"The Coriolis Effec

Everything that moves over the surface of the earth—uwater,

air, animals, machines and projectiles—sidles to the right

in the Northern Hemisphere and to the left in the Southern

which move over the surface of the

IT IS A curious fact that all things
earth tend to sidle from their ap-

pointed paths—to the right in the North-.

ern Hemisphere, to the left in the
Southern Hemisphere. Since man has
managed to make himself one of the
most mobile of creatures, one might
think that so ubiquitous an effect must
long have been a matter of common
knowledge. It has not been and still is
not, even in this era of rapid speeds,
which accentuate the sidling tendency.
Probably few people realize that as they
drive down a straight highway at 60
miles per hour this all-pervading drift
would carry them off the road to the
right'at the rate of some 15 feet per mile
were it not for the frictional resistance of
the tires to any lateral motion.

This sidewise drifting tendency is
called the Coriolis effect, after the 19th-
century French mathematician G. G.
Coriolis, who made the first complete
analysis of it. The effect is due simply to
the rotation of the earth, and it appears
in all motions as soon as we refer those
motions to any coordinate system fixed
with respect to the earth (e.g., the lati-
tude-longitude grid).

There is really only one satisfactory
way to obtain a vivid impression of the
nature of the Coriolis principle. That is
to go to a carnival. Every carnival worth
the name has a Coriolian coordinate sys-
tem: viz., the merry-go-round. With only
a few balls as laboratory equipment and
two assistants, one on the merry-go-
round with you and the other on the
ground, you can carry out many interest-
ing Coriolian experiments.

When the merry-go-round starts up,
you begin a game of catch. Things will
probably go very poorly for several
throws (which is the reason for your
taking the precaution of equipping your-
self with several balls). The ball will
seem to veer from its thrown direction in
the most amazing fashion. Let us say the
merry-go-round turns counterclockwise,
as does the earth when viewed from
above the North Pole. If it makes one
complete turn in 10 seconds, and you
throw the ball at a speed of 20 feet per
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second toward an assistant standing 15
feet from you on the merry-go-round, the
apparently curving ball will miss the as-
sistant by a little over six feet to the
right. When you throw a ball to your
other assistant, in the outer world off the
merry-go-round, it will again seem to
drift rightward. This time, however, by
great concentration you may be able to
fix your attention on the nonrotating
framework of the outer world sufficiently
to sense that the ball is really moving as
it ought to move, and you may even
make proper allowance for the merry-
go-round’s rotation so that the ball
reaches your assistant’s hands.

VI‘HE APPARENT strangeness of the
balls” behavior in these experiments
arises from the fact that almost inescap-
ably you take the merry-go-round as
your reference system, and in this system
the laws of dynamics in their usual form
simply do not hold. No such difficulties
confront the assistant who stands out on
firm ground. He is not so compelled to
view these motions with respect to your
rotating coordinate system. He will feel
certain that the balls have at all times
been moving in well-behaved fashion.
If he has a little understanding of the
problem, he may be able to explain to
you that the drifting to the right which
you seem to see is really due to the fact
that your system is turning out from un-
der the moving balls.

The earth is a spherical merry-go-
round, and all of the Coriolis drifts we
observe when we use terrestrial coordi-
nate systems are due ultimately to the
fact that the earth, like the merry-go-
round, is always spinning out from under
our dynamical systems. To be sure, there
are certain subtleties that enter into
some Coriolis effects, but at bottom the
whole thing is just the merry-go-round
idea. To an observer conscious of New-
ton’s second law of motion, the apparent
“acceleration” (deflection from a straight
path) of an object moving over the
earth suggests that some force is acting
on it, and he is strongly tempted to
speak of the Coriolis “force.” For con-
venience, meteorologists and others who

are concerned with the Coriolis effect do
treat it as a force, and their equations
work out all right. What they set down
as a force in the Newtonian equation is
actually a correction for the apparent
acceleration. The pure dynamicist looks
at it in a different way: he likes to re-
gard these motions as occurring in obedi-
ent Newtonian fashion in what he calls
“Inertial space.”

OW let us look at some interesting
examples of the Coriolis effect, as it
applies to projectiles, flight, vehicles,

ocean currents and even our weather. .

The Coriolis effect is greatest near the
North and South Poles (where the earth
turns most rapidly under a moving ob-
ject) and decreases to zero at the Equa-
tor. The magnitude of the effect also
depends directly on the speed of the
moving object.

In middle latitudes of the Northern
Hemisphere a bullet fired with a velocity
of 800 feet per second at a target 400
feet away will drift one-tenth of an inch
to the right (without considering wind
effects or any other interference). That
is, in the half-second during which the
bullet is in flight, the rotation of the
earth has shifted the bull's-eye by about
one-tenth of an inch. This is not serious
to a pistol marksman, but the effect can
make quite a difference to a long-range
gunner. A battleship gunner who takes
dead aim at the bridge of a destroyer 20
miles away and fires a shell at 2,500 feet
per second will miss the destroyer com-
pletely, because the lateral Coriolis drift
will be more than 200 feet. In World
War I the shells of the giant German
gun called Big Bertha, which bom-
barded Paris from a firing site some 70
miles away, took three minutes to reach
their destination, and they underwent a
Coriolis drift to the right amounting to
almost a full mile—an error for which the
German ballistics experts carefully al-
lowed.

For a really dramatic effect we can
take the case of a rocket fired from the
North Pole and aimed at, say, New York
City. Assuming, for the sake of simplic-
ity, that the rocket travels at a constant
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MERRY-GO-ROUND EXPERIMENT demonstrates Coriolis drift. Seen
from above, the merry-go-round rotates counterclockwise. In the top draw-
ing a man at P attempts to throw a ball to a man at . The rotational motion
of the man at P (short arrow) , however, causes the ball to head in the direc-
 tion PE. In the bottom drawing the man at P has moved to P’, the man at Q to
(' and the ball crosses the edge of the merry-go-round at E. To the rotating
observers on the merry-go-round the ball appears to have described a curve.
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MISSILE flying from the North Pole (A) to New York (B) with a speed of
a mile per second would land near Chicago (C) unless the Coriolis effect were
taken into account. In the 55 minutes that it would take the missile to reach
the latitude of New Yo¥k the earth would have rotated on its axis about 15

speed of a mile per second, it will be in
flight for about 55 minutes. During all
of this time the target, New York City,
will be traveling at 18 miles per second
through solar-system space (the speed of
the earth’s movement around the sun)
and will also be turning with the rota-
tion of the earth at the rate of 15 degrees
of longitude per hour. As the result of
these motions the rocket, at the end of
55 minutes, will come to earth in some

.cornfield in northeastern Illinois, not far

from Chicago!

The earthbound observers who have
been plotting the apparent path of this
rocket with their radar network will say
that it traced out a graceful curve which
started out straight south in the longi-
tude of New York City, but veered
steadily westward, arriving in Illinois
from a direction about 11 degrees east
of north. A less provincial observer out
in interplanetary space will see that the
effect is entirely a result of the earth
itself having turned out from under the
moving 1'0c%et.

This is an idealized case; in actual
situations the Coriolis effect is much less
evident, because other forces such as
air resistance, neglected in this example,
also act on moving objects. Furthermore,
the motidh of a projectile fired from any
place on the earth other than the Poles
would be influenced not only by the
Coriolis effect but also by the initial
impetus from the circumpolar rotation
of the launching site.

An airplane experiences Coriolis
drifts which would lead to astonishing
errors in long flights if no compensation
were made for them. A jet fighter that
set out on a great-circle heading from

Chicago to New York and flew at 600
miles per hour without changing its
heading would miss New York by several
hundred miles to the south (assuming no
allowance for any wind). And if the
same pilot tried to fly in a similar way
from Seattle to New York, he would
find himself down in South America by
the time he crossed the meridian through
New York! In actual flights a pilot con-
tinually banks his plane slightly left-
ward, in our hemisphere, to compensate
for Coriolis drift. It should be noted that,
large as these deviations due to the rota-
tion of the earth are, they are still small
compared to the effects of cross-winds
normally encountered in actual flights.
The pilot’s Coriolis corrections are thus
obscured by the jockeying necessary to
compensate for wind drift. To compen-
sate for the Coriolis drift and keep a
20,000-pound jet fighter on a straight

terrestrial course at 600 miles per hour

requires a leftward force of about 55
pounds in middle latitudes of the North-
ern Hemisphere. This the pilot manages
by manipulation of the plane’s wings.
Railroad cars are much more massive,
so the Coriolis reaction in their case is
greater. A 500-ton locomotive moving
at 60 miles per hour develops a lateral
pressure on the rails amounting to about
300 pounds in middle latitudes. This
has given rise to the story that the wheels
on ftrains wear unevenly. Such a result
could hardly be detected on coaches or
freight cars, which for railroading rea- |
sons have no definite right or left sides, !
and the Engineering Department of the
Union Pacific Railroad has informed the
author that even in the case of locomo-
tive wheels the difference of wear on the



flanges of the right and left wheels is too
small to be measured.

HY IS SO universal (one should
say, “so terrestrial”) an effect not
readily apparent in our everyday ac-
tivities? The answer is that for many
moving objects the tendency toward a
lateral drift is quite easily counteracted
as the motions proceed. Thus in the case
of the car speeding down the highway
at 60 miles per hour, the potential 15
feet of shift per mile is prevented by the
frictional resistance of the tires to lateral
motion,
A walking man makes corrections for
the Coriolis effect easily and quite un-
consciously. On frictionless ice that pre-
vented his making any small lateral cor-
rections (but somehow still permitted
him to walk!) a man walking at four
miles per hour would drift from his in-
tended straight path by about 250 feet
at the end of one mile. Lost polar ex-
plorers are reported to have a strong
tendency to circle steadily toward the
fight near the North Pole and to the-left
near the South Pole; this may very well
be due to the Coriolis effect, which is
about 50 per cent stronger at the Poles
than in middle latitudes. It is said that
even the penguins in the Antarctic wad-
dle in arcs to the left, but this the au-
i thor will have to see to believe.

AMONC ALL the physical phenom-

ena in which the Coriolis effect plays
arole, the most striking is the weather.
Were it not for the Coriolis effect, winds
o the earth would rush directly from
bigher-pressure areas to lower-pressure
oes, and no strong “highs” or “lows”

degrees and traveled along its orbit some 59,000 miles. Within the coordinate
y system of the earth the missile would appear to describe the trajectory A'C’,
Vithin the coordinate system of the sun and all the planets, it would appear
todescribe the path AC’ (gray line running diagonally across these two pages).

could develop. Hence there would be no
opportunity for the build-up of the in-
tense cyclones and the large anticyclones
that control and give variability to our
weather, and our weather would be
much less changeable than it is. This is
precisely the situation in the Tropics,
where the Coriolis effect is zero or very
small. In that almost Coriolis-free belt
any atmospheric pressure differences
produced by heating of the air at the
ground are quickly smoothed out, and
the region has well earned the name of
“the doldrums.” Hurricanes and ty-
phoons never form closer to the Equator
than about five degrees of latitude.

Away from the Equator, however,
the case is very different. There the
Coriolis acceleration causes winds to
veer around and blow at right angles to
the pressure gradient, instead of paral-
lel with it. The result is the pattern of
strong lows and highs and circular
movement that is responsible for changes
in our weather.

On other planets, where the angular
velocity of rotation is different from that
of the earth, the Coriolis effect is cor-
respondingly different. Jupiter and Sat-
urn must have very marked Coriolis
effects, because each rotates about two
and a half times more rapidly than does
the earth. Their atmospheres of hydro-
gen, methane and ammonia must have
very steep pressure gradients, if their
winds compare in strength with ours.
In contrast, the atmosphere of Venus is
probably very calm, because Venus ro-
tates much more slowly than the earth—
perhaps once in about 30 terrestrial
days.

Just as the motions of the atmosphere
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exhibit the Coriolis effect, so also do the
more ponderous movements of the great
ocean currents. To simplify the picture
a bit, let us assume that the density of
the sea is uniform. The oceans are not
perfectly level, for the winds shift the
waters and give them a gentle relief.
Since water flows downhill, the natural
tendency of the oceans” water is to flow
from regions where the mean sea-level
is relatively high to those where it is
lower. But as soon as the water tries to
move in so forthright a fashion, the
Coriolis drift causes the moving water
to veer off to the right (in the Northern
Hemisphere). Eventually the currents
flow steadily along the contour lines,
with the water surface sloping upward
to the right as one looks in the direction
of flow. In practice, of course, internal
eddy-stresses within the ocean and the
winds blowing across the sea surface
modify this trend. But the general rule
still holds.

Lest the reader mistakenly conclude
that he should have spotted these
oceanic hills and valleys on his last sea
voyage, it should be mentioned that the
total difference of mean height across
even the fastest-moving parts of the
Gulf Stream system is only about a foot
and a half in some 80 or 90 miles. Even
this modest slope is only partly due to
Coriolis effects, the remainder resulting
from the sort of horizontal density
gradients we have agreed to overlook.
Yet, slight as such surface slopes may be,
they constitute a major factor in the dy-
namics of the ocean currents.

EOPLE ON the Pacific Coast are

well acquainted with certain other
consequences of the Coriolis accelera-
tion, though not many realize this is
the cause. Coriolis drift is mainly respon-
sible for the notorious California fogs
and the coldness of the water on Cali-
fornia’s beaches. Off the California coast,
where the prevailing winds are from the
northwest, the wind stress and Coriolis
drift generally combine to make the
coastal waters sidle off in a southwest-
erly direction. As water is transported
away from the shore toward the south-
west, the deficit must be made up some-
how. The water moving offshore is re-
placed by water rising from below. This
upwelling brings up water from cold
strata lying at depths as great as several
hundred feet. As a result there is a cool
strip of water along the California coast,
superimposed, in fact, on the already
cool California Current flowing down
from the north. In summer the warm
moist Pacific air streaming in from the
northwest is cooled by the coastal water,
and this is what forms the fogs for which
California regrets to be famous. A sim-
ilar situation prevails off the coast of
Peru and parts of the western coast of
Africa.

Some geologists believe the Coriolis
effect causes a river to erode one of its

banks faster than the other. The Russian
scientists P. A. Slavsov and Karl von
Baer reported that river valleys in Si-
beria tend to have steep walls on their
right side and gently sloping walls on
their left side. Similar asymmetries have
been observed in some Alaskan rivers, in
the Missouri River and in a2 number of
streams on Long Island. This supposed
effect of the Coriolis drift is sometimes
called Baer’s law. But students of the
effect have not all been willing to attrib-
ute it to the Coriolis influence. Even
in a river a mile wide flowing at the fast
rate of five miles per hour in middle
latitudes of the Northern Hemisphere,
the Coriolis drift to the right would pile
up the water only a little more than one
inch higher at the right bank than at
the left bank. Possibly such a slight dif-
ference in height might cause significant
differences in erosion over geological
periods of time, but the question is stilt
unsettled. :

This is as good a place as any to cor-
rect the persistent misconception that
the Coriolis acceleration causes the
water to run out of a washbowl in a
clockwise direction in the Northern
Hemisphere and counterclockwise in
the Southern Hemisphere. The Coriolis
influence is so small at the velocity of
water in a washbowl, the time involved
is so short and other factors are so
numerous (hands, noncircular bowl-
shapes, and so on) that one may feel
sure the Coriolis effect is never in control
here. This is regrettable, because if it
were, a washbow] would constitute a
usefu] analogue of a cyclone in the at-
mosphere.

W E SHALL consider one more Ppos-
sible case of a Coriolis effect. There
is a theory that some birds may be guid-
ed in their migrations by sensitivity to
the Coriolis acceleration and to geomag-
netic latitude. H. L. Yeagley of Penn-
sylvania State College has recently
studied this amazing theory in an effort
to determine the navigating techniques
of the homing pigeon.

When a bird flies at constant ground
speed in the Northern Hemisphere, its
Coriolis acceleration toward the right
grows greater the farther north it flies.
Yeagley suggests that if, through some
delicate sensory organ, the bird can de-
tect slight differences in this accelera-
tion, and can combine this information
with an accurate estimate of its ground
speed, it may be able to sense its geo-
graphical latitude. If, at the same time,
another sensory organ with the neces-
sary electrical properties senses differ-
ences in the minute electromotive forces
generated by virtue of the bird’s motion
through the earth’s magnetic field, then
this plus the bird’s estimate of its speed
would provide a basis for sensing geo-
magnetic latitude. Now, since the mag-
netic poles of the earth are displaced
some 20 degrees from the geographical
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No one ever visits her. In all the
world, Heidi has no one to love her, no one
to care what becomes of her. She does not even know where she came
from or where she is going.

Heidi was born in Western Europe, no one knows where, while
the war ‘was at its height. She doesn’t remember her parents. Her first
memories are of wandering homeless and alone through the terror and
the fury of a continent in flames. Her early childhood, which should have
been devoted to play and the security of love, was spent instead in the
grim business of existing day by day. '

By some miracle, Heidi survived. Today, she is a lively, pretty
youngster of eight. She is housed in a camp where the state provides the
barest minimum of food. But there is no money available for clothing or

~any of the other things that children need and want. Worst of all, she has

no one she can call her own—no one to remember her—no one who cares
what happens to her.

The saddest part of little Heidi’s story is that there are so many
like her who can have no hope for the future unless they receive help now.
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CHILD SPONSORSHIP plan. For just $96 a year, $8 a month, SCF
will send “your” child warm clothing, sturdy shoes, and supplementary
food—delivered in your name, in Austria, Finland, France, Western
Germany, Greece, Italy or Lebanon.

You will receive a case history, like the story of Heidi, and if
possible, a photograph. You can write your child and you will learn to
know how much your generosity means.

A contribution in any amoeunt will help
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Faith Baldwin, Lynn Fontanne, Herbert Hoover, Henry R. Luce,
Dr. Ralph W. Sockman, Thomas J. Watson.
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You may belp. a needy child in Austria, Finland,
France, Western Germany, Greece, Italy and Lebanon.

poles, the parallels of geomagnetic lati-
tude form a grid with the parallels of
geographical latitude, and with this grid
it is theoretically possible to navigate.

Most physicists would regard the
theory as of very low a priori plausibility.
Even assuming that a bird’s senses are
so delicate that it can detect the tiny
differences in Coriolis acceleration and
magnetic field, these cannot be trans-
lated into latitude until the bird has com-
pared each effect with a very precise
estimate of its ground speed. Further-
more, the bird must somehow allow for
the effect of cross-winds, which is nor-
mally much greater than the Coriolis
drift. As if this were not enough, the bird
would have to defy relativity theory,
which says that it could not distinguish
the effects of the normal atmospheric
electric field from those induced by the
bird’s motion through the earth’s ma$-
netic field. Yet despite these difficulties,
certain features of Yeagley’s theory seem
to have been borne out by his extensive
studies with homing pigeons.

If further research should confirm the
magnetic-Coriolis theory of bird navi-
gation, the solution of this deep mystery
of the animal world will be rather more
astonishing than the original mystery. It
would certainly be startling to learn that °
this effect has been used by generations
of golden plovers and Arctic terns to
hold true to their courses as they fly over
thousands of miles of trackless oceans.

Whether the birds are really that
clever or not, we may be quite sure that
they inexorably tend to drift as they fly.
All things that move over the surface of
our spinning earth, whether birds,
winds, rivers, ocean currents, explorers,
cars, trains, bullets or rockets, are in-
evitably subjected to this effect as we
view them in our terrestrial coordinate
systems. Even when man gets away
from his planetary home and stakes out
better-behaved coordinate systems in
interplanetary space, he will not be able
to omit consideration of the Coriolis ef-
fect from his dynamics. For the solar
system itself, along with all its near
neighbors, is slowly but surely rotating
around the hub of our galaxy, some
30,000 light-years away. Undoubtedly
a precise analysis of the waddling of
Antarctic penguins would show not only
Coriolis effects due to the earth’s circom-
polar rotation, and similar but smaller;
effects due to our planet’s annual cireuit;
around the sun, but also a tiny Coriolis
drift due to the stately whirl of our solar;
system about. the center of the galaxy.

Here we find ourselves in somewhat °
the same situation as Archimedes with |
his earth-moving lever—all we need to
demonstrate our point is a suitable co-
ordinate system.

James E. McDonald is as-
sistant professor of physics
at Iowa State College.



