J/3×107 s ∼
3× 1012 W ), albeit for very brie�y!

One necessary condition for lightning is the ionization of air. Let's estimate the electric �eld strength
needed to cause this ionization. If we assume that binding energy of an electron is ∼3 eV, then the
voltage needed is 3 V (by de�nition of eV). This voltage occurs on a length scale similar to the size
of the air molecule, say L ∼ 10−10 m. This leads to a �eld strength E of:

E =
V

L
∼ 3 V

10−10 m
∼ 3× 1010 V/m

This turns out to be many orders of magnitude too high. That's because the above model does not
re�ect how actual ionization occurs; instead a few charged particles are accelerated in an electric �eld
to su�cient velocity such that their kinetic energy is enough to knock an electron o� the molecule.
In this case, then, we need a charged molecule to accelerate to have a kinetic energy similar to the
electrical potential energy of the electron within some length scale, which we'll say is the mean free
path in air λ. Thus, the electric �eld potential necessary is:

E =
F

q
∼ KE

λq

where the force was replaced by energy/distance (KE/λ). Substituting,

E ∼ 3 eV · 2× 10−19 J/eV

2× 10−19 C · 0.1× 10−6 m
∼ 3× 107 V/m

which is three orders of magnitude smaller than the previous estimate! This is much closer to
reality, which empirically is about an order of magnitude lower than this even. So what is the
voltage di�erence that produces lightning?

V = E` ∼ 3× 107 V/m · 103 m ∼ 3× 1010 V

That's a lot bigger than your household socket! Empirically, the answer is lower than this by two
orders of magnitude because of something called �channelization� in the lightning (and because our
original electric �eld is too high by a order of magnitude).
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