Hadley’s Principle:
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Students of meteorology should rebel
against a theory that is so incapable of
bearing a reasonable test.

M. W. Davis (1899).

Résumé

It was thanks to the influential German mete-
orologist Heinrich W. Dove (1804-1879) that
the English meteorologist George Hadley
was credited with the discovery that the
Earth'’s rotation has a fundamental effect on
the atmospheric flow. In the second half of
the nineteenth century, however, theoretical
meteorologists, in particular the American
William Ferrel, the Norwegian Henrik Mohn
and the German Adolph Sprung, began to
question the validity of Hadley’s explana-
tion. But, as it would turn out, the most
devastating criticism would come from
Hadley’s own countrymen.

Meteorology in nineteenth-
century Britain

Throughout most of the nineteenth century
there was no country the British admired
more than Germany. This was also true for
meteorological science, and the leading
German meteorologist Heinrich W. Dove’s
ideas about the clockwise veering of the
wind were particularly well received. The
renowned English scientist Francis Galton
(cousin of Charles Darwin) expressed admi-
ration for Dove’s ‘well known theory;, which
he considered ‘so fertile in result’ (Galton,
1863). Robert H. Scott (1833-1916) transla-
ted Dove's Das Gesetz der Stiirme (Dove,
1862). Scott had worked with Dove in
Germany and would later be the longest-
serving Director of the UK Meteorological
Office from 1867 to1900 (Burton, 1994). It
was thanks to Dove that Hadley’s Principle
finally became known in Hadley’s own
country.

At this time, there was no meteorologist
in Britain with any interest or qualification in
theoretical or dynamical meteorology. The
leading authority regarding the motions of
the atmosphere was the astronomer John

Herschel, son of the famous astronomer
William Herschel (Good, 2006). Amongst his
theoretical articles and books about astron-
omy and physical geography was a long arti-
cle on meteorology for the Encyclopaedia
Britannica. According to Herschel, Hadley's
model afforded ‘an easy and satisfactory
explanation’ of the Trade Winds (Herschel,
1853).

Excessive winds

Herschel had to admit that there was one
problem with the Hadley Principle. Although
it fairly well explained the direction of the
Trade Winds, it predicted quite unrealistic
values of their velocities. Air moving at rest
from the Tropic of Cancer was predicted to
acquire a westward velocity of 37ms™ at
the Equator, a fact already noted by Hadley
(Figure 1). In the mid-latitudes a wind mov-
ing meridionally would increase its veloc-
ity by on average 5ms™' for every latitude
degree passed. A wind from Paris blowing
to Newcastle would increase to a westerly
hurricane of 35m s

The problem of unrealistic wind speeds
had been there already with Galileo’s
seventeenth-century explanation of the
Trade Winds. Why did the air, lagging behind
the Earth'’s rotation, do so by only 5-10m s™

at latitudes where the rotational velocity
was more than 400m s'? Whatever one
might think of Halley’s and d’Alembert’s
models and their disregard of the Earth's
rotation, it salvaged them at least from the
problem of excessive winds!

Hadley explained the absence of such
extreme winds at the Earth’s surface as due
to the effects of friction and so did Herschel.
No hurricane winds, Herschel assured the
readers of Encyclopaedia Britannica, would
come into being thanks to friction which
would make the easterly tendency dimin-
ish, to the point that the Trade Wind ‘lost
its easterly character altogether’ (Herschel,
1853, 1878).2

' A German meteorologist wanted to test the
hypothesis that the 30m s~ warm féhn winds in
the Alps had tropical origin and calculated a back-
ward trajectory from Central Europe according to
Hadley’s Principle. The result showed not only that
the fohn air seemed to originate over Indonesia,
the wind would also have had an initial velocity of
121m s (von Baeyer, 1858; Mousson, 1866).

2 Herschel thought that at least half, more prob-
ably two-thirds, of the energy in the westerlies
derived from the energy of the rotation of the
earth. He did not realize that if friction between
the air and the Earth was that effective the rota-
tion of the Earth would probably have decreased
much more rapidly than actually observed.
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Figure 1. George Hadley was already aware that his explanation of the Trade Winds predicted unre-
alistically high wind speeds in the tropics. He explained the discrepancy with reality by invoking

frictional effects.
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Objections to Hadley’s Principle

The frictional explanation did not satisfy
everybody. In 1840, a French book about
the wind systems on the world’s oceans,
expressed doubts that the Earth’s rotation
around its axis really was important for the
Trade Winds. In the next edition of the book
the author omitted this chapter because a
presentation of facts is sufficient instead of an
insufficient explanation. (Lartigue, 1840, 1855.)

M. F. Maury (1806-1873) was a leading
American authority on marine and ocea-
nographic problems and had, in 1853,
been instrumental in calling an interna-
tional meeting in Brussels to coordinate
marine traffic. His book Physical Geography
of the Sea became a bestseller with six edi-
tions (Maury, 1855).2 From initially having
endorsed Hadley’s Principle, in later edi-
tions Maury became more critical and finally
reached the verdict that diurnal rotation
should not be regarded as the sole cause of
the easterly direction of the Trade Winds.

Nor did the frictional explanation satisfy
the man in Britain who would most force-
fully formulate the criticism against Hadley’s
Principle. John K. Laughton (1830-1915)
had an influential post in the Royal Navy as
instructor, teacher and textbook author in
astronomy, meteorology and oceanography
(Lambert, 1999). In his scientific publications
he comes over as a strong empiricist with
a deep-rooted scepticism about theories.
According to him scientists were often too
quick to generalize:

There is no more dangerous source of error
in physical science than a strong ... convic-
tion that certain phenomena must exist and
a determination to find them. ... Difficult as
it is to banish from the mind all precon-
ceived ideas, and to inquire into things as
they really are, not as they have been imag-
ined to be, it is only by such a beginning
that we can hope to arrive at knowledge
and an understanding of the truth.

In his powerfully argued book, Physical
Geography in its relation to the prevailing
winds and currents, Laughton (1873) dis-
missed the commonly received theory of
the Trade Winds. The standard explanation of
the circulation of the global atmosphere was
open to very grave objections. Rather than
a storm of unheard-of severity, whose fury
nothing could withstand he found the Trade
Winds frequently dying away on the Equator.
The friction between the air and Earth must
be so great, Laughton thought, that the
influence of the rotation of the Earth is not suf-
ficient to produce the effects observed:

It would be contrary to all direct evidence
to admit that the rotation of the Earth

3 If there ever was a ‘Da Vinci Code of
Oceanography’it was M. F. Maury'’s book.
Profound observations, like Ekman transports in
the Gulf Stream, were mixed with pure fantasies
and religious speculations.

produces any sensible effect on the motion
of the air which we call wind.

Laughton’s book was well received by the
British meteorological community and led
to his lifelong connection with the Royal
Meteorological Society. In 1878 he, together
with five other prominent British meteorolo-
gists, published a collection of articles under
the title Modern Meteorology where there is
no mention of Hadley or the rotation of the
Earth (Mann et al., 1879).

The anti-Trade Wind proves
Hadley right?

At about this time, new observations
seemed to give some credence to the strong
winds predicted by Hadley's Principle.
Observations of cirrus clouds in the subtrop-
ics revealed the existence of rapid south-
westerly high-level winds of 20-40m s,
sometimes 60m s™' around 30°. Was this
the upper-air return flow from the tropics,
the ‘Anti-Trade Wind' envisaged by Edmond

Halley in 16867 In his paper in 1735, George
Hadley had already extended his model
to account for air moving towards higher
latitudes. Equatorial air at rest at the Equator
would at 30° latitude acquire a speed of
62m s (Figure 2). This was now confirmed
by observations - or so it seemed.
Atthistimeitwasalsorealized that for fric-
tionless inertial motion over the Earth’s sur-
face it is the absolute angular momentum*
that is conserved rather than the absolute
velocity (absolute linear momentum). But
when this correct principle was applied, the
consequences became even more absurd.
Parcels of air (or more correctly, hemispher-
ic rings of air) displaced meridionally by an
impulse from the Equator would, at 30° lati-
tude, appear to produce a wind of 124m s’

“From about 1800 it was realized that Kepler’s
angular momentum conserving ‘Second

Law’ was applicable also for motions on the
Earth. Meteorological texts, discussing atmos-
pheric dynamics, referred to the ‘Laws of Areas’
(‘Flachensatz’in German, ‘Loi des aires’in French)
well into the twentieth century.

Figure 2. When Hadley’s model was applied to upper air motion where friction plays a minor role, the
results seemed to be closer to observations of rapidly moving cirrus clouds.

N 124

ms1l _~
3401 ms’!
i

-

5463 ms!
____.-a:_ =637 000 km

Figure 3. When the correct principle of conservation of angular momentum was applied to Hadley's
mechanical model, the results again became highly unrealistic with excessive winds.

Royal Metearolegical Seciety



in an easterly direction, twice as much as
in Hadley’s model and what was observed
(Figure 3). Winds from Paris would appear
as westerly 70m s in Newcastle! So what
was wrong?

The fundamental flaw
of Hadley’s model

To understand why hurricane winds did
not occur we must realize that the most
misleading part of Hadley’s Principle is the
mechanical model itself. The assumption
about an impulsive force pushing the air in
a north—south direction is just not applica-
ble to the atmosphere (or ocean). This was
realized by German meteorologists already
in the 1870s. Others who understood this
were Americans such as Davis (1893),
Marvin (1920) and Clough (1920), and in
the 1930s this idea reached the influential
textbook by David Brunt, British professor in
meteorology at Imperial College:

It is frequently stated in meteorologi-
cal treatises that if air moves from one
latitude to another, retaining its original
angular momentum (in space) about the
earth’s axis, then in its new latitude it will
have enormous velocities along the ...
circle of latitude. This statement is highly
misleading. (Brunt, 1934, 1944.)

Brunt's explanation was along the lines
already made by Ferrel:

The effect of the Earth’s rotation is to make
it difficult for any parcel of air or water to
move any considerable distance over its
surface.

A frictionless moving body at the Equator
given an impulse to the north of 20m s~
would travel to the north no more than
1000km, equivalent to about 9° of latitude,
before it is turned back by the Coriolis force
in an inertial circle motion (Figure4). A
parcel of air at latitude 60° given the same
20ms™' impulse northward would only
travel 160km (172 latitude degree) before it
was turned back:

In practice the motion of a mass of air
through a large range of latitude, while
retaining its original angular momentum
about the axis of the Earth, can never arise.
(Brunt, 1934, 1944)

And the problem with the excessive westerly
winds such as 70m s~ (or 124m s™)? In fact
there is no increase in speed. The air in Paris
(or at the Equator) must be given an initial
velocity of 70 (or 124ms™") to be able to
even reach Newcastle (or 30° latitude). There
it for a short while appears as an excessive
westerly wind, before it is turned back in its
inertia circle motion.

The angular momentum conserving
model is therefore not applicable for
parts of the atmosphere, only for the total

Figure 4. Any particle, moving frictionless and under inertia over the Earth’s surface will, while con-
serving its angular momentum, follow almost circular motions due to the Coriolis Effect. To reach any
considerable distance the parcel must have substantial velocity. The ‘inertia circles’ in the figure cor-
respond to velocities of 50ms’. Due to the latitudinal variation of Coriolis Effect the trajectories are
more curved towards the poles which induces a slight westward drift. The rotation of the Earth there-
fore has, quite counter-intuitively, not only the effect of constraining the motion of the atmosphere
(and oceans), but also of pushing it slightly to the west, against the rotation (the ‘Beta Effect’).

atmosphere-earth system (as shown by
Hide et al,, 1980).

Continued confusion about
the Coriolis Effect

But now we have gone ahead in time. Let us
therefore return to the late nineteenth cen-
tury when British meteorology was left in a
bewildered state with respect to the Coriolis
Effect. Some physical scientists, mainly math-
ematicians mastered its derivations,® but
were not particularly interested in its geo-
physical applications. Meteorologists tended
to stick to observed empirical facts, because
the mathematical derivations were com-
plex and Hadley’s Principle anyway made
wrong predictions. Physicists with no direct
involvement in meteorology found Hadley’s
Principle a handy and intuitive explanatory
model, more convenient to refer to than the
complicated mathematical derivations.

Among the latter we find James Thomson
(1822-1892), elder brother of Lord Kelvin
(William Thomson). In his 1892 Bakerian
Lecture to the Royal Society on the general
circulation of the atmosphere, he mentioned
Hadley’s name almost 40 times, twice as
much as that of William Ferrel:

Hadley’s theory in its main features [...]
must be substantially true, and must ...
form the basis of any tenable theory [of the
general circulation of the atmosphere] that
could be devised. (Thomson, 1892.)

> Normally trigonometrically formalism was used,
although already O’Brien (1851) had made a vec-
tor derivation (Persson, 2005).

Thomson seems to have made the British
start to appreciate Hadley’s Principle out of
patriotic reasons, unaware of the fundamen-
tal criticism which foreign scientists, first
and foremost William Ferrel, had launched
against it. It is therefore no coincidence
that is was a friend of Ferrel, who would
deliver the most fatal criticism of the Hadley
Principle, who gave it what should have
been its final coup de grace.

Call for a rebellion against
Hadley’s Principle?

William M. Davis (1850-1934), professor in
physical geography at Harvard University,
was a leading force in the creation of the
short-lived Journal of Meteorology 1884-
1896. In the 1880s, he published several
articles on the deflective force which was
then summarized in his textbook Basic
Meteorology (Davis, 1893). In 1899 he was
invited to make a speech at the Royal
Meteorological Society on the general cir-
culation of the atmosphere. Most of the
talk developed into a condemnation of the
contemporary scientists who still regarded
Hadley's explanation so sufficient that it is still
widely quoted, although it has been repeat-
edly shown to be seriously incomplete. Davis
pointed out, and he was one of the first to
do so, that the violent storms didn't need
any tremendous friction to abate; the resist-
ance of the pressure field would accomplish
that. See also Lorenz (1967).

Much more serious is the omission from
Hadley’s statement ... of all consideration
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of the effect produced on the distribu-
tion of pressure by the deflection of the
winds.... (Davis, 1899, p 162)

In the same way as horizontal pressure gra-
dients accelerate the wind, they can also
decelerate them.The most effective brake on
the winds is not friction but the pressure field
through the geostrophic adjustment proc-
ess. If the winds become super-geostrophic
the Coriolis force, having an upper-hand
relative to the pressure gradient force, would
drive the air toward higher pressure and
retard it (Persson, 2001, figure 3).

As long as the effect of the winds in modi-
fying the distribution of pressure is left out
of consideration, no broad understanding
of atmospheric processes can be reached.
(Davis, 1899, p 169)

Davis found it curious that at a time when
the global pressure distribution was known,
students who were familiar only with
Hadley’s explanation of the effect of the
Earth’s rotation should continue to believe
in the conventional theory of the winds.
Since this explanation of the circulation of
the atmosphere was seriously incompetent
Davis called for a rebellion against unscien-
tific teaching:

If he [the serious student] makes no objec-
tion, it must be that he is too accustomed to
basing his opinions on authority instead of
onevidence. Itis utterly unscientific to believe
in a theory whose deduced consequences
are not borne out by facts; yet what is more
common than to find among students of
meteorology an acceptance of the conven-
tional origin of the general circulation of
the atmosphere...they should rebel against
a theory that is so incapable of bearing a
reasonable test. If assured that the theory is
correct, they should rebel against the insuf-
ficiency of the evidence that is presented to
them in its favour. (Davis, 1899, p 162)

Davis' speech did not seem to have any
great impact except perhaps in the works
by Marvin (1920), Clough (1920), and Brunt
(1934, 1944). But there never was a ‘rebel-
lion"and the consequences can still be seen
today, 110 years later, in many meteorologi-
cal textbooks, both popular and academic.
It is not uncommon to see a correct math-
ematical derivation beside a Hadley inspired
explanation that is in conflict both with
reality and the mathematics it is supposed
to enlighten.

Conclusion

To be a scientist you do not have to be
right, the important thing is that you have
reached your conclusions by sound reason-
ing with the concepts and observations
available at the time. In that sense, Aristotle

and Ptolemy were scientists, but not those
who echoed them in the seventeenth cen-
tury when new facts showed that the Earth
was not at the centre of the Universe. On the
other hand, others we regard as scientists
made fundamental errors: Copernicus kept
numerous epicycles in his heliocentric sys-
tem, Kepler believed in number mystique
and Galileo was convinced that the plan-
etary orbits were perfect circles.

Hadley, MacLaurin, Kant, Laplace, de Luc
and others have their place in the history
of meteorology as scientists who were on
the right track by pointing to the rotation
of the Earth as a crucial mechanism for the
motions of the atmosphere. But what was
scientific in the eighteenth century is not
scientific today when new observations and
theories have shown that they applied too
simplistic mechanical principles.

What makes Hadley stand out scientifi-
cally in comparison with Maclaurin, Kant,
Laplace, de Luc and others, is that his dis-
cussion was the most quantitative. He also
addressed the problem of excessive wind
velocity, whereas the others had only dis-
cussed the wind’s direction. Any suggestion
to rename the Exeter-based centre for cli-
mate change research would therefore not
have my support!
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