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atmosphere: Vilhelm Bjerknes’s paper of 1904 as a milestone
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Abstract

In January 1904 the Norwegian physicist Vilhelm Bjerknes published his seminal paper “Das Problem der
Wettervorhersage, betrachtet von Standpunkt der Mechanik und Physik” in the Meteorologische Zeitschrift.
Over seven pages Bjerknes developed the idea of a mathematical model of the atmosphere’s dynamics based
solely on physical and mechanical laws. Although his model was less practicable in those days, so that his
concept was slow to f nd acceptance in the f eld of meteorology, we know today that the idea was revolutionary
nonetheless.

Zusammenfassung

In der Januar Ausgabe der Meteorologischen Zeitschrift von 1904 veréffentlichte der Norwegische Physiker
Vilhelm Bjerknes einen Artikel iiber “Das Problem der Wettervorhersage, betrachtet von Standpunkt der
Mechanik und Physik”. Auf nur sieben Seiten entwickelte Bjerknes ein dynamisches Modell der Atmosphére
basierend auf physikalischen und mechanischen Gesetzen. Obwohl die Anwendbarkeit seines Konzepts
Anfang des 20. Jahrhunderts nicht gegeben war und es daher nur langsam Aufnahme in die Meteorologie

fand, war seine Idee eines solchen Modells wegweisend.

1 Introduction

During the nineteenth century, interest in the general
circulation of the atmosphere gained ground in mete-
orology. Studying the tropical wind systems, Edmond
Halley had explained their dynamics as a result of so-
lar heating (HALLEY, 1686), while George Hadley had
added the earth’s rotation as a basic factor (HADLEY,
1735). Referring to both theories Heinrich Wilhelm
Dove developed his law of turning (Drehungsgesetz),
claiming that all local winds are minor eddies of the al-
ternating polar and equatorial wind f ows (DOVE, 1837).
However, the differential heating and rotation could not
fully explain wind patterns. Another force was needed to
explain meridional and zonal wind f ows when William
Ferrel rediscovered the Coriolis force and applied it to
the atmosphere (FERREL, 1858). “With this ‘new force’
taken into account, the earth’s atmosphere generated
three circulation cells and oblique wind in mid-latitudes
with high velocities from the west. Moreover, high pres-
sure at the poles which would be expected because of
low temperature was reversed to low pressure by the
excessive centrifugal force of the whirling winds. Con-
versely, high pressure was generated near the tropics.
Ferrel’s theoretical results, which Cleveland Abbe called
the principia meteorologica, were in accordance with the
latest observations” (quoted from FLEMMING, 2002, p.
210). Ferrel’s work inaugurated what became known as
dynamical meteorology.
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Parallel to this development the dynamic of the at-
mosphere became a topic of hydrodynamics, although
this feld ”had turned into a subject matter for math-
ematicians and theoretical physicists” (quoted from
ECKERT, 2006, p. 25) during the nineteenth century by
virtue of its focus on idealised fuids. In 1755 Leon-
hard Euler had described the general equations of mo-
tion in inviscid fuids (Euler, 1755), which Claude L.
Navier expanded for viscous ones (NAVIER, 1822). In
1845 George G. Stokes reformulated these equations,
now known as the Navier-Stokes equations, by employ-
ing a method that “does not necessarily require the con-
sideration of ultimate molecules [as Navier did]. Its prin-
ciple feature consists in eliminating from the relative
motion of the fuid about any particular point the rel-
ative motion which corresponds to a certain motion of
rotation, and examining the nature of the relative motion
which remains” (quoted from STOKES, 1880a, p. 185;
STOKES, 1880b). Stokes derived some applicable results
by analysing his equations, e.g. for the velocity prof le of
a fuid in a tube, but hydrodynamics remained a highly
abstract discipline. The most problematic aspect of ide-
alised fuids was the conclusion that no vortices could
occur, as vorticity was conceived as friction between
particles. Although Hermann von Helmholtz showed in
1858 that vortices can persist in idealised fuids, he was
forced to claim that they can not be created or destroyed
in such fuids (HELMHOLTZ, 1858).

Applying hydrodynamics to the atmosphere requires
explaining both the appearance and disappearance of
vortices as well as the transition from laminar to tur-
bulent fow, as Osborne Reynolds demonstrated in the
1870s by studying this phenomena using coloured wa-
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ter (REYNOLDS, 1900). It was Helmholtz’s claim about
vorticity and his assumption that density depends solely
on pressure in an idealised fuid that evoked Vilhelm
Bjerknes’ interest in the 1890s and inspired him to artic-
ulate the “generalised circulation theorem”. “He hoped
to derive equations that would be independent of the spe-
cif ¢ shape of the bodies and to consider situations analo-
gous to various electromagnetic phenomena. Diff culties
ensued. Attractive and repulsive phenomena between
the fuid bodies seemed to occur with an accompany-
ing production of vortices in the boundary layer between
the fuid bodies and the surrounding fuid. This result
contradicted the well-established theorems of Helmholtz
and Lord Kelvin which claimed vortex motions and cir-
culations in frictionless, incompressible fuids are con-
served” (quoted from FRIEDMAN, 1989, p. 19). Ques-
tioning the simplifying assumptions, Bjerknes realised
that density in a heterogeneous fuid without any restric-
tions on compressibility depends not only on pressure,
as in the concepts of Helmholtz and Kelvin, but on other
variables as well. In other words: There could be vari-
ous reasons for circulation in a heterogeneous fuid. In
particular, Bjerknes’ geometrical model of circulation
claimed that pressure and density intersecting in a three-
dimensional surface would form a series of tubes he
called solenoids. The number of solenoids encompass-
ing the fuid curve would determine the rate of increase
of circulation. When pressure and density coincide, no
solenoids exist and circulation remains invariable with
time (THORPE et al., 2003).

Bjerknes’ generalised circulation theorem immedi-
ately provoked the interest of meteorologists like Nils
Ekholm and Svante Arrhenius when he presented his
theory at the Stockholm Physics Society in March 1897,
and again in February 1898, on the latter occasion with
some references to the mechanics of the atmosphere
(BJERKNES, V., 1898). In particular, Ekholm’s interest
in a theory of cyclones — he had realised that in the vicin-
ity of a cyclone pressure and density do not always co-
incide (EKHOLM, 1891) — pointed the way to a fruitful
application of Bjerknes’ theorem in meteorology. Soon
after the theorem began circulating in the international
meteorological community Bjerknes was asked to pub-
lish his ideas in the Meteorologische Zeitschrift and in
Monthly Weather Review, both in 1900, followed by his
seminal paper in 1904 (BJERKNES, V., 1900a, b, 1904).

2 Biographical notes about Vilhelm
Bjerknes

Vilhelm Bjerknes was born in Christiania (now Oslo),
Norway (14 March 1862 —9 April 1951). His father Carl
Anton Bjerknes was a professor in applied mathematics
at the Royal Frederik University in Christiania with a
strong interest in hydrodynamics. Together with his fa-
ther, after completing his studies in physics, Bjerknes
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worked on hydrodynamical analogies to explain elec-
trodynamics. In 1890 and 1891 he worked as an assis-
tant to physicist Heinrich Hertz and in 1895 he was ap-
pointed professor of applied mechanics and mathemat-
ical physics at the University of Stockholm. Bjerknes
moved to Norway in 1907 after the country became in-
dependent of Sweden in 1905.

Although since the 1890s Bjerknes had pursued the
goal of making a substantial contribution to physics by
developing a “general circulation theorem”, he realised
that he could not resist “getting sucked into the meteo-
rological vortex”, as Robert Friedman related in Bjerk-
nes’ own words in his remarkable study Appropriating
the Weather: Vilhelm Bjerknes and the Construction of
a Modern Meteorology (FRIEDMAN, 1989; BJERKNES,
V., 1898, 1910/1911). The rise of interest in cyclone de-
velopment paved the way for Bjerknes’ general circula-
tion theorem in meteorology. In 1900 he was asked by
Julius Hann (Editor of Meteorologische Zeitschrift) and
Cleveland Abbe (Editor of Monthly Weather Review) to
publish his ideas (BJERKNES, V., 1900a, b). From this
point on he began to seriously consider a research pro-
gram of an exact science of the atmosphere based on the
laws of physics, to be pursued together with his students
Johan W. Sandstrom and Vagn W. Ekman. When a series
of storms moved over Sweden in 1902 and 1903, a cam-
paign for a storm-warning system was launched by Nils
Ekholm, with Bjerknes contributing a talk at the Stock-
holm Physics Society in October 1903 on a rational
method for weather prediction to the discussion. He ex-
plained his weather prediction ideas comprehensively in
the seminal 1904 paper in Meteorologische Zeitschrift,
but actually realising such a research program required
funding. In 1906, after a talk at the Columbia Univer-
sity in December 1905, Bjerknes received fnancial as-
sistance from the Carnegie Institute of Washington to
employ Sandstrdm on his project: the development of
methods to apply mechanical physics to the atmosphere
and the ocean. Together with Sandstrom he published
the project’s results in the volumes of Dynamic Mete-
orology and Hydrography (BJERKNES, V. and SAND-
STROM, 1910/1911) and popularized his methods in a
series of lectures at the Royal Meteorological Society in
London and the Berlin Society for Aeronautics.

Bjerknes’ shift from physics to meteorology led him to
the University of Leipzig. Leipzig had become a centre
for aeronautics with a giant Zeppelin airship hangar. In
January 1913 he was appointed professor of geophysics
and director of the newly founded Leipzig Geophysical
Institute. There Bjerknes tried to establish his theoreti-
cal program of numerical weather forecasting. Working
with his assistant Robert Wenger and the Carnegie as-
sistants Harald U. Sverdrup, Theodore Hesselberg and
Johan Holtsmark he produced several studies, includ-
ing papers on the infuence of mountains on the mo-
tion of air, thermal inversion, a scale theory for atmo-
spheric motions, and other topics (cf. FRIEDMAN, 1989,
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p. 911f). Together with his doctoral student Herbert Pet-
zold he investigated the connection between lines of
convergence and line squalls as a contribution to Richard
Assmann’s line-squall warning system.

In summer 1917 Bjerknes returned to Norway. He
had received a call to the Bergen museum to found
the Bergen Geophysical Institute. Although he tried
to resume the Leipzig research program of numerical
weather forecasting, his activities shifted from theoret-
ical to more practical research due to the entirely dif-
ferent situation in Bergen. The lack of a dense network
of observational stations in Norway propelled Bjerknes
into the business of storm and rain warnings as a service
for fshery and agricultural production. In 1918 Bjerk-
nes and others set up an experimental weather service
and Bjerknes’ son Jacob began studying the relation be-
tween lines of convergence and cyclones (BJERKNES,
J.,, 1919). During this period Bjerknes gave up the
purely theoretical and numerical approach he had pur-
sued in Leipzig. Instead, he shifted towards a qualita-
tive approach, studying the formation of clouds as in-
dicators for upper-air currents and thus introducing a
new cyclone model and a new way of weather fore-
casting (BJERKNES, V., 1920). During the following
years Bjerknes, his son Jacob and his assistants devel-
oped the frontal theory and laid down the foundation of
the now renowned Bergen School (BJERKNES, J. and
SOLBERG, 1922). In 1926 Bjerknes returned to the Uni-
versity of Oslo until his retirement in 1932.

3 The 1904 paper in Meteorologische
Zeitschrift

The 1904 paper by Vilhelm Bjerknes is rooted in
his work as a physicist on generalising hydrodynamic
action-at-a-distance, which he had published in 1900 in
the Meteorologische Zeitschrift and in Monthly Weather
Review (BJERKNES, V., 1900a, b). In this paper he had
outlined the geometrical and physical ideas of his gen-
eral circulation theorem to the meteorological commu-
nity, encouraged by Cleveland Abbe and Julius Hann.
In response to heavy storms in 1902 and 1903 Bjerk-
nes developed his theoretical ideas further and presented
them as “A Rational Method for Weather Prediction” at
a meeting of the Stockholm Physics Society in Octo-
ber 1903 (BJERKNES, V., 1903). In opposition to purely
empirical and statistical methods, Bjerknes presented his
rational version of forecasting based on the laws of me-
chanics and physics of the atmosphere. This approach
prompted him to introduce the concept in a 1904 pa-
per entitled “Das Problem der Wettervorhersage, betra-
chtet von Standpunkt der Mechanik und Physik”. It is
worth mentioning that Bjerknes described his mathe-
matical concept over seven pages without a single for-
mula. Nevertheless his concept outlined the foundation
of a weather forecasting model.
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The 1904 paper is divided in six sections, dealing
with the diagnosis of the current state of the atmo-
sphere (I), the introduction of the laws of mechanics and
physics of the atmosphere and the resulting equations
(I), some considerations on how to integrate the seven
equations (III), a precise proposal for a general com-
puting scheme by decomposing the main problem into
partial problems (IV), a discussion of the computation
of the prognostic equations taking into account the lack
of knowledge about air resistance and other factors (V),
and considerations about the resolution of initial data
based on observation (VI). Within these sections Bjerk-
nes developed his method to “construct the pictures of
the future states of the atmosphere from the current state
of the atmosphere at a starting point” (cf. VI) following
the deterministic approach of physics as celestial me-
chanics, best articulated by Pierre de Laplace in 1820:
“We ought to regard the present state of the universe as
the effect of its antecedent state and as the cause of the
state that is to follow” (LAPLACE, 1951: Preface). Un-
like Laplace, Bjerknes had to deal with a system that was
rather more complex than celestial mechanics. There-
fore he was aware of simplif cations, for instance the
lack of evaporation in his model (cf. II) and the problem
of turbulence (cf. V). However, the origin of Bjerknes’
concept is deeply rooted in 19*"-century physics.

The 1904 paper conceived a mathematical model of
the atmosphere based on the three hydrodynamic equa-
tions of motion, the continuity equation, the equation of
the state of the atmosphere, and the frst and (today un-
usual) second fundamental theorem in the mechanical
theory of heat. But the paper also sketched the entire
program needed for rational weather forecasting, com-
bining theory and observation. As outlined in the bi-
ographical notes, it was Bjerknes’ desire to realize his
rational method of forecasting beyond mere theoretical
considerations. He was deeply convinced that reliable
forecasts could be achieved only if meteorology would
become an exact science of the atmosphere. Of course
he was not the only one who dreamt about atmospheric
science. Since Ferrel at the latest, the treatment of the at-
mosphere’s motion on the basis of physical laws, known
as dynamical meteorology, had been on the meteorologi-
cal agenda (FERREL, 1858). Proponents like William N.
Shaw, Cleveland Abbe, Max Margules, Felix Exner, and
others called for meteorology as a discipline of applied
physics that explained observational data deductively.
Even back in 1890 Abbe had complained that “the pro-
fessional meteorologist has too frequently been only an
observer, a statistician, an empiricist — rather than a me-
chanician, mathematician and physicist” (Abbe quoted
from NEBEKER, 1995, p. 28). However, Bjerknes had a
profound interest in setting up an extensive program to
make this happen, involving regular and unif ed observa-
tions, an applicable model built on the laws of physics,
and an effective method of computing. Because neither
an analytical solution nor direct numerical integration
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of the equations, a project Lewis F. Richardson took on
two decades later (RICHARDSON, 1922), were achiev-
able, Bjerknes proposed (cf. VI) and, during the follow-
ing years, developed a graphical method recasting math-
ematical operations into graphical ones.

The efforts of Bjerknes and his assistants, in particu-
lar Johan W. Sandstrém, to realize the program outlined
in 1904 led to the 1910 Statics and the 1911 Kinemat-
ics volume of Dynamic Meteorology and Hydrography
(BJERKNES, V. and SANDSTROM, 1910/1911). The im-
portance of a graphical algebra was highlighted in chap-
ter eight. “The development of proper graphical methods
for performing these operations directly upon the charts
will be of the same importance for the progress of dy-
namic meteorology and hydrography as the methods of
graphical statistics and of graphical dynamics have been
for the progress of technical sciences” (quoted from
BJERKNES, V. and SANDSTROM, 1910/1911, p. 69).
This fruitful collaboration was continued when Bjerk-
nes became director of the Leipzig Geophysical Institute
from 1913 until 1917. In his inaugural lecture at Leipzig
he claimed that “there is only one task: to compute fu-
ture states of the atmosphere”, continuing conf dently:
“If the weather of a single day could be computed dur-
ing years of work, a scientif ¢ victory of enormity would
be gained” (quoted and translated from BJERKNES, V.,
1913, p. 14, 16). It must be considered that in the be-
ginning of the 20*" century computing schemes were
by no means familiar scientif ¢ products (GRIER, 2005);
neither were vertical measurements mere routine. The
straposphere was just being discovered by Léon Teis-
serence de Bort, Richard Assmann and others; elec-
tronic computing machines would not be built for an-
other forty years, and Lewis Fry Richardson had not
begun to think about Weather Prediction by Numerical
Processes (RICHARDSON, 1922).

4 Discussion

Although Bjerknes’ presuppositions, e.g. of a “complete
diagnosis of the state of the atmosphere” (cf. I) and that
the “hydrodynamical partial problem will not pose any
major mathematical diff culties” (cf. V), were fairly op-
timistic, he was bound and determined to realize his pro-
gram as a required contribution to meteorology. “Bjerk-
nes’s goal was to alter the nature of meteorology, in-
cluding aerology. [...] He noted that considerable sums
were spent on meteorology (and oceanography) around
the world with little effect, and for lack of ‘any leading
idea, or any tendency to take into application the “in-
trinsic” laws of atmospheric or oceanic processes, we
fully know’” (quoted from FRIEDMANN, 1989, p. 61).
Therefore he started popularizing his ideas throughout
the meteorological communities of Scandinavia, Ger-
many, Great Britain and the United States. Supported
by the Carnegie Institute of Washington from 1906 on
and as director of the Leipzig Geophysical Institute from
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1913 until 1917 he had the opportunity to implement his
rational weather forecast program. In his book on Cal-
culating the Weather Ferderik Nebeker evaluated Bjerk-
nes’ program, “which if successful would have united
the three traditions, gained the attention and applause
of meteorologists everywhere, but progress was slow”
(quoted from NEBEKER, 1995, p. 2). World War I and,
from 1917 on, the practical requirements in Bergen con-
strained his efforts. In Bergen the increasing shift from
atmospheric variables to weather phenomena introduced
another revolution to meteorology, known today as the
“Bergen School”.

Bjerknes’ frst revolution of 1904 fnally took hold
when weather observation had improved considerably,
so that Jules Charney et al. were able to compute the
very frst weather model on ENIAC in 1950 (CHARNEY
etal., 1950) and the era of numerical weather forecasting
began. However, Bjerknes’ concept did not appear from
nowhere. It was rooted both in classical physics and in
dynamical meteorology, the latter a fragmented feld of
research at that time. William N. Shaw, for instance, was
well trained in mathematics and experienced in deriving
equations from physical laws for meteorological prob-
lems. Julius Hann had used thermodynamics to explain
warm dry winds from the Alps back in 1866. “In 1895
J.R. Schiitz, a German physicist working at the Univer-
sity of Gottingen, extended Helmholtz’s vorticity equa-
tions to the case of a compressible fuid. [...] In 1896
Ludwik Silberstein, a Polish physicist born in Warsaw,
used Schiitz’s extension of Helmholtz’s vorticity equa-
tions to consider the cause of emergence of rotation in
a non-homogeneous fuid that initially has no such ro-
tation. He considered a gas in which pressure and den-
sity surfaces may not coincide, which of course is the
case in the atmosphere” (quoted from THORPE et al.,
2003, p. 472-473). In 1901 Max Margules calculated
the change of pressure within columns of differing tem-
perature (MARGULES, 1901) and in 1902 Felix Exner
computed a prognosis of air pressure (EXNER, 1902,
1908). However, the outstanding achievement of Bjerk-
nes was the consolidation of the fragmented feld of dy-
namic meteorology on a sustainable basis of theoretical,
practical and computational research.
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