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In 1835, Gustave Coriolis derived th e  
expression of a force acting in rotating 
system s, now known as th e  Coriolis force. 
His work was inspired by rotating devices 
such as w aterw heels. However, th e  one 
rotating device th a t has always been with 
us is th e  Earth itself. Indeed, th e  earliest 
studies on how moving objects behave 
in a rotating system  w ere directed to  the  
Earth's diurnal rotation. Here we trace 
th e  history of these  studies, which s ta rted  
two centuries before Coriolis.

Article availab le  a t  h ttp ://w w w .europhysicsnew s.org  o r h ttp ://dx .do i.o rg /10 .1051/epn /2012202

http://www.europhysicsnews.org
http://dx.doi.org/10.1051/epn/2012202


T H E  C O R I O L I S  F O R C E F E A T U R E S

The first ideas concerning the influence of the 
Earths diurnal rotation on terrestrial objects 
came w ith the debate on the very existence 
of that rotation. This was inevitable, for A r

istotelian physics offered a seemingly weighty argument 
against it: everything lifted into the sky, such as birds or 
clouds, would no longer share the Earths rotational move
m ent and hence should drift away to the west at a gigantic 
speed. Since this is not what we observe, the conclusion 
had to be that the Earth does not rotate. To move beyond 
this Aristotelian argument, a different notion of inertia 
was needed. It was provided by Galilei who put forward 
the idea that objects persist in their horizontal movement, 
by which he meant that they would continue their circular 
trajectory [3]; thus, a stone thrown up in the air does not 
suddenly lose its rotational motion but keeps on moving 
along with the Earth.

Deflection of freely falling bodies 
and projectiles
In 1668, Giovanni Borelli, a m em ber of the Accademia 
del Cimento in Florence, examined what this principle of 
inertia implies for objects that are dropped from  a tower 
[7], O n the rotating Earth, the top of a tower describes 
a larger zonal circle than its foot, and thus m ust have a 
higher (circular) velocity to the east. Borelli supposed 
that an object falling from the top must retain this excess 
in  eastward velocity and hence land slightly to the east 
of the towers foot. He calculated the m agnitude of this 
deflection and found, for a tower of a height of 71 m  (240 
feet ) and placed at the equator, a value of 2 cm. We will 
not dwell on the details of his reasoning; notw ithstand
ing some errors and approximations, he found the right 
direction and the right order of magnitude. He concluded 
that the effect was too small to be measured, as the deflec
tion is easily dwarfed by other perturbing effects.
More than a century would pass before significant pro
gress was m ade on this problem. In 1803, Laplace and 
Gauss independently derived an expression for the east
ward deflection of freely falling objects:

d = 2/3 Q cos(O) f ( 2 h 3/g)

Here Q is the Earths angular velocity (7.292xl(h5 rad/s, 
i.e.,2n  divided by the sidereal day: 23h56m4s) and O is 
latitude; ̂  is the acceleration of gravity and h the height 
from  which the object falls. D uring the same period, ex
perim ents were carried out in  which experimentalists 
carefully attempted to eliminate all disturbing influences. 
The most famous is the one by Ferdinand Reich in a mine 
pit 158.5 m  deep, in Freiberg, Saxony [6], O n a total of 
106 experiments he found a m ean eastward deflection 
of 2.8 cm, which agrees with the theoretical value. De
spite all the precautions he took, the spread in  the values 
is conspicuous (see Figure 1); the balls sometimes even 
deflected to the west!

A related but m ore complicated problem  is that of the 
deflection of bodies launched in  an arbitrary direction. 
Riccioli in  his Almagestum Novum  (1651) argued that, 
i f  the Earth rotates, a projectile fired northw ard should 
deflect to the east: the projectile comes from  a latitude 
whose zonal circle is larger than the one to which it goes; 
the accompanying excess in  eastward velocity would be 
retained by the projectile, am ounting to a deflection to 
the e a s t . By contrast, Riccioli (incorrectly) expected no 
deflection for eastwardly fired objects. His reasoning im 
plies that a systematic difference between northwardly 
and eastwardly fired objects should have been detected; 
he took the absence of any such evidence as an argument 
against the Earths rotation [5],
O nce again, it was Laplace who pu t the problem  on a 
solid m athem atical footing; in  the fourth volume of his 
Mécanique Céleste he derived the equations governing 
the deflection of projectiles. He showed, in  particular, 
that a body  launched  vertically  upw ard w ould  land 
slightly westward.

Laplace and the'Traditional 
Approximation"
Laplace’s w ork on the deflection of projectiles was a 
spin-off of his earlier treatise on tides, which was pub
lished in  its definitive form  in the first volum e of his 
Mécanique Céleste [8]. For a hypothetical ocean covering 
the entire planet, he exam ined their m odes of p ropa
gation. To do this, he first had to derive the equations 
of m otion including the effects of the Earths rotation. 
Adopting the usual geographical coordinates, he dem 
onstrated that these equations contain four term s that 
represent a deflecting force due to the Earths rotation:
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NOTES

1 Height of 
the Torre 
degii Asinelli 
in Bologna, 
from which 
experiments 
on freely falling 
objects were 
carried out at 
the time.

2 In fact one 
should apply 
here the principle 
of conservation 
of angular 
momentum; 
this correction 
doubles the 
deflection, as was 
first pointed out 
by Brillouin [1].The 
same applies to 
Borelli's reasoning 
on freely falling 
bodies.

 ̂FIG 1 : The result 
of 106 experiments 
on freely fai ling 

balls inaminepit 
by Ferdinand Reich 

in 1831 (from [6]).
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► FIG 2:The deflecting 
forces (in red) acting 

on bodies moving 
in the Northern 

Hemisphere with 
velocities indicated 

in green. The vector 0  
represents the Earth's 

diurnal rotation.

m oving bodies are subject to a deflecting force in  a di
rection perpendicular to -  and in  m agnitude propor
tional to -  their velocity. Specifically, the effect of the 
four term s is as follows (see Figure 2):

an eastward velocity u induces 
(I) a southward force (whose 
expression is -20sin(<f>)w) 
and (II) a vertically upward 
force (2Qcos(<f>)w); 
a no rthw ard  velocity v in 
duces (III) an eastward force 
(2Qsin(<f>)v);
a vertically upward velocity w 
induces (IV) a westward force (-2Qcos(<f>) w).

Forces are taken per unit o f mass. These results apply 
to the N orthern  Hem isphere; in  the Southern H em i
sphere, O becomes negative, so that one should replace 
“southw ard” by “northw ard” for (I), and “eastward” by 
“westward” for (III).
His analysis contained yet another element that would 
prove influential. Laplace pointed out that the ocean is 
but a thin shell compared to the Earths radius (the same 
is true for the atmosphere); this geometrical constraint 
means that large-scale motions must be quasi horizontal. 
This renders the term s (II) and (IV) relatively unim por
tant, for they involve vertical movements (either in veloc
ity or in  acceleration). Thus, Laplace neglects them  and 
henceforth only takes into account the deflecting terms 
(I) and (III). Ever since, this approximation has been rou
tinely made in studies on geophysical fluid dynamics and 
is aptly referred to as the “Traditional Approximation”. 
In recent years, the validity of this approxim ation has
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however come under renewed scrutiny for some types 
of geophysical flows [4],
Historically, (IV) was the first of the four effects to be 
probed into, for it is the term responsible for the eastward 
deflection of a freely falling body, the case studied by 

Borelli. By contrast, the effect 
of the other “non-traditional” 
term  was the last to be identi
fied. In the early 20th century, 
w hen gravity m easurem ents 
were carried out during sea
going scientific campaigns, it 
was found that its value was 
system atically sm aller on an 

eastward moving ship, and larger on a westward moving 
one. (For example: for a ship going eastward at the equator 
at 13 knots, gravity g is reduced by one-hundredth of a 
percentage point.) In 1919, Eötvös pointed out that this 
phenom enon is explained by term  (II).

Geostrophy
In 1856, Ferrel adopted the term s (I) and (III) from  
Laplaces tidal theory and introduced them  in m eteor
ology [ 1 ]. In a qualitative way, the effect of term  (III) had 
already been introduced by Hadley in an article on the 
Trade W inds in  1735, but term  (I) was new in this field. 
Ferrel also clarified the way in  which (I) causes a deflec
tion: a particle of air which moves to the east is subject to 
an extra centrifugal force (since its own eastward velocity 
adds up to the already existing eastward velocity associ
ated with the Earths rotation). This extra force is oriented 
outward in  the plane spanned by the zonal circle; it can be 
decomposed into a meridional and a radial component, 
yielding (I) and (II), respectively.
Ferrel constructed a schematic view of the general circula
tion of the atmosphere (Figure 3). In each hemisphere, he 
distinguished three zones (the trade winds near the equa
tor, the westerlies at mid-latitudes, and the polar easterlies), 
which are separated by belts of low or high pressure (from 
equator to poles: the doldrums, subtropical high, subpolar 
low). Then, Ferrel assumed that the meridional gradient 
of pressure is balanced with term (I), featuring the zonal 
velocity. He thus introduced what we now know as the 
“geostrophic balance”, according to which the winds fol
low the isobars rather than being perpendicular to them.

Foucault's pendulum
In 1851 Foucault carried out his famous experiment in 
which he observed a slow rotation of the vertical plane of 
the pendulums oscillation. This effect is due to the terms 
(I) and (III); to a first approximation, the frequency of the 
planes rotation is given by Qsin(<I>) .Soon after, many such 
experiments were carried out at different places by other 
experimentalists. They not only confirmed the original 
experiment but also testified to the great appeal a direct

ÉÉ
An object falling from a tower 
must land slightly to the 
east of the tower's foot nn
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mechanical proof of the Earths rotation had to many, even 
if few would by then have doubted its reality. There is an 
ironical twist here, for in fact the experiment had already 
been inadvertently done at a time when the Earths rota
tion itself was still under debate. In notes from the 1660s, 
members of theAccademia del Cimento mention their ex
periments on pendulums and report a clockwise rotation 
of the vertical plane (Figure 4). They did not realize that 
the Earths rotation may have something to do with it. For 
them, it was a nuisance; and afterwards they fixed the pen
dulum at two ropes to preclude this annoying perturbation!

Coriolis
The four term s (I) to (IV), first derived by Laplace, are 
none other than what we now know as the“Coriolis force”. 
In 1835, Coriolis derived'his’ force in a theoretical treatise 
on the forces acting in rotating devices [2]. He called it the 
“force centrifuge composée”; the association with the name 
of Coriolis became common only by the late 19th century. 
In fact, his paper past unnoticed in the first few decades 
after its publication. Notably, Poisson in his papers on the 
deflection of projectiles in  1837/1838 drew on Laplaces 
Mécanique Céleste and shows no awareness of Coriolis’ 
paper. The same is true for early theoretical explanations 
of Foucault’s pendulum (such as by Binet in  1851 ). Ferrel’s 
work, too, is a case in point.
It is only natural that Laplace was m uch more influential 
than Coriolis. Firstly, because Laplace’s work concerned 
the Earths rotation, which, ever since Borelli, was the pri
m ary object of study in  effects of deflection (the cases 
discussed above testify to that). By contrast, Coriolis’work 
was more abstract and the applications he envisaged were 
rooted in  the industrial revolution, w ith rotating devices 
such as waterwheels -  a wholly different context. Second
ly, Laplace’s derivation of the deflecting force preceded 
that by Coriolis by four decades. Historically, it would 
certainlybe more accurate to speak of the“Laplace force”. 
But, then, Laplace has already got so m any things nam ed 
after him, that it should be considered a matter of fairness 
to speak of the “Coriolis force”! ■
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I NOTE I

; E.g., Kamerlingh Onnes in his dissertation on Foucault's ;
! pendulum , in 1879. I

«FIG3:
Schematic view 
of the general 
circulation of 
the atmosphere, 
established by Ferrel 
in 1856 (from [1]). 
The flow pattern 
isa combination of 
meridional flows, 
associated with the 

three circulation cells 
in each hemisphere 

(depicted in the 
outer spherical 
shell); the easterlies 
and westerlies 

are explained 
by the zonal 
geostrophic balance.
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4 FIG 4: Foucault's 

pendulum avant la 
lettre. Extract from 

notes by Viviani 
(Accademiadel 
Cimento, 1660s) : 
"We observed that 
all the pendulums 
at a single rope 

deviated from their 
plane [of oscillation] 
and always in the 
same sense, that 
is, according to the 
linesAB,(D,EF,etc" 

(Figure from [6]).
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