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Eleetricity in the Atmosphere

9-1 The electric potential gradient of the amosphere

On an ordinary day over flat desert country, or over the sea, as one goes up- 9-1 The electric potential gradient
ward from the surface of the ground the electric potential increases by about 100 of the atmosphere
volts per meter. Thus there is a vertical electric field E of 100 volts/m in the air. The
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sign of the field corresponds to a negative charge on the earth’s surface. This ? lectric currents in the

means that outdoors the potential at the height of your nose is 200 volts higher atmosphere
than the potential at your feet! You might ask: “Why don’t we just stick a pair of 9-3 Origin of the atmospheric
electrodes out in the air one meter apart and use the 100 volts to power our electric currents

lights?” Or you might wonder: “If there is really a potential difference of 200

volts between my nose and my feet, why is it I don’t get a shock when I go out into

the street?” 9-5 The mechanism of charge
We will answer the second question first. Your body is a relatively good separation

conductor. If you are in contact with the ground, you and the ground will tend to 9-6 Lightning

make one equipotential surface. Ordinarily, the equipotentials are parallel to the

surface, as shown in Fig. 9-1(a), but when you are there, the equipotentials are

distorted, and the field looks somewhat as shown in Fig. 9-1(b). So you still have

very nearly zero potential difference between your head and your feet. There are

charges that come from the earth to your head, changing the field. Some of them  Reference: Chalmers, J. Alan, Atmos-

9-4 Thunderstorms

may be discharged by ions collected from the air, but the current of these is ver pheric Electricity, Pergamon
y y y
small because air is a poor conductor. Press, London (1957).
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Fig. 9-1. (a) The potential distribution above the earth. (b) The potential
distribution near a man in an open flat place.

How can we measure such a field if the field is changed by putting something
there? There are several ways. One way is to place an insulated conductor at some
distance above the ground and leave it there until it is at the same potential as the
air. If we leave it long enough, the very small conductivity in the air will let the
charges leak off (or onto) the conductor until it comes to the potential at its level.
Then we can bring it back to the ground, and measure the shift of its potential as
we do so. A faster way is to let the conductor be a bucket of water with a small
leak. As the water drops out, it carries away any excess charges and the bucket
will approach the same potential as the air. (The charges, as you know, reside on
the surface, and as the drops come off “pieces of surface” break off.) We can meas-
ure the potential of the bucket with an electrometer.

9-1



|

CONNECTION
TO GROUND ’/— METAL PLATE

= GROUND

.

COVER PLATE B
Iy

(o)

1
~” GROUND

Fig. 9-2. (a) A grounded metal plate
will have the same surface charge as the
earth. (b) If the plate is covered with a
grounded conductor it will have no
surface charge.
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Fig. 9-3. Measuring the conductivity
of air due to the motion of ions.

There is another way to directly measure the potential gradient. Since there
is an electric field, there is a surface charge on the earth (¢ = €E). If we place
a flat metal plate at the earth’s surface and ground it, negative charges appear on
it (Fig. 9-2a). If this plate is now covered by another grounded conducting cover B,
the charges will appear on the cover, and there will be no charges on the original
plate A. If we measure the charge that flows from plate A to the ground (by, say,
a galvanometer in the grounding wire) as we cover it, we can find the surface
charge density that was there, and therefore also find the electric field.

Having suggested how we can measure the electric field in the atmosphere,
we now continue our description of it. Measurements show, first of all, that the
field continues to exist, but gets weaker, as one goes up to high altitudes. By about
50 kilometers, the field is very small, so most of the potential change (the integral
of E) is at lower altitudes. The total potential difference from the surface of the
earth to the top of the atmosphere is about 400,000 volts.

9-2 Electric currents in the atmosphere

Another thing that can be measured, in addition to the potential gradient, is
the current in the atmosphere. The current density is small—about 10 micromicro-
amperes crosses each square meter parallel to the earth. The air is evidently not a
perfect insulator, and because of this conductivity, a small current—caused by the
electric field we have just been describing—passes from the sky down to the earth.

Why does the atmosphere have conductivity? Here and there among the air
molecules there is an ion—a molecule of oxygen, say, which has acquired an
extra electron, or perhaps lost one. These ions do not stay as single molecules;
because of their electric field they usually accumulate a few other molecules around
them. Fach jon then becomes a little lump which, along with other lumps, drifts
in the field—moving slowly upward or downward—making the observed current.
Where do the ions come from? It was first guessed that the ions were produced by
the radioactivity of the earth. (It was known that the radiation from radioactive
materials would make air conducting by ionizing the air molecules.) Particles
like B-rays coming out of the atomic nuclei are moving so fast that they tear elec-
trons from the atoms, leaving ions behind. This would imply, of course, that if
we were to go to higher altitudes, we should find less ionization, because the radio-
activity is all in the dirt on the ground—in the traces of radium, uranium, po-
tassium, etc.

To test this theory, some physicists carried an experiment up in balloons to
measure the ionization of the air (Hess, in 1912) and discovered that the opposite
was true—the ionization per unit volume increased with altitude! (The apparatus
was like that of Fig. 9-3. The two plates were charged periodically to the potential
V. Due to the conductivity of the air, the plates slowly discharged; the rate of
discharge was measured with the electrometer.) This was a most mysterious
result—the most dramatic finding in the entire history of atmospheric electricity.
It was so dramatic, in fact, that it required a branching off of an entirely new
subject—cosmic rays. Atmospheric electricity itself remained less dramatic.
Tonization was evidently being produced by something from outside the earth;
the investigation of this source led to the discovery of the cosmic rays. We will
not discuss the subject of cosmic rays now, except to say that they maintain the
supply of ions. Although the ions are being swept away all the time, new ones are
being created by the cosmic-ray particles coming from the outside.

To be precise, we must say that besides the ions made of molecules, there are
also other kinds of ions. Tiny pieces of dirt, like extremely fine bits of dust, float
in the air and become charged. They are sometimes called “nuclei.” For example,
when a wave breaks in the sea, little bits of spray are thrown into the air. When
one of these drops evaporates, it leaves an infinitesimal crystal of NaCl floating in
the air. These tiny crystals can then pick up charges and become ions; they
are called “large ions.”

The small ions—those formed by cosmic rays—are the most mobile. Because
they are so small, they move rapidly through the air—with a speed of about 1
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cm/sec in a field of 100 volts/meter, or 1 volt/cm. The much bigger and heavier
jons move much more slowly. It turns out that if there are many “nuclei,” they will
pick up the charges from the small ions. Then, since the “large ions”” move so
slowly in a field, the total conductivity is reduced. The conductivity of air, there-
fore, is quite variable, since it is very sensitive to the amount of “dirt” there is in it.
There is much more of such dirt over land—where the winds can blow up dust
or where man throws all kinds of pollution into the air—than there is over water.
It is not surprising that from day to day, from moment to moment, from place
to place, the conductivity near the earth’s surface varies enormously. The voltage
gradient observed at any particular place on the earth’s surface also varies greatly
because roughly the same current flows down from high altitudes in different places,
and the varying conductivity near the earth results in a varying voltage gradient.

The conductivity of the air due to the drifting of ions also increases rapidly
with altitude—for two reasons. First of all, the ionization from cosmic rays in-
creases with altitude. Secondly, as the density of air goes down, the mean free path
of the ions increases, so that they can travel farther in the electric field before they
have a collision—resulting in a rapid increase of conductivity as one goes up.

Although the ,electric current-density in the air is only a few micromicro-
amperes per square meter, there are very many square meters on the earth’s surface.
The total electric current reaching the earth’s surface at any time is very nearly
constant at 1800 amperes. This current, of course, is “positive”—it carries plus
charges to the earth. So we have a voltage supply of 400,000 volts with a current
of 1800 amperes—a power of 700 megawatts!

With such a large current coming down, the negative charge on the earth
should soon be discharged. In fact, it should take only about half an hour to dis-
charge the entire earth. But the atmospheric electric field has already lasted more
than a half-hour since its discovery. How is it maintained? What maintains the
voltage? And between what and the earth? There are many questions.

The earth is negative, and the potential in the air is positive. If you go high
enough, the conductivity is so great that horizontally there is no more chance for
voltage variations. The air, for the scale of times that we are talking about, be-
comes effectively a conductor. This occurs at a height in the neighborhood of 50
kilometers. This is not as high as what is called the “jonosphere,” in which there
are very large numbers of ions produced by photoelectricity from the sun. Never-
theless, for our discussions of atmospheric electricity, the air becomes sufficiently
conductive at about 50 kilometers that we can imagine that there is practically a
perfect conducting surface at this height, from which the currents come down.
Our picture of the situation is shown in Fig. 9-4. The problem is: How is the
positive charge maintained there? How is it pumped back? Because if it comes
down to the earth, it has to be pumped back somehow. That was one of the
greatest puzzles of atmospheric electricity for quite a while.

Each piece of information we can get should give a clue or, at least, tell you
something about it. Here is an interesting phenomenon: If we measure the current
(which is more stable than the potential gradient) over the sea, for instance, or in
careful conditions, and average very carefully so that we get rid of the irregularities,
we discover that there is still a daily variation. The average of many measurements
over the oceans has a variation with time roughly as shown in Fig. 9-5. The
current varies by about =15 percent, and it is largest at 7:00 .M. in London. The
strange part of the thing is that no matter where you measure the current—in the
Atlantic Ocean, the Pacific Ocean, or the Arctic Ocean—it is at its peak value
when the clocks in London say 7:00 p.M.! All over the world the current is at its
maximum at 7:00 P.M. London time and it is at a minimum at 4:00 A.M. London
time. In other words, it depends upon the absolute time on the earth, noz upon
the local time at the place of observation. In one respect this is not mysterious;
it checks with our idea that there is a very high conductivity laterally at the top,
because that makes it impossible for the voltage difference from the ground to
the top to vary locally. Any potential variations should be worldwide, as indeed
they are. What we now know, therefore, is that the voltage at the “top” surface
is dropping and rising by 15 percent with the absolute time on the earth.
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Fig. 9-4. Typical electrical condi-

tions in a clear atmosphere.
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Fig. 9-5. The average daily varia-
tion of the atmospheric potential gradient
on a clear day over the oceans; referred
to Greenwich time.



