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Preface

This monograph contains expanded versions of the invited papers presented at the
International Symposium on the Life Cycles of Extratropical Cyclones, held in Bergen,
Norway, 27 June-1 July 1994. The symposium coincided with the 75th anniversary of the
introduction of Jack Bjerknes’s frontal-cyclone model presented in his seminal article, “ On
the Structure of Moving Cyclones.” The event was attended by approximately 300 scientists
and students from around the world and included 207 papers and poster presentations, of
which 17 were invited lectures. The symposium provided a state-of-the-science account of
advances in the research and forecasting of extratropical cyclones. The symposium was
organized by Sigbjern Grenas of the Geophysical Institute of the University of Bergen,
Norway, and Melvyn Shapiro of the National Oceanic and Atmospheric Administration
(NOAA)/Environmental Technology Laboratory, Boulder, Colorado, USA. Preprints of
the invited and submitted presentations were published in three volumes and are available
through the Geophysical Institute of the University of Bergen. A special issue of Tellus
(1995), 47A, 525 pp., was dedicated to the publication of 27 reviewed papers from the
symposium.

This monograph should be of interest to historians of meteorology, researchers, and
forecasters. It contains material appropriate for teaching courses in advanced undergraduate
and graduate meteorology. The chapter bibliographies provide a valuable source for key
references on many aspects of extratropical cyclones.

The symposium was hosted by the University of Bergen and cosponsored and
generously supported by societies, universities, government organizations, private compa-
nies, and endowments from Norway and the United States. Norwegian support was
provided by the Norwegian Geophysical Society; University of Bergen; Norwegian
Meteorological Institute; Research Council of Norway; Norwegian Department of
Church, Education and Research; Meltzers Hoyskolefond; O. Kalvi og Knut Kalvi’s
Almennyttige Fond; Intel Supercomputer Systems; Cray Research; Silicon Graphics Inc.;
Aanderaa Instruments; and Vesta Foriksring. United States support was provided by the
NOAA/Environmental Research Laboratories; American Meteorological Society (AMS);
National Science Foundation, Office of Naval Research; University Corporation for
Atmospheric Research; and the National Center for Atmospheric Research.

The first nine chapters of the monograph present a historical overview of extratropical
cyclone research and forecasting from the early 18th century into the mid-20th century. The
first chapter presents Vilhelm Bjerknes’s 1904 paper, which outlined a rational approach
to weather forecasting through the synthesis of classical hydrodynamics and thermodynam-
ics with meteorological observations. Bjerknes envisioned weather forecasting as a
problem in mechanics and physics in which the dynamical equations for atmospheric
motion were integrated through numerical methods. At Eliassen highlights the early
studies of Vilhelm Bjerknes and their connection to Jack Bjerknes’s Bergen school cyclone
model. Hans Volkert discusses observations, theories, and conceptual models prior to 1920
that reaffirm the international scope of the scientific milieu that sowed the seeds for the
subsequent Norwegian conceptual models of extratropical cyclones. Science historian
Robert Marc Friedman chronicles the political, societal, and economic factors that contrib-
uted to the development of scientific thought leading to the capstone of the Bergen school

vii



Viii

contributions: The Life Cycles of Extratropical Cyclones and the Polar Front Theory of
Atmospheric Circulation, published in 1922 by Jack Bjerknes and Halvor Solberg. Chester
Newton and Harriet Rodebush Newton review the advances in American meteorology
before 1919 and how the Bergen school polar-front and cyclone concepts came to be
adopted into daily weather forecasting by the U.S. Weather Bureau. Peter Lynch critiques
the numerical methods applied by L. F. Richardson in his historic attempt at dynamical
weather forecasting. Lynch repeats Richardson’s forecast, with more successful results,
using modern computational initialization methods. The next chapter presents a transcript
of a tape-recorded informal lecture by Erik Palmén delivered in Helsinki, Finland, in 1979.
Palmén spoke about the contributions of the Bergen school and the period when he worked
with Jack Bjerknes on the analysis of the northern European serial thermograph sounding
experiment, reported on in their classical 1930s papers on the three-dimensional structure
of extratropical cyclones. Brian Hoskins recaps the career of Reginald Sutcliffe and his
contributions to the formulation to quasigeostrophic theory and its application to the
theoretical understanding of cyclone development. The historical chapters are concluded
with a commemorative photograph album, compiled by Melvyn Shapiro, which portrays
some of the key contributors to the advancement of meteorology.

The succeeding chapters present an overview of contemporary research on the theory,
observations, analysis, diagnosis, and prediction of extratropical cyclones. The sequence of
presentations transcends the planetary-scale to mesoscale scales of motion. Eero Holopainen
presents an overview of recent observational studies of extratropical cyclone climatology
and their relation to planetary-scale waves. Isaac Held explores selected aspects of
planetary wave dynamics and their interactions with smaller scales. Brian Farrell presents
a historical review of advances in the theory of cyclone development and introduces a
contemporary approach toward a generalized theory of baroclinic development. Adrian
Simmons discusses numerical simulations of idealized and actual cyclone life cycles with
an emphasis on the larger scales of motion, including downstream and upstream baroclinic
development, and recent results from predictions produced at the European Centre for
Medium-Range Weather Forecasts (ECMWF). Melvyn Shapiro and collaborators present
a planetary-scale to mesoscale perspective of cyclone life cycles which aspires to build a
conceptual bridge between theoretically idealized cyclone life cycles and those observed in
nature. Lance Bosart provides an overview of observed cyclone and anticyclone life cycles
and discusses current and future directions in extratropical cyclone and anticyclone
research. Huw Davies reviews the theoretical studies of frontogenesis within the framework
of quasi- and semigeostrophic dynamics. Daniel Keyser reviews classical and contempo-
rary perspectives on the representation and diagnosis of frontal circulations in two and three
dimensions. Keith Browning documents observed mesoscale aspects of extratropical
cyclones, which include frontal fracture, air streams, dry intrusions, and mesoscale
substructures associated with surface cold fronts. Alan Thorpe addresses the dynamics of
extratropical cyclones associated with mesoscale structures and includes discussions of
potential vorticity “thinking,” frontal-wave cyclones, and the role of conditional symmetric
instability in the formation of frontal rain bands. Thor Erik Nordeng presents an overview
of numerical simulations of mesoscale substructures and physical processes within extra-
tropical cyclones, addressing topics such as frontal structures and dynamics, surface friction
and fluxes of heat and moisture, latent heating, and nonclassical mesoscale cyclone
development. Louis Uccellini, Paul Kochin, and Joseph Sienkiewicz describe forecasting
advances at the U.S. National Meteorological Center, with an emphasis on the performance
of models and forecasters in predicting oceanic cyclogenesis. Michael McIntyre discusses,
among other topics, his “vision of the future” for the potential for humans to interact usefully
and efficiently with computer-based systems in advancing the accuracy of numerical
weather predictions. The monograph concludes with a collection of photographs taken at
the Bergen Symposium by Carlye Calvin and Nadine Lindzen (lead photographers),with
additional contributions provided by David Schultz, Howie Bluestein, and Melvyn Shapiro.
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The editors acknowledge and thank the authors and reviewers for their contributions to
the monograph. We express our appreciation to NOAA’s Environmental Research Labo-
ratories (ERL), James Rasmussen, Director; ERL/Environmental Technology Laboratory,
Stephen Clifford, Director; and the Faculty of Natural Sciences, University of Bergen, Kjell
Saelen, Director, for providing the resources essential for carrying the monograph to
completion. We acknowledge and give special thanks to Sandra Rush for her exemplary
contribution as technical editor of the monograph and for her preparation of the camera-
ready versions of the chapters for publication. Our appreciation to Keith Seitter of the
American Meteorological Society for his encouragement of this project and for his
preparation of the monograph subject index. Special acknowledgments are due to Carlye
Calvin for preparing the Bergen symposium photo album, and to Frank Cleveland for his
assistance in obtaining many of the photographs appearing in the historical photo album,
and to Paul Neiman for his help in constructing the historical photo album.

Melvyn A. Shapiro Sigbjern Grenés
Boulder Colorado, USA Bergen, Norway
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The Problem of Weather Forecasting as a
Problem in Mechanics and Physics

VILHELM BJERKNES

If it is true, as every scientist believes, that subsequent
atmospheric states develop from the preceding ones accord-
ing to physical law, then it is apparent that the necessary and
sufficient conditions for the rational solution of forecasting
problems are the following:

1. A sufficiently accurate knowledge of the state of the
atmosphere at the initial time.

2. A sufficiently accurate knowledge of the laws ac-
cording to which one state of the atmosphere devel-
ops from another.

1

The determination of the state of the atmosphere at the initial
time is the task of observational meteorology This problem
has not yet been solved to the extent that is necessary for
rational forecasting. There are two major gaps in the observa-
tions. The first one is that only land stations participate in the
daily programs of the weather services. Over the seas, which
cover four-fifths of the earth’s surface and must therefore
exert an overwhelming influence, no observations are made
for the purposes of current weather analysis. Furthermore, the
observations that are used in current analysis are made only
at the surface of the earth and all data pertaining to the state
of the higher layers of the atmosphere are missing.

But we already have the technical means that will enable
us to fill these two gaps. With the help of wireless telegraphy,
we will be able to include among the reporting stations the
ships moving in fixed routes. And to judge by the great
forward steps that have been made in recent years in the
techniques of upper air soundings, it will be possible to obtain

*Das Problem der Wettervorhersage, betrachtet vom Standpunkte
der Mechanik und der Physik. Meteorologische Zeitschrift, January
1904, pp. 1-7. English translation by Y. Mintz, Los Angeles, 1954.

daily observations of the higher atmospheric layers not only
from fixed land positions but also from traveling stations on
the sea.

We can hope, therefore, that the time will soon come
when either as a daily routine, or for certain designated days,
a complete diagnosis of the state of the atmosphere will be
available. The first condition for putting forecasting on a
rational basis will then be satisfied.

2

The second problem then arises as to whether we know, with
sufficient accuracy, the laws according to which one state of
the atmosphere develops out of another.

The atmospheric processes are of a mixed mechanical
and physical nature. Each one of these processes can be
expressed in one or more mathematical equations according
to mechanical or physical principles. We have sufficient
knowledge of the laws according to which the atmosphere
develops if we can set up as many independent equations as
there are unknown quantities. From a meteorological point of
view, the state of the atmosphere is specified, at an arbitrary
time, if we can determine for that time at each point, the
velocity, density, pressure, temperature, and humidity of the
air. The velocity, as a vector, is given by three scalar quanti-
ties, the three velocity components, and one must therefore
deal with seven unknown quantities.

To compute these quantities, we can set up the following
equations:

1. Thethreehydrodynamical equations of motion. These
are differential relations among the three velocity
components, the density, and pressure.

2. The continuity equation, which expresses the prin-
ciple of the conservation of mass during motion. This
equation is again a differential relation between the
velocity components and the density.



3. The equation of state of atmospheric air, which is a
relation in finite form among the density, pressure,
temperature, and humidity of a given mass of air.

4. The two laws of thermodynamics, which allow us to
set up two differential relations giving the rates of
change of energy and entropy during the changes of
state that are taking place. These equations introduce
no new unknowns into the problem, as the energy and
entropy are expressed by the same variables that
appear in the equation of state and connect the changes
of these quantities with other quantities considered as
known. These other quantities are, first, the work
done by the mass of air, which is determined by the
same variables that appear in the dynamical equa-
tions; and second, the amount of heat given up or
received by the mass of air, which is determined by
the physical data on incoming and outgoing radiation
and on conduction where the air is in contact with the
ground.

It should be emphasized that a basic simplification of the
problem can be achieved if there is no condensation or
evaporation of water, so that the water vapor of the air can be
considered as a constant constituent. Then the problem will
have one variable less, and one of the equations, the one that
comes from the second law of thermodynamics, can be
eliminated. On the other had, if we had to deal with several
variable constituents of the atmosphere, then the second law
of thermodynamics would give a new equation for each new
constituent.

For the computation of the normally occurring seven
variables, we can set up seven independent equations. So that,
as we now see the problem, we must conclude that we do have
sufficient knowledge of the laws of atmospheric processes
upon which a rational weather forecasting system can be
based. But it must be admitted that we could have overlooked
important factors on account of the incompleteness of our
knowledge. The interference of cosmic effects of an un-
known kind may be imagined. Furthermore, the large-scale
atmospheric phenomena are accompanied by a long train of
subsidiary effects, for example those of an electrical or
optical nature, and the question is to what extent such subsid-
iary effects could react in a significant way on the course of
the atmospheric processes. These reactions exist, of course:
for instance, the rainbow modifies the distribution of
incoming radiant energy from the sun, and electrical poten-
tials influence the condensation processes. But until now
there is no evidence that processes of this kind react upon
the large-scale atmospheric processes in any significant
way. Yet in any case, the scientific method is to start with
the simplest problem that can be formulated, which is
the problem, posed above, of seven variables and seven
equations.

VILHELM BJERKNES
3

Of the seven equations, only one, the equation of state, has a
finite form. The other six are partial differential equations. Of
the seven unknowns, one can be eliminated with the aid of the
equation of state, and the problem then becomes the integra-
tion of a system of six partial differential equations with six
unknowns, and with the utilization of initial conditions as
given by the observations of the initial state of the atmo-
sphere.

An exact analytical integration of the system of equa-
tions is out of the question. Even the computation of the
motion of three mass-points, which influence each other
according to a law as simple as that of Newton, exceeds the
limits of today’s mathematical analysis. Naturally there is no
hope of understanding the motion of all the points of the
atmosphere, which have far more complicated reactions
upon one another. Moreover, the exact analytical solution,
even if we could write it down, would not give the result that
we need. For to be practical and useful, the solution has to
have a readily seen, synoptic form and has to omit the
countless details that would appear in every exact solution.
The prognosis need only deal, therefore, with averages over
sizeable distances and time intervals; for example, from
degree of meridian to degree of meridian and from hour to
hour, but not from millimeter to millimeter or from second to
second.

We therefore forgo any thought of analytical methods of
integration and instead pose the problem of weather predic-
tion in the following practical form:

Based upon the observations that have been made, the
initial state of the atmosphere is represented by a number of
charts which give the distribution of the seven variables from
level to level in the atmosphere. With these charts as the
starting point, new charts ofa similar kind are to be drawn that
represent the new state from hour to hour.

For the solution of the problem in this form, graphical or
mixed graphical and numerical methods are appropriate,
which methods must be derived either from the partial
differential equations, or from the dynamical-physical prin-
ciples that are the basis of these equations. There is no reason
to doubt, beforehand, that these methods can be worked out.
Everything will depend upon whether we can successfully
divide, in a suitable way, a total problem of insurmountable
difficulty into a number of partial problems of which none is
too difficult.

4

To accomplish this division into partial problems, we have to
draw upon the general principle that is the basis of the
infinitesimal calculus of several variables. For purposes of
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computation, one can replace the simultaneous variation of
several variables with the sequential variation of single
variables or groups of variables. If one goes to the limit of
infinitesimal intervals, one arrives at the exact methods of the
infinitesimal calculus. If one uses finite intervals, one arrives
at the approximation methods of finite difference computa-
tions and mechanical quadrature, which we must use here.

These principles cannot be used blindly, however, be-
cause the practical usefulness of the method will depend on
the natural grouping of the variables so that one gets compre-
hensible partial problems, well-defined in mathematical
and physical respects. Above all, the first division will be
basic. It must follow a natural line of division in the overall
problem.

One such natural line of division may be indicated. It
follows the boundary-line between the specifically dynamic
and the specifically physical processes out of which the
atmospheric processes are composed. The division along this
boundary-line divides the overall problem into pure hydrody-
namic and pure thermodynamic partial problems.

The link which ties the hydrodynamic and the thermody-
namic problems together is very easy to cut, so easy indeed
that the theoretical hydrodynamicists have fully used it to
avoid every serious contact with meteorology; for the con-
necting link is the equation of state. If we suppose that
temperature and moisture do not enter into this equation, then
we come to a “supplementary” equation, used ordinarily by
the hydrodynamicists, which is a relation only between
density and pressure. Thereby one is led to the study of fluid
motions under such circumstances that each explicit consid-
eration of the thermodynamic processes automatically falls
away.

Instead of making the temperature and the moisture
disappear entirely from the equation of state, we can regard
them, for short time intervals, as given quantities, with values
derived from the observations or from the preceding calcula-
tions. When the dynamical problem for that time interval is
solved, then one computes afterwards new values of tempera-
ture and moisture according to purely thermodynamical
methods. These are regarded as given quantities when one
solves the hydrodynamic problem for the next time interval,
and so on.

5

This, then, is the general principle for the first subdivision of
the main problem. In the practical solution of this problem,
there are several different ways in which the separation may
be done, according to the manner in which one introduces the
hypotheses about temperature and moisture. But there is no
need to go into more detail in a general discussion of this kind.

The next major question will be, however, whether the

3

hydrodynamic and the thermodynamic partial problems can
be individually solved in a sufficiently simple way.

We consider, first, the hydrodynamic problem, which is
the principal one, because the dynamic equations are the true
prognostic equations. Only through them is time introduced
as an independent variable in the problem. The thermody-
namic equations do not contain time.

The hydrodynamic problem lends itself well to graphical
solutions. Instead of computing with the three dynamic
equations, one can execute simple parallelogram construc-
tions for a suitable number of selected points, with graphical
or visual interpolation for the regions in between. The main
difficulty will lie in the restriction on the motion, which
follows from the equation of continuity and the boundary
conditions. But the test of whether the continuity equation is
satisfied or not can also be performed by graphical methods,
and in doing so, one can take into account the topography of
the earth, performing the construction on charts thatrepresent
this topography in the usual way.

One will not encounter great mathematical difficulties in
the solution of the hydrodynamic partial problems. However,
there is a serious gap in our knowledge of the factors that we
must take into account, as we have a very incomplete knowl-
edge of the frictional stress in the atmosphere. True friction
depends upon velocity differences in the infinitesimally
small, but meteorologists are forced to deal with the average
movements of large masses of air. One cannot, therefore,
apply the frictional terms of the hydrodynamical equations by
using the coefficients of friction found in laboratory experi-
ments, but one must draw upon empirical results about the
effective resistance opposing the motion of large masses of
air. However, we already have sufficient data of this kind to
make the first attempts in the computational prediction of air
movements, and these attempts will create, in time, the
necessary corrections and completions.

The thermodynamical partial problem can be considered
to be much simpler, in mathematical respect, than the
hydrodynamical. From the solution to the hydrodynamical
problem, one obtains the work done by the air masses during
their displacement. Knowing this work, and knowing the
amounts of heat introduced during the time interval by
incoming radiation and given up by outgoing radiation, one
computes the new distribution of temperature and moisture
according to known thermodynamic principles. These com-
putations will not be more difficult in mathematical respects
than similar computations in laboratory experiments where
masses of air are at rest in a closed space. We have extensive
pioneering work also in the investigations of Hertz, V.
Bezold, and others.

As in the hydrodynamical problem, the main difficulty
will be the lack of knowledge of the different factors with
which the computations are to be carried out. The estimates
of the amount of heat that the air masses receive as the
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difference between incoming and outgoing radiation, and the
estimates of the amount of water that evaporates from the
surface ofthe ocean or that condenses into clouds and falls as
rain, will be very uncertain in the beginning. However, we
have sufficient knowledge for a trial performance of the first
computation, and through continued work will gradually find
more exact values of the constants that relate to the different
countries and oceans, to different heights in the atmosphere,
to different weather situations, to different amounts of cloudi-
ness, and so forth.

6

It is certain that we will not encounter insurmountable
mathematical difficulties in following through with these
methods.

After the graphical techniques have been worked out and
the necessary tabular aids have been assembled, the indi-
vidual operations will probably be easy to execute. The
number of individual operations does not have to be exces-
sively large. The number will depend upon the length of the
time interval for which the dynamic partial problem is to be
solved. The shorter one chooses the time interval, the more
involved the work becomes, but so also does the result
become more exact; the longer one chooses the time interval,
the faster one arrives at the goal, but at the cost of accuracy.
A final decision about the best time interval to use can be
determined only by experience. Even if striving for high
accuracy, a one-hour interval should suffice. For air masses
will only exceptionally travel longer distances in an hour than
a degree of longitude, and only exceptionally will their path
appreciably change curvature during that time. Thereby the
conditions are fulfilled under which we can carry out simple
parallelogram constructions with straight line sections. If one
gains sufficient experience and learns to utilize instinct and
visual estimates, one would probably be able to work easily
with much larger time intervals, such as six hours. For a 24-
hour weather forecast, one would then carry out the hydrody-
namic construction four times, and four times compute the
thermodynamic corrections of temperature and moisture.

It may be possible some day, perhaps, to utilize a method
of this kind as the basis for a daily practical weather service.

VILHELM BJERKNES

But however that may be, the fundamental scientific study of
atmospheric processes sooner or later has to follow a method
based upon the laws of mechanics and physics. And thereby
we will arrive, necessarily, at a method of the kind outlined
here.

If this is admitted, the general plan for dynamical-
meteorological research is given.

The main task of observational meteorology will be to
obtain regular simultaneous observations of all parts of the
atmosphere, at the surface of the earth and aloft, over land and
over sea.

The first task of the theoretical meteorologist will be to
work out, on the basis of these observations, the best possible
overall picture of the physical and dynamical state of the
atmosphere at the time of these observations. And this repre-
sentation must have such a form that will enable it to serve as
the starting point for weather prediction by rational dynami-
cal-physical methods.

Even the first preliminary task is a sizeable one. For it is
of course much more difficult to represent the state of the
atmosphere at all elevations than only at sea level as it is now
done. In addition, our direct observations of the higher layers
of air will always be very limited. One must therefore use
each observation from the higher levels to the utmost. From
the directly observable quantities one has to compute to the
greatest extent all accessible data about the non-observable
ones. In doing this, one has to utilize the physical relation-
ships between the quantities. Even to construct a coherent
picture of the total state of the atmosphere out of scattered
observations, one has to use, to a large extent, dynamical-
physical methods.

The second, and most important, task of theoretical
meteorology will finally be to construct, with this represen-
tation of the state of the atmosphere as the starting point, the
representation of the future states, either according to the
methods outlined here, or by methods of a similar kind. The
comparison of the predicted fields with those that are given
afterwards by the observations will reveal the general accu-
racy of the method, and at the same time will provide
empirical knowledge of better values of the constants, as well
as hints on the improvement of the method. On later occa-
sions, I shall return to the various principal points of this
program.



Vilhelm Bjerknes’s Early Studies of
Atmospheric Motions and Their Connection
with the Cyclone Model of the Bergen School

ARNT ELIASSEN

Institute of Geophysics, University of Oslo, Oslo, Norway

The frontal cyclone model that was put forward by the Bergen
team at the end of World War I has, with only minor adjust-
ments, survived all these years as an effective tool in weather
analysis and forecasting. The Bergen school concepts have
also been an inspiration and a challenge to theoreticians and
have contributed to a fruitful development of atmospheric
dynamics.

The first version of the frontal cyclone model was pre-
sented by Jacob (Jack) Bjerknes (1919) in his celebrated
paper entitled “On the structure of moving cyclones.” The
model was further refined and extended to include the typical
life cycle of frontal cyclones by Jack Bjerknes and his
teammates Halvor Solberg and Tor Bergeron. However, it
was Jack’s father, the classical theoretical physicist Vilhelm
Bjerknes, who put these young scientists to work and gave
them the research tools that led them to their results.

Vilhelm Bjerknes’s influence upon the development of
the Bergen school has been documented in two excellent
books, which in recent years have enriched the literature on
the history of meteorology, namely: The Thermal Theory of
Cyclones by Gisela Kutzbach (1979) and Appropriating the
Weather by Robert Marc Friedman (1989). I do not have
much to add, but I shall give some personal views and take a
closer look at some of Vilhelm Bjerknes’s early meteorologi-
cal studies.

It was in 1897, while he was working on the hypothesis
of his father, Carl Anton Bjerknes, on a possible hydrody-
namic explanation of electrostatic and magnetic forces, that
Vilhelm Bjerknes stumbled across the circulation theorem
that bears his name; it expresses how the circulation of a
material closed curve is changed by baroclinicity. At the time
this was in seeming contradiction to the established theory of
inviscid fluids that led to the theorem of Helmholtz on vortex
conservation and Kelvin’s equivalent theorem on conserva-
tion of circulation. Clearly, however, these conservation
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theorems cannot be generally valid, since they are refuted by
everyday phenomena such as the air motion in a bonfire, or
the motion of water in a heated kettle. In view of this, it is quite
astonishing that the Bjerknes circulation theorem was not
expressed in the literature much earlier. Bjerknes noted that
the conservation theorems were based on a very special fluid
model in which the density is for all particles the same
function of pressure, so that baroclinicity is precluded. By
relaxing the restriction on the density so that baroclinicity
became possible, Bjerknes (1898) could turn Kelvin’s con-
servation theorem into a theorem stating how the circulation
of a material closed curve changes with time.

In his paper, Bjerknes also derived a second circulation
theorem, in which velocity was replaced by momentum
density. This theorem lacks the simplicity of the first circu-
lation theorem, however, and is hardly of much use except in
a simple approximate form; but then it might just as well be
considered as an approximate form of the first circulation
theorem. Most writers have ignored the second circulation
theorem, and I believe rightfully so. Bjerknes’s own motiva-
tion for presenting the two versions of the circulation theorem
seems to have been that his theory of analogy between
electrostatic and hydrodynamic phenomena required such a
dual representation of motion, in terms of velocity on the one
hand and momentum density on the other.

Circulating currents and baroclinic solenoids are plenti-
ful in the atmosphere and the oceans, and Bjerknes realized
that his circulation theorem must therefore have important
applications in these media. This realization made him change
his field of scientific activity from physics to geophysics.
Robert Friedman (1989) has shown from Bjerknes’s letters
that he was reluctant at first, and took up geophysics only
after much encouragement and persuasion from his Swedish
colleagues. In his autobiographic article at the end of
Physikalische Hydrodynamik (Bjerknes etal. 1933), Bjerknes
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credits his Swedish student and assistant Johan W. Sandstrém
for the decision to take up geophysics. He writes:

[ would not have concerned myself any further with the
alien sciences of meteorology and oceanography, had not
... my student at Stockholm Hogskola, J. W. Sandstrém
been prepared to undertake related practical work in this
direction and work out the numerical and graphical tools
for the practical applications.

Soon Bjerknes devoted his full time and energy to these
“alien” geophysical sciences. It was clear to him that the first
law of thermodynamics must be invoked to deal with the
changing temperature and density of air and seawater. Of
course, he was not the first to apply thermodynamics in
geophysics, but he was probably the first to combine the
equations of thermodynamics and hydrodynamics systemati-
cally into a complete set of governing equations for the
atmosphere. In a paper (V. Bjerknes 1904) entitled “The
problem of weather forecasting from the view point of
mechanics and physics,” he proposed that weather prediction
should be treated as an initial value problem of mathematical
physics. He argued that the science of meteorology should
have as its principal objective to determine future states of the
atmosphere by integrating the governing differential equa-
tions, starting from an observed initial state.

With this as an ultimate goal for meteorological research,
certain preparatory tasks present themselves. The observa-
tion network, which at the time was quite inadequate, would
have to be extended and improved. Diagnostic methods must
be developed for deriving the spatial distribution of the state
variables from the observations. And finally, methods for
integrating the equations must be found.

Bjerknes envisaged representing the fields of the state
variables by maps and carrying out the integration process by
a combination of graphical and numerical methods. He
expressed his confidence in the feasibility of such a proce-
dure. He proposed to split the total problem into a hydrody-
namic and thermodynamic part, and wrote:

One will not encounter great mathematical difficulties in
the solution of the hydrodynamic partial problems. . .. The
thermodynamical partial problem can be considered to be
much simpler, in mathematical respect, than the
hydrodynamical. ... Itis certain that we will not encounter
unsurmountable mathematical difficulties in following
through with these methods

Today we know, in hindsight, that Bjerknes grossly
underestimated the difficulties, in particular if he wanted to
integrate fast enough to beat the weather itself, ata time when
electronic computers were not even dreamt of. On the other
hand, his unwarranted optimism undoubtedly did much more
to promote the meteorological science than a sober pessimis-
tic attitude would have done.

Curiously, Bjerknes’s paper contains a technical blun-
der. To close the set of equations when humidity is included
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among the dependent variables, he proposed to use the
second law of thermodynamics, instead of the continuity
equation for the water substance. But this is a minor imper-
fection in a paper whose important message was that meteo-
rology should be treated as an exact science, based on the
laws of physics.

In 1905 Bjerknes presented his ideas about weather
prediction before a U.S. audience in Washington, D.C., and
got an enthusiastic response. The lecture resulted in a yearly
grant from the Carnegie Institution of Washington, which
enabled Bjerknes to employ research assistants throughout
the rest of his active life, up to World War II. The money from
the Carnegie Institution could hardly have found a better use;
adozen of Scandinavia’s most prominent geophysicists were
recruited and educated through this arrangement.

With the financial support from Carnegie, Bjerknes now
embarked upon a major geophysical research project, aiming
atnothing less than to realize his research plan from 1904. He
began by attacking the problems of diagnosis. As his first
Carnegie assistant and collaborator, he employed Sandstrém,
who had already worked with him for some years. Their
results are presented in Dynamic Meteorology and Hydrog-
raphy, Part I: Statics, by V. Bjerknes and J. W. Sandstrém
(Bjerknes and Sandstrém 1910). According to V. Bjerknes
(1910), the manuscript had been submitted in 1907, but was
delayed in press for three years.

Statics is a book of 146 pages and many tables. It opens
with an account of absolute units, in particular the bar and
millibar, which took Bjerknes many years to get introduced
instead of centimeters or inches of mercury. It is explained
why geopotential should be used as vertical coordinate in-
stead of geometrical height. Itis set forth that, excepting cases
of violent motions, the hydrostatic equation may be assumed
to hold along every vertical in the atmosphere .

Two methods of representation of the three dimensional
pressure field are discussed: the obvious one, to draw isobars
in several level surfaces, and a new invention: contour lines
that define the topography of several isobaric surfaces. The
virtues of these two methods are compared, and the conclu-
sion is reached that the topography of isobaric surfaces is to
be preferred because it requires less calculation and is quicker.
Bjerknes published this result in 1910. Itis a curious fact that
most countries ignored it and did not introduce isobaric
surface maps in their upper air analyses until about 30 years
later. A notable exception is the German Weather Service
which introduced isobaric contour maps from the beginning
of their aerological service before World War 1.

Another pointin favor of the isobaric surface maps is that
the relation between geostrophic wind and the slope of the
isobaric surface is the same at all levels. This was probably
not noticed by Bjerknes and Sandstrém, since they did not
mention it.

To construct the contour maps for a selection of standard
isobaric surfaces, Bjerknes and Sandstrom in their Statics
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paper recommended drawing first the 1000
mb contour map, and to this add consecutive
thickness maps by graphical addition. To ob-
tain the thickness values for standard isobaric
layers from ascents measuring corresponding
values of pressure, temperature, and relative
humidity, they invented a graphical method:
from a plot of the virtual temperature versus
the logarithm of pressure, the area mean of the
virtual temperature in the standard isobaric
layers could be estimated by eye with suffi-
cient accuracy (Fig. 1). These methods, in
various versions, have been in extensive use in
the world’s weather services, in particular for
many decades after World War II, until elec-
tronic computers took over.

To illustrate the methods, Bjerknes and
Sandstrom carried through the analysis ontwo
examples: one over the eastern United States
on the morning of 23 September 1898, with
seven kite ascents reaching 900 mb; and the
other over Europe on the morning of 7 No-
vember 1901, with five self-recording balloon
ascents, which reached 300 mb; in addition
they used temperatures extrapolated from the
ground. Of course, these upper air observa-
tions were utterly deficient; the authors em-
phasized, however, that the intention was not
to produce an accurate analysis, but to demon-
strate the analysis methods. Some of their
maps for Europe are reproduced in Fig. 2.
They are probably the first upper air isobaric
contour maps ever made.

In 1907 Vilhelm Bjerknes left Stockholm
and returned to Norway as professor at
Christiania (Oslo). Together with two new
Carnegie assistants, the Norwegian students
Theodor Hesselberg and Olaf Devik, he started
a comprehensive study of kinematic analysis.
The results of their investigations are reported
in Dynamic Meteorology and Hydrography,
Part II: Kinematics, by V. Bjerknes, Th.
Hesselberg, and O. Devik (Bjerknes et al.
1911).

The authors pointed out that the two-
dimensional wind field should not be repre-
sented merely as a number of arrows on the
map, but should be given a continuous repre-
sentation amenable to graphic algebra and
differentiation. They proposed two such rep-
resentations, as streamlines and isotachs, or as
isogons and isotachs, and they showed how
the fields of two-dimensional divergence and
vorticity can be derived by graphical differen-
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FiG. 1. Plot of temperature, saturated virtual temperature, and virtual temperature versus
logarithm of pressure, showing the evaluation of the thickness of decibar layers (Bjerknes
and Sandstrom 1910).

tiation from either of these representations. Isogon analysis had previously
been used in maps of the magnetic declination; Sandstrém (1909) proposed
to use this method also in maps of the velocity field.

The authors of Kinematics were aware that the vertical velocity of
synoptic scale cannot easily be observed, and proposed instead that it should
be inferred from kinematical principles: at the ground from the wind
multiplied by the slope of the earth’s surface, and at higher elevations an
additional contribution due to convergence of horizontal mass flux.

Asanillustration, Bjerknes and his co-workers carried out such analyses
for the ground level over the United States. Figures 3 and 4 show, respec-
tively, their isogon-isotach and streamline-isotach analyses for 0800 EST 28
November 1905. The analyses show streamlines spiraling toward a cyclonic
center in southern Minnesota. Moreover, the streamline picture reveals at
least two lines of confluence where the streamlines come together.

This streamline map is now famous. In a slightly simplified version,
Bjerknes (1910) showed it at a lecture in London, and it has also been
reproduced by both Kutzbach and Friedman in their books as an illustration
of Bjerknes’s early interest in confluence lines. And with good reason—the
confluence lines are undoubtedly the seeds of the Bergen school fronts.

Shown in Kinematics is also the distribution of horizontal mass flux
convergence, corresponding to the increase of vertical mass flux with height.
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F1G. 5. Vertical mass flux divergence 8w/3p (unit 10~3s~!) superimposed upon the streamlines at the ground level (Fig. 4)

(adapted from Bjerknes et al. 1911).

When superposed upon the streamline picture, it reveals that
the confluence lines are located in areas of horizontal mass
flux convergence and ascending motion (Fig. 5).

On the other hand, no analysis of ground temperature is
given, and there is no discussion of the temperature field in
relation to the confluence lines. There is, however, an analy-
sis of the 1000/900 mb thickness, which by itself roughly fits
the picture of a frontal cyclone. But the band of thickness
contrast does not coincide too well with the confluence lines,
as will be seen in Fig. 6, in which the thickness lines are
superimposed on the streamlines. But then we must expect
the thickness analysis to be very inaccurate, as it was mostly
based on extrapolated ground temperatures.

Figure 7 shows the surface pressure analysis and fronts
from Historical Weather Maps, Daily Synoptic Series. The
position of Bjerknes’s confluence lines from 1910 (Fig. 5)
agree roughly with the fronts of the analysis made after World
War II.

In Kinematics, Bjerknes and his coworkers come very
close to presenting the quasi-static equations in pressure
coordinates. On page 62 they give the geostrophic wind
formula in terms of the isobaric slope, probably for the first
time. This shows that they knew how to express the horizon-
tal pressure gradient force in pressure coordinates. What is

more remarkable, on page 145 they derive the continuity
equation in pressure coordinates. I realized this only a few
months ago, and felt quite embarrassed for not having noticed
it earlier; I had thought until then that the first derivation was
due to the Belgian meteorologist O. Godart, as stated in a
memorandum by Sutcliffe and Godart (1942).

The derivation on pages 143—145 in Kinematics is not so
easy to follow, but the subsequent application to a summer
situation over Europe (0700 GMT 25 July 1907) makes the
matter clear. Here the upward mass flux through each of
the isobaric surfaces, 1000, 900, 800, 700 and 600 mb, are
shown on maps obtained by adding up the convergences of
the pressure-integrated wind in each of the underlying iso-
baric layers. This is a direct application of the continuity
equation in pressure coordinates, integrated over the isobaric
layers. Note that Bjerknes’s vertical mass flux, or specific
momentum as he calls it, contains a hidden factor g due to the
use of “dynamic height,” and is thus identical with our
“omega,”’ the material rate of change of pressure, with oppo-
site sign.

Dynamic Meteorology and Hydrography was a pioneer-
ing work, which contained a wealth of new valuable analysis
techniques. The three Carnegie assistants who were co-
authors undoubtedly gave significant contributions. They all
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Fic. 6. The 1000/900 mb thickness map (interval 10 dynamic meters ~ 3K) superimposed upon the streamlines at the ground level (Fig. 4) (adapted

from Bjerknes et al. 1911).

became prominent geophysicists: Sandstrém was later direc-
tor of the Swedish Meteorological-Hydrological Institute,
Devik became a leading hydrologist in Norway, and
Hesselberg was director of the Norwegian Meteorological
Institute from 1915 to 1955 and president of the International
Meteorological Organization from 1937 to 1947.

In 1913 Bjerknes moved to Leipzig in Germany, where
a chair and the directorship of a new Geophysical Institute
had been offered to him. In his inauguration lecture (Bjerknes
1914), he repeated his plan from 1904 to predict the state of
the atmosphere by integration of the governing equations.
However, many years of occupation with the diagnostic
problems had taught him to express himself more carefully
about the feasibility of the integration procedure than he had
done in his 1904 paper. He said (Bjerknes 1914):

The problem is of huge dimensions. Its solution can only
be the result of long development. An individual investi-
gator will not advance very far, even with his greatest
exertions. However, 1 am convinced that it is not too soon
to consider this problem as the objective of ourresearches.
One does not always aim only at what one expects soon to
attain. The effort to steer straight toward a distant, possi-

bly unattainable point serves, nevertheless, to fix one’s
course. So, in the present case, the far-distant goal will
give an invaluable plan of work and research.

Bjerknes realized that even if a feasible integration
method was found, the chances of being able to carry out such
a huge amount of calculation and graphical operations faster
than the weather itself was slim indeed. But to this problem
he had an answer. He said in his lecture:

What satisfaction is there in being able to calculate
tomorrow’s weather if it takes us a year to do it?

To this I can only reply: I hardly hope to advance even
so far as this. I shall be more than happy if I can carry on
the work so far that [ am able to predict the weather from
day to day after many years of calculation. If only the
calculation shall agree with the facts, the scientific victory
will be won. Meteorology would then have become an
exact science, a true physics of the atmosphere. When that
point is reached, then practical results will soon develop.

The Geophysical Institute in Leipzig had a promising
start with a scientific staff that included Robert Wenger, an
able German meteorologist, and the two Carnegie assistants
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FiG. 7. Fronts and isobars for 1300 GMT 28 November 1905 (from Historical Weather Maps. Daily Synoptic Series, U.N. Joint Meteorological
Committee) superimposed on the streamline pattern (Fig. 4). Inner box shows the area of the streamline and mass flux analysis of Figure 5

(Bjerknes et al. 1911).

Th. Hesselberg and Harald U. Sverdrup; the latter was for
many years head of Scripps Institution of Oceanography in
California.

The Leipzig institute started to publish a series of
sea level and aerological isobaric contour analyses over
Europe, with the intention that they should serve as initial
states in prognosis experiments. One of these analyses, for
0700 GMT 20 May 1910, was actually used for such
an experiment; Lewis Richardson (1922) took it as the
initial state for his worked example in his famous book.
But Bjerknes himself never started any serious experiments
toward numerical or graphical prognosis. Thus the planned
Part III of Dynamic Meteorology and Hydrography,
which should have treated the prognosis problem, never
appeared.

Bjerknes has given two reasons for this. In the first place,
the Leipzig institute was gradually paralyzed by World War
I. Bjerknes writes in his “Bibliographie mit historischen

Erlduterungen” in Bjerknes et al. (1933):

In particular, through series of consecutive diagnoses
which were as complete as possible, we hoped to be able
to clarify the processes in the atmosphere in order to apply
the methods of dynamic-thermodynamic prognosis. . . . In
this comprehensively organized work, we had just reached
far enough so that everything seemed to progress well,
and we wereready to extend the work in breadth and depth
n order to be able to seriously attack the main problems,
when the war made every extension of the work impos-
sible. The assistants at the institute were withdrawn; five
out of ten doctor candidates fell [in the war] . . . the work
was paralysed. (Translated from German).

Secondly, Bjerknes stated (in Hergesell and Bjerknes
1922) thathe had considered his Leipzig analyses too inaccu-
rate to serve as initial state in prognostic calculations, because
the observations on which they were based were much too
scattered.
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Weknow now, of course, that even with the best data and
computer assistance, neither Bjerknes nor Richardson could
have obtained a realistic integration result from the primitive
equations without additional knowledge, in particular about
methods of initialization and the Courant-Friedrichs-Lewy
criterion of numerical stability .

Instead, at Bjerknes’s Leipzig institute some interesting
studies were made on air flow and turbulent friction. The
study of confluence lines was resumed by the German doc-
toral student Herbert Petzold, who investigated confluence
lines associated with the invasion of cold air. But Petzold fell
at Verdun in 1916, and the study of confluence (and diflu-
ence) lines was taken over by Vilhelm Bjerknes’s son Jack,
who wrote a short paper about the subject (J. Bjerknes 1917).
The following quotation is taken from that paper (translated):

The real convergence lines are associated with ascending
motion which, depending upon the air humidity, may
result in cloud formation and rain. One can find many
confirmations of these rules by comparing the wind maps
in “Ver6ffentlichungen des Geophysikalischen Instituts”
with the corresponding maps of cloud cover and precipi-
tation. Depending upon their strength, one observes that
the convergence lines are accompanied by bandformed
regions of overcast, ordinary rain, or showers and frontal
storms (Frontgewitter). In the two latter cases they are
often immediate precursors of cold air intrusion. The
advancing cold air pushes the warm [air] ahead, and a
short distance ahead of the front of the cold air a con-
vergence line is formed, which is parallel to.this and
which represents the location of the strongest ascent of the
warm air.

In my opinion, this paper shows that Jack Bjerknes was
already in Leipzig close to contriving the concept of a front.
This must have been a good starting point for the Bergen
school.

Vilhelm Bjerknes’s influence on the progress of meteo-
rology was only in part due to his own scientific contribu-
tions. Just as important was his rare ability to attract and
inspire bright young students. Whereverhe was, in Stockholm,
Oslo, Leipzig, or Bergen, he created a fertile milieu around
himself. Moreover, he did not hide his light under a bushel,
but shared his accomplishments not only with the scientific
community, but also with politicians and the public as well.
This attitude brought him support to carry through with his
research projects. An intellectual type, Vilhelm Bjerknes was
distinctively visual; whenever possible, he would give geo-

metrical interpretations to his equations. Jule Charney once
said that he thought Vilhelm Bjerknes in trying to understand
atmospheric dynamics would imagine that he himself was an
air particle, trying to decide where to go.

For several years after the war, when Vilhelm Bjerknes
was in his eighties, he still came every day to his office in the
Astrophysics building, which also housed the geophysicists
at the University of Oslo. He was an ardent listener to
seminars and thus gave his encouragement and moral support
to the research activity around him.
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Components of the Norwegian Cyclone Model:
Observations and Theoretical Ideas in

Europe Prior to 1920

HANS VOLKERT

Institut fiir Physik der Atmosphére, DLR-Oberpfaffenhofen, WeBlling, Germany

1. Introduction

The publication of a scientific article is occasionally used to
mark, in retrospect, the beginning of a new era for a scientific
discipline. Formeteorology, Jacob Bjerknes’s article of 1919,
“On the structure of moving cyclones” (referred to as JB19 in
the following), provides such a landmark, as it first intro-
duced the model of the ideal cyclone, which greatly influ-
enced research and practical weather forecasting for many
years to come. The achievement made by the Bergen school
of meteorology at the end of World War I can, it is thought,
be esteemed especially well if related observations and theo-
retical considerations, published before 1920 are recalled.

Atthe beginning of IB19, J. Bjerknes gave the following
“characteristic traits” of the surface flow of amoving cyclone
(Fig. 1): (a) a spiraling inflow toward the cyclone center; (b)
two lines of convergence (steering line and squall line, which
were later called warm and cold fronts, respectively!); and (c)
the pronounced warm sector to the south of the cyclone
center, signifying a pronounced asymmetry in the tempera-
ture distribution. In this chapter, we look for evidence as to
what extent these components of the Norwegian cyclone
model were individually described in the European literature
during the period 1880 to 1920.

The Bergen school’s visualization of their concepts
through skillfully crafted conceptual sketches and later also
by detailed weather maps appears to be one of the foundations
of its success. This was in contrast to the general practice for
fewer figures to appear in journal articles before 1920 than
nowadays. But figures have been published earlier and some
of these, which are to date probably not widely known, are

1. The now familiar terms were introduced by Bjerknes and Solberg
(1921), where the change in nomenclature is briefly commented in a
footnote (on p. 25).
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reproduced here. Thus, we can obtain a quite direct impres-
sion of the way extratropical cyclones and their components
were viewed in Europe during the four decades around the
turn of the century.

A very thorough historical investigation of the much
wider topic, the thermal theory of cyclones, was carried out
by Gisela Kutzbach (1979; K79 in the following). It includes
49 historical diagrams, and mentions, in its later chapters, the
majority of the works quoted here. However, most of the
figures reproduced here were not included. A special feature
of Kutzbach’s book is its appendix, which contains short
biographies of scientists who had made important contribu-
tions during the early phase of cyclone research. We also
make some biographical remarks in footnotes to stimulate
interest in the acting persons.

This chapter is organized as follows: Section 2 deals with
investigations regarding cyclones as a whole, some of them
indicating an asymmetric temperature field. Section 3 pre-
sents observations, a laboratory experiment, and theoretical
ideas regarding squall lines as examples of discontinuities in
the atmosphere. Section 4 mentions descriptions of pro-
nounced warm sectors. Section 5 briefly outlines the recep-
tion and tradition of these early studies, together with the
Norwegian cyclone model after 1920. Finally, conclusions
are drawn concerning the value of such a retrospective
investigation.

2. Asymmetric Cyclones

The terms depression, barometric minimum, or cyclone have
been used for larger-scale regions of lower surface pressure
and significant weather since the early nineteenth century.
Mostly thermodynamic concepts were used in the numerous
attempts to explain the internal structure and the development
and progression of cyclones (K79).
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FiG. 1. First appearance of the Norwegian cyclone model and its flow
structure. The components are an asymmetric cyclone moving from left
toright, a sector of warm air in the south, and two separation lines ahead
of and behind the warm sector (JB19, Fig. 1).

There have also been attempts to link the effects of
dynamics and thermodynamics in a consistent manner.
Koppen? (1882a), when reviewing empirical rules put for-
ward by Ley (1872), introduced a consistent conceptual
model, which related a circular surface low, a slightly west-
ward shifted upper-level trough, and a highly asymmetric
mean temperature distribution of the intermediate layer (Fig.
2). The temperature field was obtained by graphical subtrac-
tion, that is, by joining points of equal pressure differences.
The upper level pressure field was constructed from observa-
tions of cirrus cloud motion provided by Ley. This method of
indirect aerology’ was later used during the early years of the
Bergen school. Koppen’s schematic and its background were
also discussed in the widely read German textbook on meteo-
rology by Sprung (1885).

The meteorological services established in many Euro-
pean countries during the second half of the last century
thoroughly investigated cases of strong depressions passing
over their areas of interest. A very revealing example is the
case study by Shaw? et al. (1903), when “the British Isles
were visited by a storm of unusual severity.” They stressed

2. Wladimir Peter Kdppen (1846-1940) was appointed director of the
department of storm warnings and forecasting in the newly founded
Deutsche Seewarte (literally, German sea observatory) in Hamburg in
1875, and worked as chief scientist and director of the research
department of this institution from 1879 to 1919. Kdppen is best known
for his later work regarding climatology, for example, for his classifi-
cation of climates, although he also made important contributions to
synoptic and mesoscale meteorology during the earlier years of his
career (cf. K79, 237-238).

3. The term aerology was suggested by Koppen before the Commission
on Scientific Aeronautics in 1906 to distinguish the study of the free
atmosphere, throughout its vertical extent, from investigations con-
fined to the atmospheric layer near the earth’s surface.
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Fic. 2. Interrelationship among idealized circular surface isobars (solid
lines), cirrus-level isobars (dotted lines), and mean isotherms of the air
mass between (dashed lines) (Képpen 1882a, Fig. 2a on plate 23).

the value of time series from self-recording instruments (see
Fig. 3) as a supplement to synoptic charts. They discussed the
coincidence of pressure fall and temperature rise (during the
night!) at stations south of the storm’s center (Valencia,
Southport, and Stonyhurst) and contrasted it with the devel-
opment at places which were “under the path of the storm”
(Glasgow and Aberdeen). In their concluding paragraph,
Shaw etal. (1903) mentioned the role of the “strong and warm
Southerly wind . . . independent of any local action within the
storm area” for the development of this particular event. As
an aside we note Shaw’s remark in the discussion that “he had
no wish to add another to the theories of storms—there are too
many of these already,” but he wanted to increase the knowl-
edge of the facts and to deal with their classification.

In 1906, Shaw and Lempfert published the pioneering
monograph, The Life History of Surface Air Currents, in
which they applied their concept of air trajectories to show
that cyclones comprise air masses from very different source
regions. One of the many diagrams is reproduced in Fig. 4,
depicting a mature cyclone over the Atlantic with a polar
airstream in its rear and a subtropical one ahead of it. The
methodology, originally developed for more mesoscale stud-
ies over the British Isles, had been applied to a “historic” data
set, which covered 13 months in 1882 and 1883, in an attempt
to describe the complete life history of surface air currents in

4. Sir William Napier Shaw (1854—1945) was director of the Meteoro-
logical Office in England from 1905 to 1920, knighted in 1915, and was
first professor of meteorology at Imperial College until 1924. He
introduced trained scientific staff at the Meteorological Office, empha-
sized studies of the physics of the atmosphere, and produced the four
volume Manual of Meteorology (cf. K79, 243-244),
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Fic. 3. The passage of a strong depression over the British Isles documented by time series of pressure (thick line), temperature (thin line),
horizontal wind, and rainfall (short vertical lines on pressure trace; each line marks 0.01 inch = 0.25 mm) for the period 0900 GMT 26 February
1903 until 0900 GMT 28 February 1903 at eleven stations. The horizontal line in the middle of each series represents 29 inch Hg (980 hPa) and
40°F (4.4°C) with ranges of 1 inch Hg (33.8 hPa) and 10°F (5.6 K) above and below; 3-hour periods are separated by vertical lines (Shaw et al.

1903).

the vicinity of cyclones. In their conclusions, the authors
admitted uncertainties in the database and suggested that
“observations must be extended on the one hand by enlarging
the area and on the other by including measurements made in
the upper air.”

Techniques of obtaining upper air data from ascents of
manned and unmanned balloons and of kites began to be
developed before the turn of the century (cf. the very recent

account by Hoinka (1997)). Soon coordinated ascents from
several European stations were organized. A paper by
Hergesell® (1900) collected results of these international

5. Hugo Hergesell (1859-1938) was founding president of the Interna-
tional Aerological Commission from 1896 to 1914, then director of the
aerological observatory in Lindenberg. He developed instruments,
improved observation procedures for the free atmosphere, and en-
couraged close cooperations between meteorology and aeronautics.
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Nortes.—In the Synoptic Charts on Plates XXIV, XXV and XXVI direction and force of wind have been indicated

thus: © -> — = = ===, the numbers referring to the Beaufort wind-scale.
calm 1-3 46 7&8 og&r1o 11&12
Weather is indicated thus: ) p m f
rain showers mist fog

FiG. 4. Synoptic surface chart of 1200 GMT 26 December 1882 with superimposed trajectories for the period 23-30 December. The synoptic
information is in light gray (blue in the original print) and contains pressure (increment 0.2 inch Hg = 6.8 hPa), wind and weather (see legend).
The trajectories are in black (labeled A-E); small arrows along them mark 12-hourly intervals (the day numbers are given at the noon positions);

the 24-hour period centered on the synoptic map time is thickened (Shaw and Lempfert 1906, Fig. 2 of plate xxiv).

ascents. Besides many technical details it contained approxi-
mated upper air charts such as the distribution of isotherms at
aheight of 10 km for 13 May 1897 (Fig. 5). Today’s practice
to construct upper air charts on constant pressure surfaces had
not yet been adopted. The cold core over central Europe was
put in relation to the extended cold period at the ground,
which was classified as a good example of the quasi-regular
weather anomaly in mid-May known as Eisheiligen in
German.

3. Squall Lines

Elongated, narrow regions of rapid or quasi-discontinuous
change in meteorological parameters were investigated
throughout the last century. Most frequently, meteorologists
described passages “of a sudden strong wind or turbulent

storm” (dictionary definition of squall), which were found to
progress over extended areas as organized lines separating a
warmer air mass from an advancing colder one (cf. K79,
Section 6.7).

In a very detailed account in two parts, Kdppen (1882b)
documented the event of 9 August 1881. The bulk of this
study dealt with the description of the impact that this fierce
cold front had in various places on its way across Germany.
An account was also given of how the data collection was
gradually extended after K&ppen had realized that the event
was not just a local thunderstorm, as he had first suspected.
The pressure and temperature analyses during the peak phase
are of particular interest (Fig. 6). They show a distinct
mesoscale trough-ridge system; an isolated area of low
pressure to the east of 12°E and south of 48°N, probably due
to Fohn in the Alpine lee; and a narrow band of distinct
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Fig. 5. Isotherms at a height of 10 km (lowest value in the center:
—80°C; increment: 5 K) constructed from simultaneous balloon ascents
on 13 May 1897 (Hergesell 1900, plate 1).

temperature contrast all the way from the Baltic coast (at the
northern edge of the panel) to the Black Forest (in the
southwest), which was partly collocated with storm force
winds. All these features, incidentally, are remarkably simi-
lar to recent analyses of a cold front observed during the
Fronts Experiment 1987 (see Volkert et al. 1992).

The few other diagrams in K6ppen’s monograph include
barograms from eight stations—some with distinct pressure
jumps—and qualitative isochrons of the leading edges of
thunderstorms associated with the squall line. Képpen men-
tioned as mechanisms conducive for the strong temperature
contrast: airflow from different source regions ahead of and
behind the front, strong insolation in the east, and evaporative
cooling in areas experiencing heavy rain and even hail in the
west.

Ten years later, Durand-GrévilleS (1894) systematically
investigated thunderstorms and their relation to squall lines,
many of which progressed from France into the eastern parts
of Europe. Hourly isochrons and a mesoscale pressure analy-
sis (Fig. 7) document the “particularly severe squall line of 27

6. Emile-Alix Durand-Gréville (1838-1914) was a French writer and
independent scientist who translated works by novelists such as Turgenev
into French and taught for a long time in St. Petersburg before returning
to Paris in 1872. From 1890 onward he carried out highly resolved
analyses of squall lines, thunderstorms, and hail storms. He contributed
mathematical, physical, and climatological articles to several encyclo-
pedic works, was in charge of all meteorological aspects for the
publisher of the Grande Encyclopédie, and served as vice-president of
the Société Astronomique.
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August 1890.” The general conclusions of the investigation
comprised, inter alia: (1) squall lines can be detected by the
bulged form of the isobars, (2) significant weather is trig-
gered by the highly disturbed flow field, and (3) there are only
a few depressions without an area of squalls where precipita-
tion is likely to be produced. He suggested a combination of
self-registering instruments in the western parts of France
with the telegraph transmission of data to the east as a tool for
timely warnings.

Beginning in 1895, Margules’ used a mesoscale network
of four barographs around Vienna in an attempt to relate high
winds at the central location with the pressure gradient in its
neighborhood, especially for thunderstorm situations. Al-
though the number of stations proved to be insufficient for
general conclusions, Margules (1897) discussed, among other
cases, the pressure traces during the passage of a “devastating
storm of short duration” on 26 August 1896 (Fig. 8). Westerly
surface winds of 90 km h~! coincided with the onset of a steep
pressurerise (about 10 hPa over2 h) in Vienna. Comparisons
with stations farther to the west and from Sonnblick mountain
observatory (3106 m) revealed that the cold (i.e., denser) air
advanced eastbound north of the Alps, but was confined to a
layer below the Alpine crest height. Special mention was
made of the quasi-instantaneous (i.e., within less than 12 min)
pressure jump of about 10 hPa in Gmunden, situated at the
Alpine baseline about 200 km to the west of Vienna. At the
end, Margules considered his work as meager compared to
Koppen’s study. During the following years, he thoroughly
investigated temperature steps in thermograms from moun-
tain and nearby valley stations for three-dimensional analy-
ses of the progression of air masses. This observational
evidence eventually served as the background for Margules’s
celebrated theoretical studies on the energetics of storms and
surfaces of discontinuity (cf. K79, Section 6.6). We note that
highly resolved pressure traces continue to be relevant for the
investigation of frontal modification by the Alps (e.g., Hoinka
et al. 1990; Volkert et al. 1991).

Line-squalls constituted a topic of detailed research at
the Meteorological Office in England during the first decade
of this century. Lempfert® (1906) and Lempfert and Corless

7. Max Margules (1856—1920), a physicist and chemist of outstanding
calibre, but of rather introverted and partly eccentric personality,
worked at the Zentralanstalt fiir Meteorologie in Vienna from 1882 to
1906. After the turn of the century he published the first thorough
theoretical analyses of atmospheric energy processes using thought
experiments derived from his earlier observational studies (cf. K79,
239-240).

8. Rudolf Gustav Karl Lempfert (1875-1957) was a university assistant
to Shaw in Cambridge (1898-1900) and held various positions at the
Meteorological Office between 1902 and 1938, ranging from personal
scientific assistant of the director (Shaw) to assistant director. He drew
all charts of the 1906 memoir on surface air currents and later thor-
oughly investigated line-squalls (cf. K79, 238-239).
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FiG. 6. Mesoscale surface charts over central Germany for 9 August 1881, 2 p.m. The left chart shows station reports of wind (long and short flags,
respectively, for single and double Beaufort grades), cloud cover (octa), sea level pressure (mm Hg above 700), pressure analysis with 2.5 mm
Hg (3.3 hPa) increment, and areas with thunderstorms (hatched). The right chart displays station reports of relative humidity, a temperature
analysis (reduced to sea level with a 2.5 K interval), and area of stormforce winds (hatched) (K6ppen 1882b; central portions of plates 20 and 21).

(1910) presented several detailed case studies containing a
number of synoptic weather maps, isochron charts, and
careful mesoscale analyses of the pressure field. Of special
interest is the practice of identifying the squall line with a
fault in the pressure analysis (Fig. 9) to achieve consistency
with the jumps in the barograph traces at fixed stations.
Lempfert (1906) stated that “line-squalls tend to arrange
themselves with regard to depressions, and to rotate round
their centres, like the spokes of a wheel.” Lempfert and
Corless (1910) described four cases and culminated in a
discussion of “the wind vector changes” across the
discontinuities. Conceptual vertical sections (see K79, Fig.
46) depicted the flow in a fixed frame of reference and in one
steadily moving with an idealized backward-sloping “linear

front,” clearly indicating “upward motion in front of the line
and downward motion behind it.”

At approximately that same time, the intrusion of a
denser fluid under a lighter one was investigated in the
laboratory by Schmidt? (1911) with explicit reference to

9. Wilhelm Schmidt (1883-1936) was a research scientist at the
Zentralanstalt fiir Meteorologie in Vienna from 1905 to 1919, then
professor of physics of the earth in Vienna and, from 1930 until his
sudden death, successor of F.M. Exner as director of the Zentralanstalt.
He was renowned for his laboratory experiments with gravity currents,
and he constructed a variograph to register atmospheric pressure
differences at squall lines. Around 1920 he coined the term “Austausch”
for the description of a whole range of geophysical exchange processes
for which coefficients can be determined empirically.
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Fic. 7. The squall line of 27 August 1890. Left: hourly isochrons of pressure jump (longer intervals in the east) and areas with thunderstorms
(hatched); locations are from west to east: London, Paris, Brussels, Berne, Copenhagen, Berlin, Vienna, Stockholm, St. Petersburg. Right: pressure
observations (reduced, mm Hg above 700) and analysis over central Europe for 27 August 1890, 9 pm (increment: 1 mm Hg=1.33 hPa) (Durand-

Greville 1894, Figs. 1 and 2).

26. August 1896.
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FiG. 8. Surface pressure traces for the period 25 August, 6 p.m., until 27 August 1896, 6 a.m., for a mesoscale network of stations around Vienna
(left) and other stations in the west of Austria (right). Vertical lines every two hours; Mn: midnight; Mg: noon; tick marks every 1 mm Hg (=1.33
hPa); horizontal lines designate reference pressure of 740 mm Hg, except for Zellam See (695 mm Hg) and Sonnblick (525 mm Hg). Station codes:
Ks - Krems, Pg - Bratislava, Fg - Feldsberg, Nn - Neunkirchen, Wn - Vienna. Wind speed (km h™!) and direction for Vienna are given every

2 hours under the left diagram (Margules 1897, Fig. 5).

squall lines. Such a gravity current was used as a prototype
for the interaction of warm and cold air masses. Schmidt
worked with an elongated, two chambered tank bounded by
glass walls. Salt water was used as the denser fluid. Inclina-
tion angles varying between 0.5° and 35° resulted in different
flow speeds once the separation between the chambers was
lifted. Time exposure (2 s) photographs of illuminated sus-

pended particles (sawdust) were produced to infer the instan-
taneous velocity distribution (Fig. 10). Characteristic was the
elevated head of the denser fluid with some turbulent motion
above and recirculation behind it. Schmidt translated the
results of his experiments to temperature differences and
propagation speeds of squall lines and found good agreement
with Kdppen’s case. At the same time he regretted the
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FiG. 9. Synoptic surface charts with wind and temperature (°F) observations as well as a mesoscale pressure analysis (increment: 0.1 inch Hg =
3.4 hPa) with a line-squall (dashed) extending southward from a surface low for 1800 GMT 19 February 1907 (left) and 2100 GMT 19 February

1907 (right) (Lempfert and Corless 1910, Figs. 7 and 8).

insufficiency of observational data to evaluate the analogy
between laboratory and atmosphere in a more rigorous fash-
ion, without mentioning the detailed case studies by Lempfert.

Koppen (1914) reviewed his earlier studies, the work of
Durand-Gréville and Schmidt, and he presented observations
of the severe squall line that passed over the German Bight on
9 September 1913 where it caused the crash of the airship L1.
Quickly alternating upward and downward motions of con-
siderable strength forced the airship down to 100 m above the
sea, up to 1400 m and down onto the sea. When it touched the
water with some 20 ms™!, it broke apart and sank after a short
while. The close proximity of updrafts and downdrafts was
said to have been directly observed earlier and was consid-
ered characteristic for squalls connected with thunderstorms.

During the second half of the last century, theoretical
considerations based on physical principles were gradually
applied to meteorological problems, beginning with thermo-
dynamics, for example, the effects of variable temperature
and moisture in the atmosphere (typically at rest); and then
also leading to dynamics, that is, the role of various forces for
the movement of the atmospheric fluid. The latter topic
included the investigation of different air masses separated by
asurface of discontinuity and the stability of such an arrange-
ment subject to small perturbations.

The renowned physician and physicist Hermann von
Helmholtz!0 (1888) was probably the first to consider math-

Fic. 10. Instantaneous velocity distribution during the intrusion of
dense fluid (thin lines show the movement during 2 sec). Flow direction
is from left to right. The approximate outline of the “head” is marked
by the bold line (Schmidt 1911, Fig. 2).

10. Hermann Ludwig Ferdinand von Helmholtz (1821-1894) was the
most influential scientist during the late nineteenth century in Germany
as was his contemporary and friend Lord Kelvin in England. He
received his basic training as an army surgeon, and later was professor
of physiology. From 1871 he was professor of physics at a newly
created institute in Berlin. He gave a mathematical treatment of the
energy conservation principle in 1847. In fluid dynamics he investi-
gated discontinuous motions and the condition of dynamic equilibrium
along surfaces of discontinuity (see K79, 235-236).
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ematically the equilibrium condition of the surface between
different air masses on the rotating globe, specifically of an
idealized (axisymmetric and inviscid) atmosphere, by juxta-
posing two homogeneous layers of different angular momen-
tum (i.e., wind speed) and potential temperature (i.e., den-
sity). He found that a dynamically stable equilibrium can
exist if the two layers are separated by an inclined surface of
discontinuity. The derivation of the stability condition is fol-
lowed by adetailed qualitative discussion including frictional
effects and the role of typical cyclones and anticyclones for
mixing processes at the postulated prototype discontinuity.

Later, Margules (1905) introduced thought experiments
dealing with the available potential energy, which is stored in
adjacent air masses of different mean temperatures and which
may be converted to kinetic energy (of a storm) when the
colder air mass moves under the warmer one. Explicit men-
tion is made of the better known motion fields along squall
lines and the lesser understood ones within complete cy-
clones, when a warmer air mass is often followed by a cold air
outbreak in the rear. Interestingly, JB19 quoted this passage
as supporting evidence for his new conceptual model, al-
though Margules concluded his paper with the frank remark:
“The source of the storms lies, as far as I can see, entirely in
the potential energy. . . . The horizontal pressure distribution
appears as a kind of transmission within the storm’s motion,
by which a fraction of the air mass can aquire high velocities.
.. . This leads to problems which cannot be solved by
considering solely energetics.”

One year later, Margules (1906) transformed Helmholtz’s
frontal-equilibrium condition to a constantly rotating Carte-
sian coordinate system. He wrote in the introduction: “T am
trying to derive Helmholtz’s equation in a way, that may well
offer easier applications to meteorological problems.” The
simple model of a steady-state front involved an inclination
angle ¢, which can be determined as a function of the velocity
and temperature differences across the front. This well-
known textbook formula was also quoted in JB19 (but erro-
neously from the 1905 paper) during the discussion of the
squall line (cold front) together with Schmidt’s laboratory
study. Margules checked his idealized model using distinctly
differing registrations of temperature and wind of stations not
far from each other (Vienna and Bratislava). He also consid-
ered atemperature gradient zone inrelation to vertical changes
in wind speed rather than a sharp discontinuity. Finally, he
followed Helmholtz’s discussion on mixing processes acting
on separated air masses or fluids and introduced simple
thought experiments, for which he derived formulas for the
energy conversion through mixing.

4. Warm Sector

Asymmetries in the temperature distribution within cyclones
were hinted at in the literature before 1920. We have men-

23

tioned Koppen (1882a), Shaw et al. (1903), and Margules
(1905) as examples. Detailed case studies of extended re-
gions of anomalous warm air progressing over the whole of
northern Asia were available by 1911.

Ficker!! (1911) analyzed 11 episodes of about 10 days
each from the years 1898 to 1902 when warm waves (as he
called them) had traveled all the way from 40°E to at least
110°E. He confined his analyses mostly to isochron charts of
the daily positions of the leading edge of the wave of warm
air, but also presented some synoptic temperature analyses
(Fig. 11). A massive warm sector spanned as much as 20
degrees of longitude over Siberia and was bordered by a zone
of warming ahead of it and cooling behind it. Ficker also gave
aconceptual scheme (Fig. 12) as a summary of this study and
its companion (Ficker 1910), which dealt with the progres-
sion of cold waves. The scheme emphasized the thermal
structure and did not give a characteristic length scale. But if
one associates the bounding isotherm with what the Bergen
school later called the polar front, similarities become
obvious.

In Vienna, an intermediate position between the theoreti-
cian Margules and the data analyst Ficker was occupied by
Exner!2, Formany of the present meteorological community,
the factor to convert temperature to potential temperature
(Exner’s function) appears to be the only association with his
name, although he was among the leading figures of Euro-
pean meteorology of his day, besides, for example, N. Shaw
and V. Bjerknes.

Exner’s textbook on dynamical meteorology (completed
1915, published 1917) wasto a large extent based on concepts
first developed by Margules. In chapter 74 on “the genesis
of cold air outbreaks,” for instance, a Margulean type front
was introduced separating a cap of cold polar air, which

11. Heinrich von Ficker (1881-1957) was a research assistant at the
Zentralanstalt in Vienna in 1906, held university positions in Innsbruck
and Graz from 1909 to 1914, was a professor in Berlin from 1923 to
1937, and director of the Zentralanstalt as successor of W. Schmidt
from 1937 to 1953. Fisker made many balloon ascents in Féhn flows for
his dissertation, scrutinized the large body of surface data from Russia,
and explored the interactions of troposphere and stratosphere in the
development of cyclones (see K79, p. 233).

12. Felix Maria Exner (1876-1930) worked at the Zentralanstalt in
Vienna from 1900 to 1910 with a leave of one year (1904-1905) for a
world tour with extended stays in India and the United States. He was
a professor in Innsbruck from 1910 to 1917 and then director of the
Zentralanstalt and professor of physics of the earth in Vienna. He
pioneered numerical weather forecasting by evaluating the surface
pressure tendency for a geostrophically balanced flow with a climato-
logically determined thermal forcing before 1908, published a textbook
on dynamical meteorology in 1917, undertook rotating tank experi-
ments to study analogies of tornados as well as the general circulation
with embedded cyclones, and attempted to explain cyclogenesis by the
interaction between the westerlies and cold air outbreaks from polar
regions (see Shields 1995, 1-3).
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FiG. 11. Surface isotherms on 3 December 1901. Along the line ++++, quick warming is in progress; along the line 0000, fast cooling. Labels
in °C; interval: 5 K. (First published by Ficker (1911, Fig. 11), taken from Exner (1917, Fig. 56)).

FiG. 12. Scheme of warm and cold waves over Asia depicting a bounding isotherm (wavy line) between cold air to the north and warm air to the
south as well as predominant wind directions. The roman numerals designate different states at different places at the same time as well as the
sequence of events at a location, say C, when the complete system passes from west to east. I: onset of cold wave with NW winds; II: lowest
temperatures; III: gradual warming with winds from S to SE; IV: extremely warm SW winds; V: as I; phases III to V resemble the passage of
a depression (Ficker 1911, Fig. 13).

is in steady westward motion relative to the warmer air gets retarded, for example, by frictional processes. He
aloft and farther south (Fig. 13). This may be viewed as a found a shallowing of the front equivalent to a gain of
cross section through the polar front, a term introduced by potential energy, which in part might be responsible for the
the Bergen school some years later. Exner investigated strong winds observed during outbreaks of cold air toward
how the frontal inclination o changes when the cold air the south.
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FiG. 13. Polar cap of a cold air mass (I) underneath a warm air mass (II).
O, center of the earth; P, north pole; M O P N, span of the solid earth
(Exner 1917, Fig. 58).

One year after JB19 had been published, V. Bjerknes
organized a meteorologists’ conference in Bergen to better
acquaint colleagues from abroad with his recent findings. For
political reasons it took place in two sittings (Friedman 1989,
196). The German-speaking scientists gathered during the
second part, when Exner (1920) presented his view of cold
and warm airflow, in a lecture that Davies (1990) called
“seminal but comprehensively unacknowledged.” Having
started with the general circulation including a Margulean
type of polar front, and having presented observational evi-
dence of cold air outbreaks, Exner developed a “hypothetical
picture of the shape and position of the boundary between
cold and warm air in the region of a cold-air-tongue, which
progressed eastwards” (Fig. 14). The section EB of the
surface front line AB was identified with the steering line
(warm front) and EF with the squall line (cold front). CD gave
the front position at a higher level; so the cold front was
considered to be steeper than the warm front. It was noted that
the scheme described best the development of shallow (i.e.,
only tropospheric) cyclones, which occurred often over North
Americaand could be seen as early stages of mature cyclones,
which extended into the stratosphere and were more frequent
in the Atlantic sector. In a footnote, Exner stated that he
became acquainted with the Norwegian cyclone model and
the new polar front theory at the conference after he had
written down his lecture (dated Vienna, 7 July 1920). He
found the correspondence between both concepts encourag-
ing and mentioned possible extensions of the theory of
asymmetric cyclones.

S. Reception in the Secondary Literature
The preceding sections document the availability prior to

1920 of a variety of studies that dealt with components of the
Norwegian cyclone model (first published in JB19). Today it

FiG. 14. Form and position of the separation surface between cold and
warm air in a cold-tongue region. Full single arrows: warm airflow at
the surface; dashed arrows: warm airflow aloft; double arrows: cold
surface airflow (Exner 1920, Fig. 6).

appears to be impossible—and somewhat irrelevant—to
exactly reconstruct which of these studies were known to J.
Bjerknes, his father, and their co-workers in Bergen.!3 A
comparison of all the papers quoted in the preceding sections
with JB19 reveals the special quality of the latter: on only a
few pages a quite elaborate conceptual model was introduced
(“I have been led to some general results concerning the
structure of cyclones™), which had been inspired by detailed
analyses from meteorological archives and a daily weather
forecasting practice, and which outstandingly combined ear-
lier findings. This section attempts to back this view by
looking at some pieces of secondary literature about the
Norwegian cyclone model and its evolution.

The immediate impact exerted by Norwegian cyclone
model and the polar front theory, not only on practical aspects
of weather analysis but also on the scientific meteorological
community, must have been considerable. Invited by the
editors of Meteorologische Zeitschrift (one of them Exner),
Ficker (1923) compiled a detailed review article about the
“polarfront and the lifecycle of cyclones.” In essence, he
congratulated V. Bjerknes and collaborators for the introduc-
tion of a new compact scheme with clear and memorable
diagrams and for coining short and characteristic names for
the various phenomena. Ficker considered the description of
the life cycle of cyclones as the most novel finding of the

13. A detailed account of the situation in Bergen during the summer of
1918, when J. Bjerknes wrote JB19, is given by Friedman (1989,
chapter 6). In his (mainly personal) bibliography with historical re-
marks, V. Bjerknes (1933, 783-787) mentions Ficker’s (1910) and
Helmhotz’s (1888) papers as sources of inspiration for empirical data
analyses and theoretical investigations, respectively, during the few
years at Leipzig University (1913-1917). Note that the research pro-
gram of this new institute could not be pursued continuously during the
course of World War I. The move to Bergen in 1917 proved to provide
“lucky circumstances, which made it possible to continue the work,
though in a much different way, namely as practical rather than
theoretical weather predicition.”
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Bergen school, which also had implications for practical
forecasting. On the other hand, he strongly disagreed with the
claim that a radically new theory had been presented, and
related the components of the Norwegian concept to earlier
findings of others, especially from the Viennese school.

Textbooks for students may be used as indicators of how
the development of concepts is generally seen in a scientific
discipline. Raethjen (1953) presented a detailed monograph
about extratropical cyclones and their dynamics some 30
years after the origin ofthe Norwegian cyclone model. He put
strong emphasis on the historical development of concepts
and compiled a detailed bibliography of 840 titles published
between 1830 and 1950, including the studies of Képpen,
Helmbholtz, Margules, Ficker, Exner, Shaw, and Vilhelm and
Jacob Bjerknes. In his conclusions, Raethjen emphasized two
main cyclogenetic mechanisms: the thermal contrast between
pole and equator, which can induce upper-level cyclogenesis
in the jet stream regime, and gradient zones of latent or
sensible heat at lower levels. Within frontal zones, both
effects tend to be combined and most effective. He also noted
that this kind of duality had already been advocated by the
Viennese school of meteorology whereas the Bergen school
had emphasized processes at lower levels.

More contemporary textbooks, such as Wallace and
Hobbs (1978), tend to introduce just the Norwegian cyclone
model as the standard—althoughidealized—conceptual model
for extratropical cyclones. In their biographical footnotes
about scientists who were claimed to have made major
contributions to the atmospheric sciences, Jacob and Vilhelm
Bjerknes, Helmholtz, Margules, and Shaw were mentioned.

There are also reviews that concentrate on the develop-
ment of concepts from various points of view. Bergeron
(1959), one of the Bergen school scientists, gave a wide and
balanced historical review of the development of synoptic
meteorology, putting into perspective the early case studies
mentioned above in relation to the work of the Bergen school.
One of his conclusions was that apparent rediscoveries were
frequent in meteorology because of the complexity of the
subject, an inefficiency in international bibliography and
terminology and, very often, due to insufficient data to
validate new hypotheses. He saw an essential difference
between the case studies of, say, Koppen or Durand-Gréville
and the Bergen school findings in the fact that the latter used
“a rationally introduced concept on a routine basis on the
daily synoptic charts.”

The Bergen school period served as the terminus in
Kutzbach’s admirable book (K79), which discusses all pri-
mary sources on cyclone research between 1840 and 1920. Its
conclusion states that “the polar front theory of cyclones is
seen as an outstanding synthesis reconciling new insights and
findings with important earlier results in meteorological
theory” (p. 219), rather than representing a sharp break with
older theories.
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Schwerdtfeger (1981) criticized the indifferent attitude
of the Bergen school scientists toward referencing older
studies thathad relevance to the cyclone model. Furthermore,
he considered Bergeron’s influence as essential for the accep-
tance of the new concepts in the synoptic practice in Europe,
because, as Schwerdtfeger put it, Bergeron showed how to
analyze the observations, whereas the Bergen papers (as
JB19) mostly presented model sketches.

Friedman’s (1989) scientific biography of V. Bjerknes
discusses in depth the development of the cyclone and polar
front models. Yet, both concepts feature as just two compo-
nents of the elder Bjerknes’s astonishingly dense curriculum
vitae in an epoch of dramatic political, social, and technologi-
cal change. Friedman’s psychologizing attitude to rationalize
in hindsight the sequence of events may be debatable, but he
certainly presents a wealth of detailed background material,
for example, from exchanges of correspondence.

A considerable amount of consciousness about the de-
velopment of current research from quite old roots is apparent
in the Atmospheric Science group at ETH Zurich. In the first
chapter of his treatise on extratropical cyclogenesis, Schir
(1989) sketched the development of ideas from the nine-
teenth century to the present time and juxtaposed the con-
cepts of the Viennese and Bergen schools around 1920.
Davies (1990) presented a masterpiece in historical conden-
sation at the centenary of the meteorological institute in
Innsbruck—150 years and nearly 100 citations on less than
10 pages of skillfully crafted text. He loosely grouped the
theoretical concepts into three categories: (1) cyclogenesis
attributed to an instability of a quasi two-dimensional sharp
front to three-dimensional perturbations, (2) formation of
lows linked to the passage of an upper-level trough over a
band of low-level baroclinicity, and (3) cyclones regarded as
outcome of awave growing within abroad, but deep baroclinic
zone with frontal features as some embroidery. The achieve-
ments of the Bergen school were considered as a milestone in
the first group, “a masterful crystallisation of the prime
observed features . . . and sandwiched in time between
contributions of Exner.” A more detailed account recently
became available in Davies (1997).

6. Concluding Remarks

This chapter illustrates that the history of extratropical cy-
clone research in general and of the Bergen school in particu-
lar is well documented, perhaps better than for any other
branch of the atmospheric sciences. The achievements made
in Norway, starting with JB19, were recognized from the
beginning and are highly valued to the present day. But there
are also quite a number of important roots of the Norwegian
cyclone model that deserve to be remembered and should be
touched upon in courses of synoptic meteorology. Closer
looks at the development of ideas regarding extratropical
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cyclones clearly reveal what it has in common with the
subject itself: Rich structures that are fascinating to explore.

The question of why the Bergen ideas feature so promi-
nently up to the present time cannot be answered in our
context. Hints may be that especially V. Bjerknes devoted
considerable energy to the widespread promotion of their
concepts. Examples for this effort are a lecture before the
congress of Scandinavian geophysicists and its double pub-
lication in Monthly Weather Review (1919) and
Meteorologische Zeitschrift (1919), aletter to Nature (1920b)
and Monthly Weather Review (1921), a lecture before the
Royal Meteorological Society that was published in detail in
its Quarterly Journal (1920a), and a keynote lecture in the
physics section during the centenary conference of German
scientists and physicians (1922 in Leipzig with about 10,000
participants; Kolzer, 1922). This was in contrast to other
scientists, many of whom used academy transactions as their
main medium for publication.

In more recent years, the Norwegian model has been
mentioned as an example for a static conceptual model that
led to an “unhealthy” situation for the present development of
research (Hoskins 1983). The contributions in this volume
certainly document how fit meteorology is at present, espe-
cially in the important field of extratropical cyclones and
their life cycles. A good understanding of the development of
various ideas and their interdependence is thought to be
conducive to progress, especially ifinterchanges are achieved
across political boundaries and language barriers. Overlook-
ing longer periods of time will also create some modesty
about the most recent achievements, as Képpen (1932) re-
marked with direct reference to both Bjerkneses when, at the
age of 86 years, he reminisced:

I happily acknowledge that meteorology has made great
advances compared to the situationin. .. 1880, especially
through V. and J. Bjerknes. . . . We also had seen air
masses of different character within the general airflow,
but we could not make much of our observations.

And he continued:

For the present generation of researchers it is perhaps
interesting to learn that an earlier generation tackled the
same problems, partly with some success and partly
without.

This was 66 years ago. It certainly is still interesting—and
still true—today.
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Constituting the Polar Front, 1919-1920
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Between 1918 and 1924, a group of Scandinavian researchers
under the leadership of Vilhelm Bjerknes (1862-1951) estab-
lished a new conceptual foundation for atmospheric science.
The formulation of the so-called Bergen meteorology has
long been recognized as one of the principal turning points in
the development of the modern science. For many meteorolo-
gists the Bergen school—with its air masses, polar fronts, and
evolutionary cyclones—actually represents the birth of a
comprehensive science of the weather. This chapter analyzes
the genesis and early elaboration of one of these concepts—
the polar front. As it first appeared in the Bergen school’s
work during the winter of 1919-1920, the polar front con-
sisted of a single three-dimensional surface of discontinuity,
stretching around the Northern Hemisphere, separating polar
and tropical air masses (V. Bjerknes 1920a). Extratropical
cyclones—the type of low-pressure system common in the
midlatitudes—were understood to develop and evolve as
wavelike disturbances along the polar front. The concept
played a central role in the Bergen school’s forecasting and
theorizing during the 1920s and 1930s.

The Bergen meteorologists constituted the polar front as
part of the process by which they devised an innovative
system of weather forecasting. Earlier in the century,
Bjerknes’s fear of disciplinary isolation and his understand-
ing of the importance of aviation for the advancement of
meteorology originally led him to turn from a mechanically
based mathematical physics to atmospheric science. Follow-
ing a shift in emphasis during World War I toward practical
forecasting, Bjerknes and his assistants developed in 1918
and 1919 an innovative cyclone model and new forecasting
techniques. The special forecasting goals arising from the
onset of commercial aviation, the rapid exchanges of weather
data and predictions afforded by advances in wireless teleg-

This chapter is an abridged and edited version of Friedman (1982). A
comprehensive history of the Bergen school’s endeavors can be found
inFriedman (1989): Appropriating the Weather: Vilhelm Bjerknes and
the Construction of a Modern Meteorology.

raphy, and the new cyclone model combined to form a single
perspective for meteorological discourse. Additional changes
in predictive goals and communications possibilities, arising
from expectations for regular transatlantic flights, led the
Bergen meteorologists to broaden as well the conceptual
basis for the forecasting system. This broadening—the
“constituting of the polar front”—owed much both to the
experience of World War I, which provided the image of
the front along which two forces battled, and to the commu-
nications network that formed the technological basis for
the proposed hemispheric forecasting system, which would
utilize such fronts. The claims made for the polar front
(some of them exaggerated) reflected the school’s twin
concerns to make weather predictions accurate enough for
aviation and to put Norway in the center of the discipline of
meteorology.

1. Bjerkneses Turn to Atmospheric Science

As a young scientist, Vilhelm Bjerknes had not considered
studying the atmosphere. He began as an assistant to Heinrich
Hertz in Bonn (1890-1891), and in 1895 he accepted an
appointment as professor of mechanics and mathematical
physics at Stockholm University. He first investigated elec-
tric waves, especially multiple resonance phenomena. He
soon turned to James Clerk Maxwell’s electromagnetic theory,
in an effort to unify all physics by a mechanics based on
contiguous forces. Specifically, he attempted to complete
and extend his father’s endeavors to find mathematical analo-
gies between hydrodynamic and electromagnetic fields of
force.

Whereas the elder Carl Anton Bjerknes had generally
worked in isolation, Vilhelm intended to be part of and to
shape the forefront of the physics discipline. However, he
soon recognized that to pursue his life’s goals of recasting
mathematical physics so as to unify all the branches of
physics might lead to his becoming peripheral to the advance
of European physics. He gradually realized that the direction
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and content of a particular science owes much to a structure
of authority and power within the professional discipline.
Thatis, neither the consensus by which research programs are
selected nor the reception and acceptance of new findings
proceed by rational methods alone. The research program of
Bjerknes and his father, after some initial renown, suffered a
gradual eclipse after 1900, as physicists increasingly focused
on new research areas such as electron theory, radioactivity,
and X-rays. Moreover, the effort that some German physi-
cists made, prior to relativity and quantum theory, to replace
the mechanical foundations of physics by an electromagnetic
world view further led Bjerknes to believe that his endeavors
had become irrelevant for the forefront of the discipline.
Unable to control resources for influencing the discipline,
such as journals, research institutions, and laboratories, and
unable to develop a school of disciples, he could only watch
passively from Stockholm.

Bjerknes’s response to the major changes occurring in
physics was decidedly conservative. Unwilling to abandon
the mechanical world view in which both he and his father
had heavily invested, he found he could preserve this me-
chanical physics by extending it to atmospheric and oceanic
phenomena. (In fact, Bjerknes never abandoned his mechani-
cal world view, and even in the 1920s and 1930s he urged
physicists to take up the mechanical foundations of electro-
magnetism.) In his circulation theorems for fluids, in which
density is a function of both pressure and temperature, he
possessed a new tool for analyzing geophysical phenomena.
{(Unlike the classical circulation theorems of Helmholtz and
Kelvin, in which vortex motions are conserved, Bjerknes’s
theorems (1898) allow for the formation and decay of circu-
lation within fluids (V. Bjerknes 1898).) Bjerknes then re-
garded the atmosphere“exactly as a big laboratory for hydro-
dynamics” (from interview with Olaf Devik, assistant to
Bjerknes, Oslo, January 1975).

The geophysical sciences commanded strong interest
and support at both Stockholm and Oslo, where Bjerknes
went in 1907. Yet at first Bjerknes considered the application
of his hydrodynamics to the atmosphere and ocean primarily
to be a side interest on which his younger collaborators
(J. W. Sandstrom and V. W. Ekman) might devote time. He
did not plan a major research program, nor work actively in
meteorology until he recognized how little influence he could
exert on European physics. At that point, however, he also
began to recognize that meteorology would necessarily be-
come a science of great significance as the commercial and
military roles of aeronautics grew. Moreover, since both
Norway and Sweden already possessed strong traditions in
geophysics, he might be able to found a school that could
direct the advance of these sciences and thus make the
traditional scientific periphery into a center. Thereby Bjerknes
would avoid his father’s fate of scientific isolation and
obscurity.

ROBERT MARC FRIEDMAN

2. An Exact Physics of the Atmosphere

Bjerknes proposed establishing an exact physics of the atmo-
sphere, which, once constituted, would allow rational predic-
tions of the weather based on the laws of mechanics (V.
Bjerknes 1904). Essentially, this ambitious project called for
defining the state of the atmosphere at a given time and then
using appropriate hydrodynamic and thermodynamic equa-
tions to precalculate future states of the atmosphere. Bjerknes
claimed that ideally the state of the atmosphere would be
defined by knowing the temperature, pressure, humidity,
density, and wind velocity at each of many points of a grid
covering a geographical area at the earth’s surface and at
various levels above the surface. Even if it took three months
to calculate the change of the atmospheric state over a three-
hour period, this would represent a major victory, for it would
indicate that the physical laws underlying this change were
known.

Developments in aviation and meteorology began to
confirm Bjerknes’s belief that the two would become interde-
pendent. Enthusiasm for aeronautics promoted the advance
of aerology, a subspecialty focusing on the investigation of
the “free” atmosphere well above the earth’s surface. By
1910 this field had emerged as the most dynamic growing
point in meteorology, but because it required the technical
support of a thriving enterprise in aviation, Bjerknes again
found himself uncomfortably on the outside. Although he
dreamed of making Norway a leading scientific center, he
recognized that the only way to have his theories and methods
accepted and developed more broadly was to move to Ger-
many, which had become the leading center for aerology. The
move took place in 1912, when Bjerknes was named director
and professor of the geophysics institute established that year
at Leipzig University. Behind the foundation of the institute
and Bjerknes’s appointment lay the desire to aid aeronautics
by placing the ever-growing number of aerological observa-
tions on an improved scientific foundation. In Leipzig,
Bjerknes received generous funds, spacious working condi-
tions, and numerous students and assistants. By the time
World War I brought work at the institute to a near halt in
1917, much progress had been made in Bjerknes’s theoretical
project. The war also changed the dynamics for the develop-
ment of meteorology, however.

3. An Attempt at Practical Forecasting

The war forced Bjerknes to return to Norway from Leipzig in
1917. There he first planned to continue his long-term project
to establish an exact physics of the atmosphere at the new
geophysics institute at the Bergen Museum. Wartime, how-
ever, soon diverted his research activities: the needs of the
expected air traffic and of taxed agricultural resources
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prompted him to turn to practical weather forecasting instead.
Planning for a practical weather service to complement the
existing Norske Meteorologiske Institutt in Oslo began when
Bjerknes discussed with Minister of Defense Christian
Holtfodt the provision of weather services for Norway’s
expanding air forces. Bjerknes submitted a plan modeled on
the German field weather services. Following the entry of the
United States into the war in 1917, grain exports to neutral
Norway were stopped, and by the autumn severe food short-
ages appeared imminent. Consequently, the government
established emergency laws and agencies to encourage the
production and regulation of foodstuffs. Inresponse, Bjerknes
approached Prime Minister Gunnar Knudsen with a plan for
expanding the existing weather services for eastern Norway
and establishing anew service for western Norway. Approval
came rapidly, for Knudsen’s liberal Venstre party was al-
ready looking to science to overcome shortages of raw
materials. Bjerknes placed his son, Jacob, in charge of fore-
casting for the west, and his other young assistant, Halvor
Solberg, went to Oslo to head the expanded summer forecast-
ing for eastern Norway. Bjerknes himself did not engage in
the daily forecasting routines; instead, he devoted his ener-
gies to establishing the forecasting service, to devising new
predictive methods, and to supervising his assistants in their
chores.

During summer 1918, the attempt to develop rational
forecasting methods for predicting rain focused on so-called
lines of convergence in the horizontal windfield. These
constructs, discovered in the Bjerknes group’s earlier kine-
matics analyses of the wind field (see Eliassen, this volume)
were known to be associated with rain. To compensate for
foreign weather data no longer available during the war and
to facilitate calculations of the movements of these lines of
convergence, the group set up a considerably denser observa-
tion network than usual in forecasting at that time. They
discovered quickly that the observations were still too sparse
for the satisfactory use of prognostic equations; however,
the data’s quality did provide a new and unexpected means
to predict rain. By carefully examining charts of wind flow
based on precise wind measurements, Jacob Bjerknes sur-
prisingly found twin lines of convergence, which, rather
than simply being associated with cyclones, appeared to be
one of their fundamental characteristics (Fig. 1). Further-
more, analysis of cyclones on the group’s weather maps
revealed an asymmetrical thermal structure consisting of a
distinct “tongue” of warm air bounded by colder air. Simi-
larly, the rain pattern in a cyclone, generally thought to be
distributed somewhat symmetrically around the cyclone’s
central core, now appeared to be more closely associated with
the lines of convergence composing the cyclone. Moreover,
the line drawn tangent to the forward “steering” line where
it meets the “squall line” in the cyclone’s center showed
the instantaneous direction of the cyclone and thereby pro-
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Fic. 1. Top: streamlines in the wind field near the surface showing lines
of convergence and rain (shaded areas) along the west coast of Norway
during the summer 1918 forecasting experiment. Bottom: initial Bergen
cyclone model in horizontal cross section, showing two lines of
convergence and the direction taken by the cyclone. The rain areas, here
somewhat diffusely defined, were soon restricted to the lines of
convergence (Bjerknes 1919; cf. Fig. 5 of Eliassen, this volume).
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vided an empirical means for predicting a cyclone’s move-
ment.

In his first analysis, written during the fall, Jacob Bjerknes
attempted to integrate his findings into the original hydrody-
namics-based theoretical project, which led to some concep-
tual difficulties (J. Bjerknes 1919). His desire to interpret the
discovery with the help of structures and models developed
earlier from purely hydrodynamic considerations is under-
standable, given the original direction of the Bjerknes group.
The article also has a short section describing the cloud and
weather patterns associated with the new asymmetrical cy-
clone model. This section receives only cursory treatment,
being overshadowed by the kinematic analyses of the wind
flow. However, when during the next several months Vilhelm
Bjerknes and his assistants accepted practical weather fore-
casting as a legitimate and critical part of their overall
endeavors, and when they therefore attempted to establish
systematic methods for practical weather prediction, these
physical aspects of the new cyclone model assumed greater
significance. In the process of becoming a basis for practical
forecasting, Jacob’s initial cyclone model was itself trans-
formed: two-dimensional lines of convergence in the wind
field were replaced by three-dimensional weather fronts.

4. Postwar Challenges and Opportunities

Even after the war ended and the immediate threat of famine
had passed, Vilhelm Bjerknes and his assistants devoted their
energies almost exclusively to devising new forecasting
methods and atmospheric models. Bjerknes, the theoretician
at heart, willingly and expediently prolonged his sojourn in
practical matters. Forecasting practice, he learned, could
react upon theory and, moreover, could help provide the
social and material conditions for the general advancement of
atmospheric science. Indeed, his son Jacob had in the course
of the forecasting work “picked up” the cyclone’s most
“important secret.” Recognizing that this “actual contact
with practice [praxis]” resulted in a discovery that had
implications both for theory and for practice, Bjerknes came
to believe that close contact between theoretical dynamic
meteorology and daily practical forecasting was essential for
the progress of both. Practical methods ought to be based on
a physical understanding of the atmosphere, and concepts
and insight arising from the study of weather maps and of
actual weather phenomena could provide direction and en-
rich theoretical inquiry.

Bjerknes now sought to connect a permanent forecasting
service to his all-but-stillborn institute at the Bergen Mu-
seum. Forecasting not only promised to advance theory, it
could also help develop a scientific meteorological profes-
sion in Norway. Bjerknes conceived of recruiting science
students into the forecasting service. In order to function as
forecasters, using methods based on physical principles,
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these recruits would receive training in dynamic meteorol-
ogy. Subsequently, they could pursue both theory and prac-
tice on the job. Bjerknes expected a permanent expansion of
the national weather services in which numerous positions
would be created because he, like most contemporary meteo-
rologists, recognized the imminent advent of commercial
aviation. New means of warfare, such as long-range artillery
bombardments, gas attacks, and especially aerial combat,
had already led to a mobilization and rapid expansion of
meteorological services. Postwar expectations for rapid de-
velopment of air transport similarly prompted meteorologists
to promote the growth of their science, because new predic-
tive methods and greater understanding of atmospheric phe-
nomena would be required to insure safe operations of aerial
routes.

During and immediately following the war, this per-
ceived need and belief in meteorology led, in many lands, to
the establishment of new professorships and university insti-
tutions, reorganization and expansion of weather forecasting
services, and founding of professional societies for advanc-
ing meteorology. Subsequent to the reestablishment of inter-
national cooperation, which excluded scientists from the
defeated Central Powers, meteorologists began to tackle the
challenges posed by aviation. By early 1919 regularly sched-
uled flights had begun connecting London, Paris, and Brus-
sels, and expectations had mounted that aerial networks
would soon link the nations of the world. Both practical and
theoretical aspects of atmospheric science gained anew sense
of urgency and direction (Scientific American 1918).

5. Short-term Forecasting and Surfaces of
Discontinuity

Wartime experience had taught meteorologists that to be
effective for aviation, forecasts had to be much more geo-
graphically precise and detailed than traditional predictions
and had to emphasize the short-term changes of weather
conditions two to six hours in advance. In contrast to giving
general vague weather outlooks for a broad region 12 to 24
hours in advance, as was the usual practice prior to the war,
forecasters during the war had to attempt to answer such
inquiries as, “Would the sky clear before midnight?” and
“Would there be fog at such and such a place some 50 to 60
miles away at 2 a.m.?” Moreover, demand for such precise,
detailed short-term forecasts necessitated changes in com-
munication systems as well. Before the war, forecasters
collected observations and distributed predictions by tele-
graph, which were then made available in the form of plac-
ards on buildings, newspapers, and a variety of signal flags
and lanterns. In contrast, short-term forecasts for two to six
hours in advance had to be transmitted directly to air fields as
quickly as possible, by telephone and increasingly by wire-
less telegraphy. Thus commercial aviation operations re-
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quired not only short-term forecasting but rapid
communications.
When, during the winter of 1918-1919, the
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Bergen meteorologists began devising new sys-
tematic methods of weather forecasting, they
had in mind the then apparent needs of aviation,
particularly for the short-term predictions. They
believed that by developing a cyclone model
based on three-dimensional surfaces of discon-
tinuity and integrated with other forecasting
methods, they would be able to provide the
detail and precision required for aviation. Al-
though agriculture was a concern, they believed
that satisfying aviation’s needs would also ful-
fill those of agriculture. (Fishery did not be-
come asignificant concern for themuntil 1920.)

When the Bergen meteorologists changed
their focus to practical forecasting, they dropped
the mode of conceptualization based on kine-
matics and hydrodynamics and instead began
developing models based on a physical atmo-
sphere. Rather than two-dimensional lines of
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convergence in a horizontal wind field, they
now spoke of three-dimensional surfaces of
discontinuity—the physical boundaries between

differing airmasses (V. Bjerknes 1920b). These
discontinuities, or fronts as they were later
designated, constituted cyclones and in so do-
ing provided the Bergen group with a means for
comprehending the three-dimensional weather
phenomena associated with these systems (Fig.
2). Not only could the meteorologists locate the
occurrence of rain or snow associated with
cyclones along these discontinuities, they could also specify
the location of other weather phenomena critical for flight:
cloud cover and sharp discontinuities in wind velocity, tem-
perature, humidity, and air pressure. Along the forward
discontinuity—called the steering surface (and later the warm
front}—warm moist air rises up along a smooth incline over
denser colder air. As the rising air gradually cools and
condenses, a characteristic pattern of clouds and steady rain
or snow forms. Meanwhile, along the squall surface (later
termed the cold front) the cold air ploughs under the warm,
rapidly lifting the lighter air, and thereby producing a narrow
band of showers or thundershowers.

Successful use of these concepts in a forecasting practice
geared for detailed and precise short-term predictions re-
quired rapid communications in order to collect large amounts
of observational data and relay the forecasts for specific areas
to those needing them; otherwise, the speed and accuracy of
the new system of forecasting based on the concept of the
surface of discontinuity would be meaningless. Why attempt
to specify as precisely as possible the time and place for
which a forecast is valid if the information cannot be commu-

Fic. 2. The Bergen school’s 1919 cyclone model (modified slightly; the “front”
terminology was introduced after 1920). Top: vertical section north of cyclonic center.
Middle: air motion and rain in a cyclone, horizontal projection. Bottom: vertical section
south of cyclonic center (Bjerknes and Solberg 1921).

nicated to specific locations quickly enough to be of value?
Bjerknes believed that although his group would have to rely
on telephone and telegraph to begin with, wireless telegraphy
would very soon be introduced at home and abroad.

In short, the Bergen meteorologists conceived of their
1919 cyclone model as part of a forecasting practice, and the
model derived its initial meaning from this practice, sharing
its goals and technological foundation. The surfaces of dis-
continuity also derived meaning from existing theory and
physical laws (see conclusion) and could become objects for
theoretical study, but their initial significance for Bjerknes
and his assistants derived from their potential use in the
detailed and precise short-term forecasts needed for aviation
and agriculture.

6. Transatlantic Flight: Long-term Forecasting and
Hemispheric Communications

By December 1919, when the polar front was first
articulated, both the significance of aviation for and its
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challenge to meteorology had surpassed even Bjerknes’s
normally farsighted expectations. Recognizing that interna-
tional laws and treaties must now accommodate aviation,
delegates at the Paris Peace Treaty conference drafted a set of
regulations to be adopted by individual nations desiring to
join the projected League of Nations. This Convention for the
Regulation of Aerial Navigation (13 October 1919) included
an extensive set of proposals for providing aviation with
special forecasts and observations; these had been worked
out in part by meteorologists meeting in July and in early
October. When the Paris Peace Treaty wasratified in Novem-
ber, the Norwegian meteorologists recognized that they would
have to satisfy the international regulations for frequency and
type of both observations and predictions. They spent the
autumn working toward “a comprehensive plan for the devel-
opment of a weather service for aerial transport.” It was in this
context that the Bergen meteorologists formulated the polar
front.

Prominent during the fall of 1919 were two issues that
proved crucial for the polar front’s emergence: long-term
forecasting, to complement the short-term, consisting of
general weather outlooks three to four days in advance, and
rapid hemispheric exchanges of weather information by
wireless telegraphy. After two airplanes flew east from
Newfoundland and an airship made the round trip from Great
Britain to New York, “Atlantic fever” raged on both sides of
the ocean: commentators predicted that fleets of Zeppelin
airships would soon traverse the ocean regularly. Prior to and
during these flights, extensive meteorological activities were
coordinated to provide weather information for safeguarding
the trips. Articles on the problem of forecasting for transat-
lantic flights appeared frequently in meteorological journals.
The challenge could only be described as awesome. Transat-
lantic aviators had to contend with meteorological obstacles
of a radically different order from anything previously con-
fronting forecasters. Moving at high speeds with poor navi-
gational equipment, often through seemingly boundless clouds
and fog; being much more vulnerable than ships to sudden
wind shifts, temperature and pressure changes, icing condi-
tions, and severe weather; and having too limited a fuel
capacity to allow for appreciable alterations of course, post—
World War I aircraft could safely cross the ocean only when
weather permitted. An aviator had to know in advance what
weather conditions would confront him while crossing the
Atlantic and had to follow changing conditions while in
flight. Not surprisingly, from 1919 on, the weather over the
North Atlantic and the problems entailed in assisting aviators
crossing the ocean emerged as topical themes in meteorologi-
cal literature and conferences. These issues dovetailed with
the prior interests of the Bergen meteorologists.

Wireless communication, as previously noted, preoccu-
pied Bjerknes from the start of the Bergen school’s efforts to
devise a new system of forecasting. To be truly effective as
a forecasting tool, the new cyclone model had to be traced
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well beyond Norway’s boundaries from observations col-
lected by wireless communications. Further improvement
would accrue if the observations made from ships in the
Atlantic Ocean could also be incorporated. Once accom-
plished, a transatlantic wireless network could provide an
“excellent foundation” for the expansion of weather forecast-
ing; moreover, these reforms in communications could be
justified by aviation’s need for “an accurate, fast, and reliable
international weather service.” It looked like it might be
possible to predict general weather outlooks several days in
advance. Thus both the goals and the technological means for
forecasting had broadened since the spring of 1919. Soon the
conceptual foundation for forecasting was also broadened, as
the empirical basis upon which the polar front was postulated
was laid down.

7. The Polar Front as a Hemispheric Battleground

Following the cessation of the summer 1919 forecasting
service Bjerknes and his assistants received authorization to
issue, when necessary, storm warnings for the west coast
during the fall and winter. A storm warning service, primarily
for fishermen, had been instituted as early as 1909, but now
the Bergen meteorologists hoped to provide greater accuracy
by using their new cyclone model and forecasting methods.
In turn, since the frequency with which cyclones approach
Norway’s west coast (and their intensity) increases dramati-
cally during the fall, the Bergen meteorologists would have
an excellent opportunity to refine their recent model and
methods through daily analyses of the changing weather.

Recent changes in European and Norwegian weather
forecasting operations also helped. Prior to the war, national
weather services collected observations by means of tele-
graph once or twice daily. The advent of commercial aviation
following the war led meteorologists to recommend an in-
crease. During the summer of 1919, some nations began to
take observations four times daily; Norway had initially
increased them to three times daily. Extra sets of observations
not only provided meteorologists with further raw data for
aviators: in the case of the Bergen school meteorology, in
which each map analysis was also an investigation and
experiment, they also aided the understanding of the develop-
ment and movement of weather systems. For example, a
cyclone first appearing on a weather map when the morning
observations were analyzed could, within 12 to 24 hours, pass
beyond the map’s boundaries, or develop in an unexpectedly
dramatic fashion. Each extra observation period, therefore,
provided further opportunity to study the evolution of weather
systems and discover new phenomena.

One such discovery was that a mature cyclone can “give
birth” to a new cyclone. At the tail end of one of the squall
surfaces [cold fronts], extending out from a mature cyclone,
a small wavelike pattern forms: this marks the development
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ofthe new cyclone. As frequent cyclones passed
Norway’s west coast during that fall, the me-
teorologists soon recognized also that not all
these storms were autonomous entities: some
were linked together—secondary cyclones
growing out of and following the other. New
and surprising though this discovery was, we
should not mistakenly read it as a step inevita-
bly leading to the conceptualization of the polar
front. Not until mid-December of 1919, during
an informal discussion among Bergen meteo-
rologists, did the idea emerge that a single line,
in fact a “battle line,” stretched around the
Northern Hemisphere. Previously the group
had tried to conceptualize their new cyclone
model (Fig. 2) in terms of a battle along the two
surfaces of discontinuity (V. Bjerknes 1920b):

S
i

We have before us a struggle between a warm and a cold air
current. The warm is victorious to the east of the centre.
Here it rises up over the cold, and approaches in this way a
step towards its goal, the pole. The cold air, which is pressed
hard, escapes to the west, in order suddenly to make a sharp
turn towards the south, and attacks the warm air in the flank:
it penetrates under it as a cold West wind

The team now extended this World War I battle image to
hemispheric dimensions. Someone suggested that the polar air
is the “enemy,” initiating an attack toward the equator, while
in response the warm equatorial air counterattacks with thrusts
toward the pole. In between the two opposing types of air lies
a battlefront that extends around the hemisphere, making the
polar air’s furthest advances—hence the name polar front. Just
as battles during the war raged along the front, as one or the
other army attempted to advance, atmospheric skirmishes
were conceived of as occurring along the polar front; cyclones
form on the front, representing struggles between polar and
equatorial air, each attempting to advance into the other’s
territory. During the next several months, the Bergen group
alternated use of the expression “polar front” with “battle line”
[kamplinje) or “battlefront” [kampfront].

Once the concept of the polar front was suggested, Solberg
looked for proof of its existence by reanalyzing a series of old
weather charts that covered the north Atlantic Ocean and much
of the North American continent. These reanalyzed charts
“showed” the existence of a major portion of the single
circumpolar line of discontinuity (Fig. 3). Yet these maps were
based on observations from a sparse network of stations, and
those from the oceanic areas were both scanty and poorly
synchronized. The polar front, a narrow line of discontinuity
on a map separating two different types of air, could not be
“discovered,” much less proven, from such charts. Even some
members of the Bergen school recognized that this exercise
merely depicted a hypothetical construct. Skeptical foreign
meteorologists failed totally to be convinced: when during
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Fic. 3. "Polar front" demarcating polar and tropical air on map for 7 January 1907, as
reanalyzed by Halvor Solberg in early 1920 (V. Bjerknes 1920a).

conferences in Bergen and Leipzig in 1920 Jacob Bjerknes
presented these maps and others on which he had drawn wavy
polar fronts across the Atlantic Ocean, based on few observa-
tions, he left many observers agape and unconvinced.

Empirical evidence alone surely did not lead to the initial
postulation of the polar front, a single surface of discontinu-
ity. Rather, it was originally postulated at the conceptual
level. Although the discovery that a secondary cyclone can
form on the squall surface extending out from an older
cyclone was a prerequisite for articulating the concept, it does
not explain why Bjerknes and his group made the jump to
hemispheric discontinuity, nor why this concept should be-
come so important in their work.

8. The Polar Front and the Forecasting Practice

Recalling that the Bergen meteorologists were actively de-
vising a forecasting system that could satisfy the observa-
tional and predictive needs of aviation makes the develop-
ment of the polar front understandable. The polar front was
initially postulated when the battle metaphor was extended
from denoting a condition along the surfaces of discontinuity
within individual cyclones to evoking a single hemispheric
“battle” front encompassing the individual skirmishes. First
the Bergen school had believed that short-term forecasts
could be provided by a forecasting practice based on these
surfaces of discontinuity, which in turn were grounded in
rapid local communications. Now this entire system, ex-
trapolated to hemispheric dimensions, could also provide
long-term forecasts. Belief that a hemispheric communica-
tions network would soon be implemented made it possible
for the school to conceive of a hemispheric surface of
discontinuity; indeed, the technology here seems to inform
the concept. Since the cyclonic discontinuities were origi-
nally conceived of as integrated with the rapid communica-
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tions system, the promise of a hemispheric network provided
a rationale for expanding the notion of a surface of disconti-
nuity to a similar scale, with the aid of the battle metaphor. A
single discontinuity, hemispheric in scope, could provide a
conceptual basis for the envisioned circumpolar weather
service, and the needs and materials of the weather service
simultaneously rendered the polar front a significant con-
struct, because it could then be used to predict the weather.

During the winter of 1919-20, Solberg and Vilhelm
Bjerknes further elaborated the polar front into a central
concept for both forecasting practice and theoretical study.
They attributed the formation of both cyclones and anticy-
clones to the motions of the polar front that followed attacks
and counterattacks by polar and equatorial air. They regarded
the polar front, whose undulations swept across most of the
temperate zone latitude as the whole system moved from
west to east, as a new means for comprehending the general
circulation of the atmosphere and therefore for predicting the
weather. Bjerknes and Solberg considered the meteorologi-
cal events of the temperate zone to be “details” within the
large-scale general circulation, which in turn were “corre-
lated” with the motions of the polar front. To realize this
predictive function, the polar front would have to be used in
conjunction with a “circumpolar weather service.” All initial
references to the polar front are linked to discussions of a
circumpolar weather service, and together they form a single
focus of attention.

If a network of observation stations was established
stretching around the hemisphere and linked together by
appropriate communications facilities, it would then be pos-
sible to keep track of the polar front and its motions. A
circumpolar weather service of this kind, based on the polar
front, “would certainly be a great benefit to all occupations
dependent upon the weather, such as agriculture, fishing, and
shipping, and perhaps no less than a necessity for the realiza-
tion of transoceanic air routes.” Bjerknes claimed that predic-
tions based on the polar front could provide precise short-
term forecasts as well as general long-term ones. The polar
front “can not fail to exert a considerable influence upon the
methods of weather forecasting. . . . An effective survey of this
front all round the pole will form the rational basis of short-
range as well as long-range weather forecasts” (V. Bjerknes
1920c, p. 389). Furthermore, according to Bjerknes (1920a),
“These two kinds of forecasts could be extended to all regions
of the temperate zone—oceanic as well as continental.”

The form and characteristics initially given the polar
front helped determine the manner in which the daily study of
it could provide improved forecasts. Cyclones were said to
develop and move as part of the polar front; hence, the
cyclonic precipitation, wind, and temperature structure speci-
fied in the original Bergen model could be forecast from a
survey of the polar front. In this manner, short-term and
“normal” (12-24 hours) forecasts could be secured. Al-
though the mechanism by which cyclones evolve was not as
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yet fully understood, the Bergen school conceived of a
cyclone as a form of wave moving along the polar front.
Along those portions of the polar front that do not constitute
cyclones, fog occurs. Hence an idealized section of the polar
front was represented by the diagram in Fig. 4 and described
as follows (V. Bjerknes 1920a):

Along the whole of this [polar] front line we have the
conditions, especially the contrasts, from which atmo-
spheric events originate—the strongest winds, the most
violent shifts in wind, and the greatest contrasts in tem-
perature and humidity. Along the whole of the line forma-
tion of fog, clouds and precipitation is going on, fog
prevailing where the line is stationary, clouds and precipi-
tation where it is moving.

Immediately apparent in this account is the reference to
the weather phenomena most important for aviation, espe-
cially transatlantic flights. Strong winds, especially during a
pronounced shift in wind direction, and sharp temperature
and humidity contrasts over a short distance were well-
known specific weather problems for airships (and airplanes).
Although Bjerknes’s remarks here imply this concern, his
attribution of fog to the “stationary” portions of the polar
front is most remarkable. All literature written at this time on
the problem of transatlantic flight and “oceanic meteorol-
ogy” discusses the hazards posed by the huge stretches of fog
over the Atlantic Ocean. Fog could not be predicted reliably
by the then prevalent forecasting methods. Bjerknes and his
colleagues endowed their new construct with the ability to
account for these fogs and, as a consequence, with the means
to predict them.

Fic. 4. Idealized section of the polar front showing cyclone and fog
[taake] (V. Bjerknes 1920a).
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In retrospect such claims can be seen as exaggerations.
Yet it is precisely this almost cavalier manner in which
Bjerknes and his assistants constructed the original polar
front that reveals their motivations. Why should they defini-
tively characterize the polar front by these regions of fog, for
they offer no physical reason why fog must occur where the
polar front is stationary? In fact, this characteristic was
dropped shortly thereafter in subsequent articles on the polar
front. Moreover, the initial idea of a single discontinuity
stretching around the hemisphere proved theoretically clumsy,
revealing hasty conceptualization. In short, the original de-
scription of the polar front reinforces the assertion that the
Bergenmeteorologists were consciously thinking ofaviation’s
meteorological needs; that interest was in turn related to their
thoughts on how best to mobilize the international discipline
to accept and use their meteorology. Details of their plans to
“sell” their methods and concepts support this suggestion,
while also indicating the role of the polar front as a means to
acquire a central position within the discipline.

9. The Polar Front as a Means to Acquire
Authority

Bjerknes recognized the need to campaign actively for ad-
vancing both the new system of forecasting and the new
ideas. From his earlier experiences he believed that to exert
an influence on the major science centers he must acquire
both the intellectual and material resources that the interna-
tional discipline demanded and, not least, disciples who
could form a sizable school of thought. From the start,
Bjerknes began a campaign to interest foreign meteorologists
in the Bergen school’s new cyclone model and forecasting
methods. He repeatedly emphasized the significance of this
work for aviation. In Paris and London, he lectured on the
embryonic Bergen meteorology, tried to recruit young scien-
tists to Bergen, and, in order to gain a central influential
position, captured the presidency of the international com-
mission for aerology and a membership on the international
commission for the application of meteorology to aerial
navigation. By establishing a forecasting practice that claimed
to satisfy the challenges facing the international discipline,
Bjerknes and his eager young assistants could hope to make
Bergen the new capital for meteorology. This goal in part
shaped the way they postulated and developed the polar front
concept. They believed that the polar front provided them
with a necessary basis for erecting a new meteorology.
Bjerknes’s plan for the circumpolar weather service
consisted in uniting the various observation networks in the
Northern Hemisphere nations and in supplementing these
with a number of floating observation stations on ships and
with several stations in the polar region erected for this
specific purpose. This aspect of Bjerknes’s plan did not differ
greatly from other general plans for a hemispheric weather
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network; still, it has one unique characteristic. Bjerknes calls
for the establishment of “an international [weather] central”
that would use the hemispheric data to survey the polar front
and its motions on a daily basis and in turn transmit the results
of its analyses of the polar front to various national weather
services. The latter could then proceed with their own re-
gional duties: only now they could prepare their forecasts
with the addition of a “full knowledge of the general weather
conditions of the whole northern hemisphere” and of their
expected changes based on the study of the polar front. Thus,
this information could provide the basis for predictions of
“the general character of the weather for much more than four
days ahead, and at the same time give to the short-range
forecasts for a day or two a degree of precision hitherto by far
not attained.”

And where else but Bergen would the expertise exist to
analyze the polar front? Even if it proved impossible to locate
the “international weather central” in Bergen, the central
would still have to be staffed with persons well trained in the
Bergen methods. The Bergen’s school’s “microscopic analy-
sis,” which stressed a physical interpretation of each observa-
tion, had to be learned from someone possessing this skill.
Therefore, to learn how to use this system of forecasting, with
its claims to be able to provide short- and long-term predic-
tions, meteorologists would have to come to Bergen, or invite
Bergen scientists to their universities and weather-forecast-
ing institutions.

Consequently, Bjerknes planned two conferences to be
held in Bergen during the summer of 1920. Here he hoped to
reveal to meteorologists of other lands the Bergen system of
meteorology and the plan for a circumpolar weather service.
After an encouraging conference with English meteorolo-
gists, Bjerknes intensified his efforts to spread the Bergen
meteorology. Asserting that they should “strike while the
iron is still hot,” he asked Solberg to assist him in elaborating
the mathematical basis for the new meteorology and in
interesting others in their work. Bjerknes claimed that the
conference was “very encouraging and if we can follow up
our victory immediately, then perhaps in the course of couple
of years we will organize the polar front meteorology.” He
contemplated sending Jacob to Germany, Holland, Paris,
Brussels, and London in the fall and going himself to Wash-
ington after Christmas with Solberg to “teach” the new
meteorology to Marvin, the head of the U.S. Weather Bureau.
Bjerknes, in fact, refers to his assistants as “apostles” who
must spread the new meteorology around the world, and this
feeling was shared by other key members of the Bergen
school.

The emerging Bergen school faced significant chal-
lenges also at home. By late 1920, a rapidly deteriorating
economy threatened to undermine the forecasting system.
Bjerknes and his collaborators, however, soon discovered a
new source of political support in the Norwegian fisheries. In
seeking to make predictions yet more reliable, detailed, and
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localized in time and space so that these could benefit fishery,
the meteorologists could justify economic support for the
forecasting system. Toward this goal they increased the
number of observation periods and map analyses as well as
enriched the types of observations collected. Swedish mem-
bers of the Bergen school, Ernst Calwagen and Tor Bergeron,
helped perfect “indirect aerology” in which fine-scale differ-
ences in cloud and weather observations could be read to infer
three-dimensional atmospheric processes that were notreadily
accessible through direct measurements. Over the period
1919-1922 Bergeron used this method to articulate the
occlusion process by which a cyclonic cold front overtakes
the leading warm front, lifting the warm sector off the ground.
Based on the collective contributions of all the members of
the group, Jacob Bjerknes and Solberg published, in 1922,
Life Cycle of Cyclones and the Polar Front Theory of Atmo-
spheric Circulation, which can be considered the capstone of
the early years of the Bergen school. Here the classic depic-
tion of cyclonic evolution appears—from a slight wave on a
preexisting polar front separating warm and cold air masses
growing into a mature cyclone with a warm sector and
attendant cold and warm fronts, to occlusion and decay as a
cold vortex. Refinements in forecasting practice also allowed
the Bergen scientists to replace the single polar front with a
system of four polar fronts, each connected to one of four
currents of air moving south from the polar regions. In this
model for the atmospheric circulation of the Northern Hemi-
sphere, each polar front extends from southwest to northeast,
moving west to east. Cyclones originate on the southwest end
of a polar front and propagate as waves along the surface of
discontinuity, evolving through the various phases of cy-
clonic development. On any given polar front a cyclone
“family” can develop, each member at a different stage of
cyclonic development. This schema of polar fronts and
cyclonic evolution became the basis in the ensuing years for
forecasting efforts and for theoretical study.

Bjerknes’s expectations for acceptance of the polar front
proved in the short run to be too high. In spite of refinements
in the concept, acceptance came slowly. Appropriately, it
depended in part on the fate of aviation. Economic and
technological difficulties postponed detailed plans for large-
scale commercial transatlantic flying until the 1930s; only
then did a working circumpolar weather service come into
existence. Indeed, only with the anticipation of regularly
scheduled transatlantic flights did the polar front receive
widespread acceptance.

10. Further Reflections

In this discussion of the origin of the polar front, little has
been said about theory. Although the Bergen meteorologists
had set aside theoretical investigations in 1918 and 1919,
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theory did play a role during this period: existing theory
provided precedents and structural guidelines for constitut-
ing new models. Yet theory did not lead to or cause concep-
tual development. As early as 1915, Bjerknes and his assis-
tants read various works on atmospheric discontinuities,
either as entities in themselves or in relation to the problem
of the energy of cyclones, but these had virtually no impact
on the way they conceptualized atmospheric structures. Only
when the group began developing a three-dimensional cy-
clone model during the winter of 1918-19 did they consider
some of these works seriously, and then only to help resolve
problems within their own project. Without direct measure-
ments of the air above the ground, they used the results of
Max Margules and Wilhelm Schmidt as guidelines for con-
ceiving three-dimensional structures. Margules’s formulas
for the slope of a surface of discontinuity between two
differing air masses and Schmidt’s laboratory models of
squall lines provided preliminary depictions of how the
surfaces of discontinuity constituting the Bergen cyclone
model might look. Equally significant, these and other find-
ings were used to support the existence of three-dimensional
discontinuities in the atmosphere. Moreover, the Bergen
models assumed the validity of atmospheric thermodynam-
ics, which had been fruitfully developed during the previous
fifty years (Kutzbach 1979). Yet none of these earlier contri-
butions inspired the Bergen school to pursue similar prob-
lems. They were engaged instead with developing atmo-
spheric models that could serve as the conceptual foundation
for innovative forecasting methods. These models could
become the object for theory afterwards.

In the case of the polar front, forecasting and related
disciplinary concerns, not theoretical problems, provided the
impetus and rationale for development. Theory, so to speak,
was already built into the 1919 cyclone model: the surfaces
of discontinuity had sufficient validity in their relation to
theory (Margules) and in their reproducibility in daily fore-
casting practice. Thus, when the Bergen meteorologists con-
templated extending the forecasting service to include long-
term predictions based on a hemispheric communications
system, they felt confident they could, with the assistance of
their military metaphor, extend the surface of discontinuity to
hemispheric proportions. Once they had postulated it, the
Bergen meteorologists concretized the polar front by devis-
ing analytical techniques for interpreting various weather
data as a system of signs for detecting the discontinuity. In
this manner, the polar front could be reproduced by weather
forecasters who had learned these techniques. Similarly, after
the spring of 1920, V. Bjerknes began to integrate the polar
front into a hydrodynamic theory of atmospheric wave mo-
tions so that the concept could be reproduced also on a
theoretical plane. Theoretical study followed rather than
caused conceptualization.

True, the idea of atmospheric “struggles” and
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discontinuities had occurred earlier in meteorological litera-
ture, but these were purely speculative and were rarely taken
seriously. When the Bergen school had recourse to
Helmbholtz’s thoughts on this manner, they sought to legiti-
mize their bold new concept by linking it with his name. On
more sober reflection, Bjerknes rightly noted that Helmholtz’s
ideas are not even valid precursors, since they are a muddle
of speculations concerning phenomena of very different
scales from that of the polar front. Rather than evolving from
existing ideas, or forming a logical and necessary step in the
development of a theory of general atmospheric circulation,
the polar front emerged and possessed a specific meaning
within a context of problems entailing forecasting goals
and practices. And these problems in turn played a causal
role in that conceptual development because of their signifi-
cance for the then rapidly growing professional discipline in
which Bjerknes and his assistants hoped to gain positions of
authority.
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The Bergen School Concepts Come to America
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1. Introduction

From the outset of the polar front theory, its originators
carried on a campaign to make the concept known in the
United States and to recommend improvements in observa-
tions that would enable polar front analyses. At the time, there
was already along tradition of research, but weather forecast-
ing was an empirical “art” little influenced by scientific
principles, being guided instead by an accumulation of rules
based on experience. Thus the seeds of the polar front theory
were cast upon a field that had been both fertilized by
scientific progress and made sterile by adherence to tradition.
Consequently, its reformation entailed both major changes in
the weather services and the establishment of meteorology
curricula in universities.

The polar front and air mass concepts were suited to these
purposes, since they furnished a coherent framework for the
analysis of observations and a unified view of the processes
and evolution of weather systems. Although these ideas
found early advocacy by some individuals, two decades
passed before polar front methods were adopted into general
practice by the U.S. Weather Bureau. This change was forced
by outside pressures, notably to meet the exacting needs of
the developing aviation industry. Private foundations played
an essential role through support of extragovernmental com-
mittees, research and education, and a model airway weather
service.

In order to examine the influence of the Bergen school
upon meteorology in America, we are concerned with several
questions: What was the state of knowledge at the time polar
front thinking was introduced? How were the ideas spread?

1. The National Center for Atmospheric Research is sponsored by
the National Science Foundation.

What reception was accorded these ideas? What measures
were taken to adopt them into forecasting practice in the
weather services? What were the further Scandinavian influ-
ences on cyclone research in the United States?

2. American Meteorology Before 1919

In the United States, as in Europe, there had been roughly a
century of scientific studies of cyclones prior to the introduc-
tion of the polar front theory. A thorough account and
interpretation of the evolution of cyclone theories during this
period is presented in The Thermal Theory of Cyclones: A
History of Meteorological Thought in the Nineteenth Cen-
tury, by Gisela Kutzbach (1979; hereafter cited as K with
page numbers). As she observes in the preface, “The discov-
ery of the laws of thermodynamics during the 1840’s and
1850’s produced profound changes in many fields of Nine-
teenth Century science. .. ” and they “also played an essential
role in the emergence of modern meteorology.” During the
same period, the establishment of limited observational net-
works enabled synoptic analyses that, eventually coming
together with theoretical principles, led the way toward
sound concepts of the nature of cyclones.

The course had been generally positive but erratic, as put
by Bergeron (1959a) in a critical epignosis: “At every stage
of the development of a scientist or a science, the stock of
knowledge already acquired, or the views of a dominating
School or personality, will to some extent block the recogni-
tion, or even the observation, of certain otherwise obvious
Jacts that do not fit in with this knowledge or view, . . . old
knowledge will often be rediscovered and presented under
new labels.” These characteristics aptly describe the progres-
sion of cyclone studies in America, as illustrated by the
selective examples below.
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2.1 Espy and Ferrel:Thermodynamic and
Dynamical Foundations

The early physical framework for cyclone studies was erected
mainly by James Espy in the 1830s and by William Ferrel
around 1860. Based on his own laboratory experiments and
drawing upon the work of Dalton and others, Espy (K, 22-27)
arrived (McDonald 1963) “at tolerably correct estimates of
the dry and saturated adiabatic cooling rates over twenty
years before Thomson’s [Lord Kelvin’s] theoretical treat-
ment of these rates.” Giving the first correct interpretation of
the effect of the release of “latent caloric” in diminishing air
density, Espy (1841) concluded that this was the key to the
understanding of storms: “The result was an instantaneous
transition from darkness to light.” And indeed it was. As
remarked by McDonald, it was earlier thought “that after
condensation . . . air became heavier, an hypothesis that
rendered cloud-growth rather mysterious,” whereas “here
was a new basis for understanding the way in which large-
scale storms maintained themselves despite radial inflow. ”

Espy further realized that divergence aloft was essential
to compensate the low-level inflow, so as to maintain the low
pressure and to account for the movement of a storm. “The
great expansion of the air in the cloud, will cause a rapid
ascent and out-spreading above, which will cause the barom-

ANTICYCLONE

Ferrel 1878
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eter to fall under the cloud . . . and rise all round the storm.
.. . But as there is known to be an upper current always, or
almost always, moving in this latitude towards the north east
or N.N.E,, this current will cause the out-spreading of the air
to be chiefly in that direction. . .. ” (K, 26).

Ferrel’s great contribution (1860; K, 3741, 110-114)
was the formulation of the equations for atmospheric mo-
tions on the rotating earth, and application of dynamical
principles to describe circulations both on the hemispheric
and cyclone scales. His introduction of the thermal wind
relationship (in 1881) was fundamentally important since it
provided a means of deducing the upper-level wind field
from surface observations, and a formal basis forunderstand-
ing the linkage between the thermal and dynamical processes
that sustain circulation systems. His model of a warm-core
cyclone (Fig. 1a) portrays a direct thermal circulation with
cyclonically spiraling inflow in low levels and anticyclonically
spiraling outflow at high levels.

In his initial essay, Ferrel (1856) espoused “Espy’s
theory of storms and rains” (condensation heating as the
driving force), but rejected his contention “that there is only
arushing ofthe air. . . towards a center without any gyration.”
The violence and duration of a hurricane “depend on the
quantity of vapor supplied by the currents flowing in below.
Hence. . . hurricanes. . . do not abate their violence until they

=

C\
A
/

]

i

Bigelow 1900

He

(b)

FiG. 1. (a) Ferrel’s model of a warm-core cyclone in 1878 (K, 112; computer redrawn). Surface isobars 2 mm Hg interval; pressures at center and
high-pressure ring shown in mb. Arrows, winds at surface (solid) and upper level (dashed), inflow and outflow streamlines added. (b) The model
as illustrated by Bigelow (K, 40). At top, isobaric profiles and circulation in vertical section; cyclonic horizontal circulation is present inside cDc.

Beneath, directions of geostrophic flow in inner and outer regions.
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reach a high northern latitude where the atmosphere is cold
and dry.” Ferrel invoked “the principle of preservation of
areas” (conservation of angular momentum) to account for
the intense “gyratory motion” achieved by the inward-mov-
ing air, “which it still, in some measure, retains after ascend-
ing to the regions above, where the surrounding pressure does
not prevail,” causing the air to flow outward in upper levels.
The inflowing air could not penetrate to the center, because
“the gyrations become so rapid, that the centrifugal force
nearly equals the centripetal [pressure force] . . . Hence, ata
certain distance from the center, the hurricane has the greatest
violence . .. ” The circulation was viewed as a closed system
(Fig. 1b), with the cyclone surrounded by a ring of anticy-
clonic circulation and thus isolated from the surroundings.
While Ferrel’s theoretical analysis related to a symmetrical
cyclone, its physical principles would over time be modified
to apply to extratropical cyclones. In the judgment of J.
Bjerknes (1919), “Ferrel’s convectional theory is confirmed
in its essential part in as much as the ascending air in the
cyclone is warm, only that this warm air does not form a
central core, but comes from the side, at the ground covering
a warm sector.”

2.2 Loomis and Contemporaries on
Storm Circulations

The forms taken by the wind fields in great storms were, from
the beginning, a matter of principal concern from both scien-
tific and practical standpoints, especially for the navigation
and safety of sailing ships. Four contemporaneous concep-
tions are shown in Fig. 2. The first, by Redfield (1831; K, 16—
17), is generalized from wind observations in storms that
originated in the tropics and followed curved paths into the
northeastern states. He proposed that the low central pressure
was due to evacuation by centrifugal forces. Espy insisted
that the airflow was centripetal (Fig. 2b) to fit his convective
hypothesis. Tracy (1843), in a paper that anticipated this
aspect of Ferrel’s analysis (but carried the matter no further),
deduced that the cyclonic circulation was caused by the
rightward deviation (in the Northern Hemisphere) of inflowing
airstreams owing to the earth’s rotation (Fig. 2c).

The strikingly opposed views of Redfield and Espy led to
a prolonged and heated controversy (K, 27-28, 42-43).
Bocher (1888), in a perceptive review of their arguments and
fallacies, summed themup: “Espy looks at the forces; Redfield
atthe motions. Espy builds up theories on well-known physi-
cal principles and works over the facts until they fit the
theories; Redfield looks at the facts first and then attempts to
construct a theory for them. . . the discussion appears mainly
to have served the purpose of stimulating each to strengthen
every point of his theory, not to sift the true from the false.”
Bécher concludes: “Meteorology is a young science. Indeed
it is only within the last thirty years that it has become in any
sense one of the exact sciences, that is, one susceptible of
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mathematical treatment. It is Mr. Ferrel more than any one
else, who has actually brought about the change which has
occurred in this direction; but it is really due fully as much to
the careful observations and sagacious theorizing which
began 60 years ago.”

Among early American investigators of the synoptic
structure of cyclones, Elias Loomis (Miller 1931; K, 28-35,
123-125) was most prominent. Loomis (1846) attempted to
conciliate the Espy-Redfield dispute by showing that both
rotation and inflow are present, alluding (K, 34) “to the
pressure gradient force as well as the deflecting force of the
earth’s rotation, whose action neither Espy nor Redfield had
considered.” His analyses of the wind field were fundamen-
tally different from any of the earlier models, portraying for
the first time (Fig. 2d) the structure of an extratropical
cyclone. He demonstrated (see K, Fig. 8) the asymmetrical
structure of the warm and cold air masses, and of cloud and
precipitation, in relation to the isobars. Earlier, Loomis
(1841) had analyzed the progression of a storm trough at 6-
hour intervals from the Mississippi Valley over the West
Atlantic, and deduced the circulation shown in Fig. 3. He
concluded (K, 29-30) that “at least in this latitude, the most
common cause of rain” is that: “When a hot and cold current,
moving in opposite directions, meet, the colder, having the
greater specific gravity, will displace the warmer, which is

Redfleld 1831 Espy 1841
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(C) Tracy 1843 (d) Loomis1846

FiG. 2. Four conceptions of surface flow in storms, during the period
1831-1846 (see text). In (d), fronts have been added.
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North-west current.

\6« South-east current.
—

Loomis 1841

Fic. 3. Cold air displacing warm air “which is thus lifted from the surface of the earth, is cooled and a part of its vapor precipitated” (Loomis 1841;

K, 30).

thus cooled and a part of its vapor precipitated.” With snow
behind and extensive rain ahead of the surface discontinuity,
Loomis inferred that the warm air partly ascended the cold-air
slope but “mainly turned back upon itself so that moisture as
fast as precipitated fell through the lower current still blowing
from the southeast.” Loomis’s demonstration of the value of
synoptic charts for clarifying atmospheric phenomena was a
stimulant for both research and forecasting services (K, 64—
65).

Considering the prevalence of convective storms in some
regions of America, we take note of the work of J. P. Finley
(1884), who compiled an extensive climatology on tornadoes
and proceeded to investigate the association of violent local
storms with cyclones (Galway 1985). Finley found these to be
concentrated in the “dangerous octant. . . to the south and east
of the region of high contrasts [in temperature and dew point]
of cool northerly and warm southerly winds . . .,” being “more
frequent when the major axis of the barometric troughs trend
north and south.” (His struggles to promote the issuance of
tornado warnings to the public were squashed, and such
warnings were not permitted until 1950.) Davis (1884), a
supporter of Finley, composited his maps for a tornado
outbreak to produce the remarkable analysis in Fig. 4, of the
streamlines in relation to isobars and isotherms in a cyclone.
The association with tornado locations (streaks) inspired the
opinion that “with longer and more detailed study, the smaller
storms may, a few years hence, be predicted with as much
accuracy as the larger ones are now.”

2.3 Bigelow: Counterflowing Airstreams,
Upper Waves and Energy Conversion

Investigations of the 3-D structure of cyclones in America
were initiated by Frank Bigelow in serial articles in 1902—
1906 (K, 173~180). Compiling a massive collection of cloud-
movement (nephoscope) data from the International Cloud
Year 1896/97, supplemented by pilot balloon observations,
and arranging these by sectors relative to cyclone and anticy-

Davis 1884

FiG.4. Composite cyclone analysis by Davis (1884; taken from Galway
1985).

clone centers (for all cyclones east of the Rocky Mountains
regardless of stage or intensity), Bigelow (1902) produced
composites that showed that their perturbations persisted at
levels up to 10 km. Removal of the “eastward drift,” repre-
sented by the annual mean wind at each level, revealed
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Fic. 5. (a) Bigelow’s (1902) model of warm (solid arrows) and cold (dashed) airstreams in cyclones and anticyclones, in relation to waves at 3
km. (b) Mean zonal wind profiles in vicinity of highs and lows; assumed levels of cloud types indicated. (c) Vertical circulation in cyclone moving
toward right (pressure change profile above, low center at C), according to Mohn (1870; K, 79).

that “separate streams from the north and from the south
coalesce on the south side of the low area, . . . but the two
streams have an origin outside the areas of high and low
pressure. . . . The entire flow suggests . . . the conflict of two
counterflowing, horizontal streams which tend to produce
vertical rotation. ”

This view (Fig. 5a) was extended by Bigelow (1903) in
a sweeping exposition on the links between the disturbances
and the hemispheric general circulation. Alluding to the “two
distinct lines of discussion,” namely the Espy-Ferrel “ther-
modynamic theory” and the “hydrodynamic theory” in which

“the eastward drift simply curls up at places and forms eddies
in the great current,” he claimed that “no driving force
sufficient to sustain a cyclone” had earlier been discovered.
(Ferrel’s “vortex with closed boundaries . . . doesnot. . . in
the least satisfy the observations . . .”) In late 1902, at
Bigelow’s instigation, the Weather Bureau had commenced
daily analyses (constructed indirectly from surface data) of
isobars at the 3500- and 10 000-foot levels. These further
confirmed the scheme in Fig. 5a, establishing “the existence
in the cyclone of the interaction of three practically indepen-
dent currents of air,” namely “the great overflowing eastward
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drift” in the upper waves, and the “underflowing” cold and
warm airstreams near the ground.

Based on these features, Bigelow (1903) proposed that
the source of “energy for circulation phenomena of the
atmosphere . . . is to be attributed to the thermal action due to
the overflow of layers of cold air upon masses of warm air.
Abnormal stratification of air currents, where the relative
cold is above the warm, necessarily involves an upward
current, having an energy proportional to the difference of
temperature.” The warm and cold airstreams would both
“curl strongly into the central vortex,” with kinetic energy of
horizontal motion being generated by cross-isobaric flow.
Horizontal advection from lower and higher latitudes, as in
Fig. 5a, thus furnishes a “powerful and persistent thermal
source” for the process. In his fundamental theoretical treatise
“Uber die Energie der Stiirme” (K, 186—194), published the
following year, Margules acknowledged these opinions,
quoting Bigelow: “The cyclone is not formed from the energy
of the latent heat of condensation, however much this
may strengthen its intensity; it is not an eddy in the eastward
drift; but it is caused by the counterflow and overflow of
currents of air of different temperatures.” Although Bigelow’s
investigations became relatively well known in Europe, the
“highly mathematical and often obscure character of his
papers” isolated him from his Weather Bureau colleagues (K,
173).

Bigelow was presumably unaware of earlier works in
Europe that were relevant to his own. Special among these
was Mohn (1870; K, 76-83), whose empirical model (Fig. 5c)
displays consequences of the entry of a warm and vapor-rich
current into the forward part of a cyclone where latent heat
release causes pressure falls, and penetration of a cold current
into the rear. Bigelow did not consider the thermal asymmetry
implied by the surface airstreams in his own Fig. 5aand by the
release of latent heat in the warm air. His wind composites
(Bigelow 1902) suggested that there was no significant shift
of the vortex circulation with height. Accordingly, in illus-
trating “the penetration of a cyclone vortex into the upper
strata,” where this influence is expressed as a trough in
the westerlies, Bigelow (1903, Fig. 28) regarded the distur-
bance axes as vertical (with, as he believed, a radial inflow
component “inward toward the center at all levels of the
cyclone.”

Cloud-movement observations in Europe led to a mark-
edly different picture, with a westward-tilted cyclone axis.
W. Képpen (K, 151-152) had demonstrated in 1882 that this
tilt is a hydrostatic consequence of thermal asymmetry,
resulting from advection in the cyclone circulation. His
construction [see Fig. 2 of Volkert’s article in this volume]
presaged important aspects of modern views; notably, to-
gether with M. Méller (K, 155-156), establishing the exist-
ence of upper-level wave divergence over an extratropical
cyclone.
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3. Introduction of the Polar Front

By the turn of the century, an impressive array of theoretical
concepts and synoptic descriptions had been developed in the
United States and Europe. These included the introduction of
thermodynamic principles, with realization of the impor-
tance of latent heat release for atmospheric circulations, and
of fluid dynamical principles that explained the rotation of
cyclones and relations between the wind and pressure fields.
Cold fronts had been described, along with the asymmetrical
air-mass distribution in extratropical cyclones and the con-
nection of surface disturbances with upper-level waves. The
concept of cyclones forming in the shear zone between
opposing warm and cold airstreams had been introduced, and
the principle of conversion between potential and kinetic
energy had been put forward, although the way this conver-
sion leads to organized circulations in synoptic disturbances
remained to be spelled out. Well into the twentieth century,
professional academic training in meteorology was unavail-
able, and it seems unlikely that much of the above can have
reached or influenced the typical forecaster, whose skills
were acquired through on-the-job training and experience.

3.1 Existing Forecast Procedures

Acknowledging this situation, a board of senior forecasters
was commissioned with the charge (Henry et al. 1916,
preface): “Although the Weather Bureau has been success-
fully forecasting the weather for many years it is a rather
notable fact that scarcely anything has been written to ex-
plain, more or less fully and in detail, the processes by which
good forecasts can be made, and it is desirable to prepare

. some sort of textbook or manual covering existing
knowledge of this important subject.” Accumulated rules
that had been “communicated orally from the master to the
pupil” would then be accessible to all. The resulting book,
Weather Forecasting in the United States, gives a view of
forecasting procedures just prior to the announcement of the
polar front theory.

Forecasts were based entirely on surface weather maps,
consisting of separate plots of current weather, isobars,
isotherms, and isallobars (pressure changes in the previous
12 or 24 hours). Extrapolation of highs and lows was the basic
method, guided by climatological storm tracks modified by
isallobaric indications. A fundamental tool was the compila-
tion of storm tracks and statistics on the seasonal frequency
of occurrence and travel speeds of storms in various regions
by Bowie and Weightman (1914), both of whom would later
become early advocates of the Bergen school methods.

Types of storms (Fig. 6) were classified according to the
regions in which they first appeared over the continent,
recognizing that “many of them, especially in the winter
season, have their origin in the Aleutian low and are offshoots
therefrom.” They generalized that “the variations in position
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FiG. 6. Average paths of lows in January, with borders of regions in
which each “type” is first observed (Bowie and Weightman 1914),

and magnitude of the elongated semipermanent area of low
pressure that normally extends from southeastern Alaska
westward over the Aleutian Islands to Kamchatka have a
decided influence on the character of and courses followed by
storms that cross the United States. Ifthe Aleutian low is north
of its normal position, lows will move along our northern
border; whereas, if it is south of its normal position, lows will
move far south of their normal tracks and stormy weather with
great alternations in temperature will occur over the United
States. . . . when the Aleutian low reaches its southernmost
position, lows crossing the United States will make their
appearance in the southern plateau region or over the Gulf of
Mexico.” Thus “abnormalities of pressure” in the “centers of
action” (the Aleutian low and, for the region east of the Rocky
Mountains, the Bermuda high) tended to control storm tracks
for prolonged periods of time.

Although the Weather Forecasting book contains an
introductory chapter on the general circulation in which
cyclone hypotheses (driven eddy, convectional and counter
current) are briefly described, its author (W.J. Humphreys)
“is frank to say, however; that none of them conveys to him
any workable conception of the origin, mechanism, or main-
tenance of the extratropical cyclone.” No mention was made
of U.S. contributions to the subject, including Bigelow’s
recent work. The reaction of Jerome Namias (1983), who at
first attempted (in 1930) to learn about weather forecasting
from the book, was that “there are hundreds of rules that I tried
to memorize in order to learn to forecast. There were confus-
ing and seemingly contradictory rules involving pressure
changes, etc., and I soon had to give up.”

The time was ripe for introduction of new organizing
concepts. These came in the form of the polar front theory and
air mass analysis. Their adoption, rather than being immedi-
ate, was hampered by the investment of experience among
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forecasters and the reluctance of administrators to mandate a
change to methods that were as yet unproven on the American
scene.

3.2 The Initial Salvo from Bergen

The Bergen school proponents set the stage with a trilogy of
papers in the Monthly Weather Review. Simultaneously with
its publication in Geofisiske Publikationer, J. Bjerknes’s
article “On the structure of moving cyclones” appeared in the
February 1919 issue of MWR. Along with it were two articles
by V. Bjerknes (1919a,b): “Weather forecasting” and “Pos-
sible improvements in weather forecasting,” subtitled “With
special reference to the United States.” The U.S. audience,
accustomed to synoptic maps embodying comparatively
amorphous isobars and isotherms exemplified by Fig. 7a,
was introduced to analyses in terms of streamlines, with
emphasis on the association of weather phenomena with
discontinuities and convergences at the borders of cold and
warm airstreams (Fig. 7b). All of the figures (including
precipitation distribution) were schematic, intended to illus-
trate principles. The new concept was a radical departure
from the methods of “isobaric geometry” used by forecasters.

In the brief third article, V. Bjerknes (1919b) made
recommendations as to the improvement of forecasts: “Prob-
ably the most important step . . . will be the introduction in the
daily weather service of good charts representing the lines of
wind flow. . . . These charts will, however, have their full
prognostic value only when the observations permit them to
be drawn in such detail that the two fundamental lines of
convergence of the cyclone, steering line, and squall line, can
be accurately identified.” This would require both a finer
specification of wind direction (then reported by only eight
compass points) and a denser network; “much could be
accomplished by doubling or tripling the number of the
stations. It will, however, be of great importance to have a
network of stations along the Pacific Coast, with a closeness
corresponding to that of the west coast of Norway [see Fig. 10
inset], in order to be able to catch the arrival of lines of
convergence, and thus determine as early as possible the
direction which the cyclones will take.” A comparable den-
sity of reporting stations in the interior “would probably meet
with difficulties from the point of view of the expense of the
telegraphic service; and quite likely it will not be necessary
... with the simpler topographic conditions in the United
States, and the comprehensive view obtained from the great
area of observations.”

Bjerknes’s suggestions were reiterated by Anne Louise
Beck (1922), who had spent an American-Scandinavian
Foundation fellowship year in the Bergen institute, and who
commented further on the inadequacies of U.S. data for polar
front analysis. This provided an opportunity for A. J. Henry,
lead author of the 1916 forecasting book and now the influ-
ential editor of MWR, to add a “Discussion” (Henry 1922a)
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Fic. 7. (a) Synoptic map from the textbook of Henry et al. (1916).
Isobars in inches Hg; isotherms, F°; S and R, snow and rain. (b)
Bjerknes’ (1919) streamline model, with sections across the warm and
cold fronts. (The “Fore runner” divergence lines do not appear in later
versions.)

in which he responded to Bjerknes’s suggestions (ignoring
the exception quoted above): “the number of telegraphic
stations would be increased by about 4,500 . . . [from] slightly
more than 200. . . . If the number . . . should be increased
upward of twenty-fold it would be physically impossible to
chart and generalize the data within a reasonable time after the
observing hour, even if the present [ 5] district forecast centers
.. . utilize reports from only such additional stations as would
lie within their respective geographic districts.”

Following his account of the Bjerknes and Solberg “life
cycle” paper, Henry (1922b) remarked on the applicability of
the scheme: “Undoubtedly the origin and development of
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cyclones are more clearly defined in the latitude of Norway
(north 58° to 77°) than in the United States . . . [where they]
arrive on its frontiers as fully developed systems. . . . The
development of a primary cyclone . . . in the United States is
avery rare occurrence . . . it seems highly improbable . . . that
the occurrence of cyclones in families takes place in the
latitudes of the United States with sufficient regularity to
make the precept of definite value in long-range forecasting.”
Furthermore, “The area of precipitation in the advance of
cyclones in the United States is rarely symmetrically distrib-
uted around the front of the cyclone, but is irregularly
distributed according to geographic position of the cyclone
and the season.” Thus “the researches of the meteorologists
of the Bergen Institute represent a decided step in advance,
yetit can not be said that the theory they advance is complete
and satisfying,” calling for further study of U.S. situations.

3.3 Some Early Reactions

The Bergen school papers struck a spark with Clarence
LeRoy Meisinger, a young Weather Bureau meteorologist.
He quickly set out to apply the ideas on the U.S. scene, first
in a study of sleet and glaze from the viewpoint of frontal
ascent (Meisinger 1920a), then (Meisinger 1920b) in an
analysis of a great cyclone that developed over Colorado and
grew to major size and intensity. He concluded that “From the
time the storm freed itself from the topographical hindrances
of the Rocky Mountains the distribution of winds and precipi-
tation during its eastward march conformed perfectly with
the mechanical outline of Bjerknes.” He observed that “Pre-
cipitation is closely related to [uplift at the ‘steering line’ and
‘squall line’]. . . . A third cause of rain is frequently present
also, namely, the convection caused by the convergence of
winds within the tongue of southerly air.” Meisinger was
apparently the first to use aerological (kite and pilot balloon)
observations in support of frontal overrunning. He empha-
sized their potential in forecasting both precipitation and
winds aloft for aviation: “One can not be content to study
weather without a knowledge of what is going on in the third
dimension. . . . These upper air data are indispensable and the
establishment of more stations is certain to lead to an ever
increasing return upon the investment.”

Meisinger’s dominant aim, pursued until his death in a
scientific ballooning accident in 1924, was to devise methods
to construct reliable upper-air pressure charts for aviation
wind forecasting. To this end, he derived extensive statistics
from kite soundings, and developed an operationally timely
method for estimating upper-level pressures from surface
data. Inthe opinion of Jerome Namias (1983), “Had Meisinger
lived, he would have become one of the most prominent
figures in American meteorology,” In the event, however,
“His contributions came at a time when the U.S. Weather
Bureau exhibited scientific lethargy and rigid adherence to
empiricism. . . . This promising line of research initiated by
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Fic. 8. At top, cyclone models (a) in Hann (1915, 522), not attributed but apparently from Mohn (1872); and (b) Bjerknes and Solberg (1923),
showing frontal precipitation but omitting showers in warm sector and in cold air mass behind cold front. Beneath, analyses by (c) Meisinger
(1920b), surface wind direction shown by thin arrows, cloud movements and pilot-balloon winds keyed at lower right; and (d) by Weightman

(1925), showing precipitation during 4 h centered on map time.

Meisinger was abruptly terminated at the bureau after his
death” (Lewis 1995).

A visit by V. Bjerknes and J. Bjerknes inspired senior
forecaster R. H. Weightman (1925) to renew the subject of the
polar front in the United States. Remarking that the existing
12-h map interval was inadequate, he presented a series of
maps 4 h apart in which, curiously, the cold front was not
shown. A prominent feature, alluded to as “cold-front rain,”
was clearly the warm-sector convection mentioned as a “third
cause” by Meisinger. Panels from Meisinger’s and
Weightman’s analyses are shown in Fig. 8, along with the
Bergen model and an earlier model which, according to
Bergeron (1959a), was “prevalent in Central Europe 1880-
1930.” This model appeared “during the 25 years 1901-1926
in four editions of the leading German textbook of Meteorol-

ogy by Julius von Hann. (These models, evidently, had as
physical basis the assumption of a general frictional inflow
and lifting of the air in the interior of any low pressure area.)”

The general lack of early enthusiasm for the polar front
scheme in the United States was likely due to the same factors
as in Europe. There “Skepticism and opposition greeted [the
Bergen apostles] more often than not . . . part of the problem
was that they were trying to market an incomplete product.
... To adopt a substantially different form of analysis and
thought, meteorologists needed to study the results carefully,
which without detailed publications, they could notdo . . .
publications and lectures at conferences, moreover, tended to
be dogmatic . . . experience showed that much of the craft
involved could be learned only through direct contact with
somebody who had mastered the methods. . . . The change
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amounted, after all, to a total shift in how cyclones were
conceived” (Friedman 1989, 198-201).

Furthermore, among the Bergen meteorologists them-
selves, “there were many uncertainties as to the character and
varieties of the fronts, the specifics of cyclonic development
and evolution, and the reality of several secondary discover-
ies.” While the Bjerkneses and Solberg tried to suppress
details (such as secondary fronts) so as to preserve the
unifying simplicity of their model, Tor Bergeron went about
Europe analyzing such structures. In this way, as viewed by
Schwerdfeger (1981), “he decisively helped his Norwegian
colleagues to win worldwide recognition for the so-called
polar front theory, not by theorizing a bit more, but rather by
knowing how and where the observed facts of the real weather
could fit into the idealized conceptual picture . . . the nice
sketches in the papers of [J. Bjerknes and H. Solberg] were
mostly based on surface observations and not accompanied
by convincing case studies.”

4. The Road to Adoption by Weather Services

Cleveland Abbe, one of the founders of the U.S. Weather
Bureau and an indefatigable advocate of introducing math-
ematics and physics into meteorology, was the first true
supporter of Vilhelm Bjerknes in the United States and from
a practical point of view the most useful. Bjerknes gave a
lecture on hydrodynamics at Columbia University in Decem-
ber 1905. Abbe was so impressed that he persuaded Bjerknes
to give a second lecture in Washington, D.C., on his “vision
for an exact physics of the atmosphere,” and on that occasion
introduced him to R. S. Woodward of the newly founded
(1902) Carnegie Institution of Washington (Friedman 1989,
56-57). The result was a renewable Carnegie grant for
Bjerknes, which enabled him to fund assistants for the rest of
his active life and, as the first major undertaking, to carry out
the kinematic-dynamic research that led up to the polar front
concepts (Eliassen, this volume). The investment was well
placed, leading, after a long train of events, to the official
adoption of air-mass and polar front analysis by the U.S.
Weather Bureau in 1938,

4.1 The Rossby-Reichelderfer Alliance

The primary and in the long run most forceful advocates of
the Bergen school methods were Carl-Gustaf Rossby and
Francis W. Reichelderfer (Fig. 9). As characterized by C. C.
Bates (1989), “They were a strange pair, although destined to
become the ‘yin and yang’ of American meteorology. Both
were ceaseless workers. After that, the similarity fades.
Rossby could charm anyone when he wanted to get some-
thing started but after it was underway, he moved on,
leaving many strings hanging in mid air. In contrast
Reichelderfer was a modest, stubborn workhorse who deliv-
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Fi6. 9. Top: Carl-Gustaf Rossby in 1927, contemplating his rotating
“dishpan” apparatus at the Weather Bureau; bottom: Lt. Francis Wilton
Reichelderfer in 1923, as an aeronaut at the Gordon Bennett Balloon
Cup Race in Brussels. (Photos courtesy of Patrick E. Hughes.)

ered assignments on time and on budget with minimal fuss
and muss.”

Reichelderfer, educated as a chemist, volunteered for the
U.S. Naval Flying Reserve Corps in 1917. He received three
months training in meteorology at Harvard’s Blue Hill Ob-
servatory and two years later secured his much-desired flight
training. In 1921 (interview in Taba 1988, 90-91) he took part
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inabombing exercise off the Virginia Capes for which he had
forecast scattered thunderstorms. Instead they ran into a
severe squall line—some planes had to land on the beach.
“Now it happened that I had just received some of Bjerknes’s
papers on the structure of moving cyclones—up until then
our concept of a depression was based on Abercromby’s
model [1885] which did not recognize fronts or wind-shift
lines—and to me this was an exciting revelation and one
which should permit us to be much more specific in our
forecasting.” From then on, Reichelderfer applied the polar
front theory to his analysis of synoptic maps on a self-taught
basis. (A decade later, the Navy sent him to Bergen, where he
extended a two week visit, “to see just how Bergeron,
Bjerknes, Petterssen, Solberg and the others did their analy-
ses,” to six months.) In 1923 he was put in charge of naval
forecasting in Washington, D.C.

Rossby entered the scene in 1926 when he appeared at
the Weather Bureau on an American-Scandinavian Founda-
tion fellowship to do research and to “sell” the Bergen school
philosophy to the United States. He had worked in Bergen in
1919, having been recruited from the University of Stockholm.
There, as recalled by Bergeron (1959b), he arrived with no
meteorological knowledge, but at the age of 20 “had an
amazing persuasive and organizing faculty . . . practical map
work was not his favorite job. . . . His forte appeared, instead,
already then in being a constant source of penetrating general
ideas. ” Having “managed to absorb the main aspect of V.
Bjerknes’ theoretical-hydrodynamic message already during
this one year,” he went on to the Lindenberg Aerological
Observatory, then returned to Stockholm where he worked as
a junior meteorologist and studied mathematical physics at
the university. This “gave Rossby an indispensable funda-
ment and tool for his later scientific work.”

4.2 Rossby’s Brief Encounter with
the Weather Bureau

In the Weather Bureau, Rossby found a hotbed of resistance
to new ideas, but also some valuable allies. The scene is
described by Namias (1983): In the “map room” of the
Washington forecast office “There was no central map, or
‘map A’ which the Bergen School developed, showing all
weather elements on one chart. This was the status . . . eight
years after [its] development. . . . In the corner of the room
was [Reichelderfer] . . . analyzing weather maps according to
Norwegian Methods . . . no one at that time (1926) in [the
Weather Bureau office] practiced polar front analysis or, as
a matter of fact, had even heard of it.”

An exception was Weightman, with whom Rossby pub-
lished quite a remarkable paper: “Application of the polar-
front theory to a series of American weather maps.” Their
intention was to show “how and to what extent the Norwegian
methods of analyzing synoptic maps could be applied to the
study of American weather . . ., to ascertain what modifica-

tions . . . would be required and finally to determine whether
any change in the present system of observations might be
needed . . . [for application] to the daily forecast work in the
United States.”

To these ends, Rossby and Weightman (1926) chose a
complex situation in which “at least four different air masses”
were involved in a cyclone, shown in Fig. 10 at a stage when
abundant moisture was being ingested from the Gulf of
Mexico. At earlier times the fronts originated from the
Pacific, Canada and the Gulf, illustrating the very different
physiographic circumstances than over western Europe.
Another important difference illustrated by their series was
the widespread thunderstorm activity (outlined by heavy
dashes) resulting from warm frontal lifting, in comparison
with the typically uniform precipitation shields of Norwe-
gian cyclones. To explain this “cyclonic convection,” the
authors called upon the generation of convective instability
by differential advection. “A kite flight . . . , combined with
a few pilot balloon observations and surface data from the
Gulf region, can tell how much of a relative displacement of
the different air layers is necessary to produce instability and
free air convection.”

Both the careful analysis of fronts and their interpreta-
tion as causes of precipitation, and the need to assess stability
changes, called for augmentation and modification of weather
reports. Remarking on the observational network, Rossby
and Weightman noted that this was developed “during a
period when forecasting was based on the experience accu-
mulated by forecasters in their study of weather maps, rather
than on an understanding of the dynamics of cyclones and
anticyclones . . . [and] meteorological data in considerable
detail were not needed.” Their pleas to introduce more
information into the observations, and to adopt the polar front
theory which “enables us to explain phenomena which with-
out a knowledge of the dynamics of the situation would
hardly be understood,” were not readily embraced and their
paper was received with marginal interest.

It was, however, during this period that Rossby discov-
ered Hurd Willett, who he thought had great potential, and
arranged for him to visit the Bergen school in 1928 on leave
from the Weather Bureau. Also this was when Rossby and
Reichelderfer became good friends and colleagues.
Reichelderfer visited the Bureau every day to pick up data so
he could produce his own weather map and forecast, using
the Bergen methods for the Navy flyers. He was elated to find
somebody who had actually studied in the Bergen school and
he was able to rescue Rossby from his remote desk in the
library, thanks to the Daniel Guggenheim Fund for the
Promotion of Aeronautics. Reichelderfer had become friends
with Harry Guggenheim, a wartime Navy pilot, during bal-
looning expeditions.

This was the beginning of the “golden age of flying,” and
meteorology was hard pressed to provide the necessary
forecasts to make flying safe. At the time, “The Weather
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Bureau had not yet got to grips with the main problems that
faced aviators, for instance it was not the Bureau’s practice to
forecast fog!” (Reichelderfer, in Taba 1988, 91). In order to
advance the art and science of meteorology for aviation, the
Daniel Guggenheim Committee on Aeronautical Meteorol-
ogy was formed with Rossby as chairman and representatives
from the Weather Bureau, Army, Navy (Reichelderfer) and
Department of Commerce (Bulletin AMS 1927, 122-124).
One of the purposes was to promote more intimate exchange
of views between pilots and forecasters—who had previ-
ously dealt primarily with agriculture and shipping.- The
second objective was to explore the present status of meteo-
rological instruction in the United States.

This position enabled Rossby to stay at the Weather
Bureau (because his grant was running out)—until he unfor-
tunately responded to a request by Lindbergh for a forecast
for a flight to Mexico City, which Lindbergh said was the best
he had received from the Weather Bureau. Chief C. F.
Marvin, already irritated by Rossby’s exuberant schemes,
was displeased that this had been done without his approval
and Rossby was no longer welcome (Bates 1989).
Reichelderfer then persuaded the Guggenheim Foundation to
fund a model airway weather service for the flight between
Los Angeles and Oakland, California, with Rossby in charge.
Rossby arrived at the San Francisco office shortly after a
letter from the Chief, warning Major Edward Bowie that
Rossby was persona non grata. Bowie ignored the letter and
welcomed Rossby to California (Byers 1959). During his
very successful adventure in establishing the prototype weather
reporting network, he was assisted by Horace Byers, a
student at the University of California. This was the begin-
ning of another long and productive relationship.

4.3 The Initiation of University Training

The next and most productive result of the coalition between
Rossby and Reichelderfer was the establishment of the first
U.S. department of meteorology at the Massachusetts Insti-
tute of Technology, originally funded by the Guggenheim
Foundation. Selected to teach the second year of a two-year
course for Navy aerologists (Bates 1989), Rossby initially
was made instructor of this course but very soon it exploded
into a true department of meteorology with Rossby as chair-
man. He persuaded Hurd Willett to leave the Weather Bureau
and join him as his initial key staff member. The students of
the Navy course (Reichelderfer 1928) had already studied
physics, mathematics, and technical German in preparation
for the main text, Exner’s Dynamische Meteorologie, and
beginning meteorology and oceanography. The curriculum
at MIT began at the graduate level with Willett handling the
synoptic studies and Rossby the dynamic studies. Students
came from all sectors—Horace Byers was the first civilian to
receive a Ph.D.

Boston, which had been prominent for meteorology with
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Harvard’s Blue Hill Observatory and Department of Clima-
tology, and the formation of the American Meteorological
Society in 1919, now became the center for the transforma-
tion of meteorology in the United States from an art to a
science, using and building on the methods developed at the
Bergenschool. When Bernhard Haurwitz arrived from Leipzig
in 1932 hé found, in addition to Rossby and Willett, the
instrument specialist K.O. Lange, a pilot from Germany who
flew daily ascents to aid Willett’s study of air masses; three
“lively” young men, Jerome Namias, Harry Wexler, and
Athelstan Spilhaus; and Ethan Allen Murphy, who produced
the daily weather map (Haurwitz 1985). Haurwitz himself
had spent time in Bergen and received his Ph.D. from
Professor Ludwig Weickmann, who was an early convert to
the polar front. Therefore Haurwitz was a valuable proponent
of the Bergen methods, although his primary interest was not
synoptic meteorology. He also was in Toronto from 1935 to
1941 and contributed to the Canadian development of the
theories of the Bergen school.

Rossby had both the desire and the ability to bring
meteorologists from all over the world together and to create
a truly international community—following the example of
Vilhelm Bjerknes. He encouraged visits from J. Bjerknes,
Holmboe, Haurwitz, and Sverdrup among others. This cre-
ated a rich atmosphere for the students, most of whom went
forth to become leaders and teachers of the Bergen school
philosophy. A quotation from Rossby illustrates his philoso-
phy during this period: “the principal task of any meteoro-
logical institution of education and research must be to bridge
the gap between the mathematician and practical man, that is
to make the weather man realize the value of a modest
theoretical education and to induce the theoretical man to
take an occasional glance at the weather map. The polar front
theory, beyond a doubt, represents the most successful effort
yet to bridge the gulf that separates the meteorological
camps” (Bulletin AMS 1934, 266.)

Of note are two publications that reached larger numbers
of meteorologists with the message of the Bergen School
than any of the primary scientific papers. Namias (1940)
published a collection of papers describing the air mass and
polar front concepts in simple terms in a booklet called Air
Mass and Isentropic Analysis with contributions by Haurwitz
and Willett. Thousands of copies were sold by the AMS and
were used in hundreds of weather offices around the world.
Forecasters were hungry for a physical rationale on which to
base weather forecasts. Sverre Petterssen, who had been an
assistant at the Bergen school in 1924, succeeded Jacob
Bjerknes as head of the forecasting service in Bergenin 1931.
His interest was in forecasting and his doctor’s thesis was on
kinematics of the pressure field, conferring a quantitative
aspect to applications of polar front analysis. In 1935
Reichelderfer invited him to the United States, where
Petterssen created a syllabus on forecasting for the course
Reichelderfer was running for naval aerologists. From this



54

course eventually grew the book Weather Analysis and Fore-
casting (Petterssen 1940), which served to teach thousands of
young U.S. students the theories of the Bergen school as they
prepared for military forecasting service.

4.4 Revolution in the Weather Bureau

As mentioned earlier, the U.S. Weather Bureau was by nature
resistant tonew ideas. Forecasters were recruited from within,
after a five- or six-year apprenticeship with a “seasoned”
forecaster. With the exception of the department at MIT,
meteorological education in universities including a strong
background in mathematics and physics was nonexistent.
The developing airline industry urgently required improved
forecasts, weather being the major factor in safety and sched-
uled operations. The currently popular lighter-than-air diri-
gibles, viewed as important for both commerce and defense,
were sensitive to updrafts in thunderstorms and squall lines,
which were not adequately forecast without frontal and
airmass analysis. The Navy airships Shenandoah and Akron
had both had fatal crashes due to weather, leading to investi-
gations (Bates 1989; Hughes 1995). The time had come to
examine the hidebound and financially weakened Weather
Bureau.

This evaluation was set in motion by President Roosevelt
who established a special committee of the Science Advisory
Board, which included Nobel Laureate Robert Millikan of
Cal Tech, who had been head of the Army’s World War I
weather service and was now a firm advocate of the Norwe-
gian methods, and Karl T. Compton, president of MIT, where
he was Rossby’s boss. The report of the committee (Millikan
et al. 1933) was conciliatory in tone, reciting the range of
valuable services of the Bureau, but compelling in its recom-
mendations. These dealt “largely with the . . . introduction
into all of the forecasting services . . . , of so-called air-mass
analysis methods which merely supplement rather than re-
place the older methods. These new methods have so demon-
strated their effectiveness [in Europe] . . . that there is the
practical certainty that our whole forecasting service can be
improved both as to accuracy and in reliability if the program
... is followed.” With interagency cooperation, these im-
provements could “easily be effected without prohibitive
expenses, . . . if the whole meteorological service, including
communications, is unified under the chief of the Weather
Bureau.”

The most important recommendations were “That provi-
sion be made at once for extending the so-called air-mass
method over the United States; that operations be consoli-
dated, and that current forecasters be educated in the meth-
ods.” Observational data should be augmented to include
information needed for the new analysis procedures, the
international numerical code adopted, and surface maps in-
creased from two to four per day. The maps should be
synchronous with European maps; more frequent and de-
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tailed ocean weather observations were desirable; and coop-
eration of other countries should be secured to “disclose the
movement of major air-mass over all these areas.” So as to
“make possible . . . a daily upper air map of the whole
country,” aerological stations (at the time, airplane sound-
ings) should be increased to 20-25, with the data “transmitted
in a form which could be used without delay in the construc-
tion of the thermodynamical diagram . . . of air-mass vertical
structure.”

Adaptation of existing personnel and the infusion of new
blood into the forecast system was a formidable challenge.
This was not just a scientific problem, but one conditioned by
increasing demands in the face of budget cuts due to the Great
Depression. Chief Marvin had been obliged to dismiss a fifth
of Weather Bureau employees (Bates 1989). The Board
(Millikan et al. 1933) recommended that the transition be
“made with caution” so as not to jeopardize existing services.
An aim would be “decentralization of the general forecast
work . . . with the ultimate assignment of a trained meteorolo-
gist to each of the principal airports.” In a step-by-step
process, one of the existing forecast centers would be started
on frontal analysis methods, with forecasters “tested and
apprenticed there before practicing elsewhere. About five
years might be devoted to the extension . . . to perhaps seven
[and eventually twelve] forecast centers.” Part of the process
would be assignment of experienced and academically quali-
fied men “to an institution of recognized leadership in this
field,” including exchanges with “outstanding foreign me-
teorological institutes.”

It is clear from the highly specific wording that the
committee had been thoroughly briefed, and, as put by Bates
(1989), “as far as Chief Marvin was concerned, it was a
stacked deck.” Marvin, who had been chief since 1913,
promptly retired in 1934. Developer of a meteorograph
employed for kite and later airplane soundings (Hughes
1970, 53-54), he had overseen the Bureau during a period of
greatexpansion of observation services for aviation (Whitnah
1961, 170-171, 181-183). Forecasting procedures, however,
had held to the course described in the Weather Forecasting
book he had commissioned in 1916. He had responded to the
committee, when queried about the Bureau’s neglect of the
Norwegian methods of weather analysis, “We didn’t pursue
it because the man [Willett] we sent to study in Norway left
us” (Namias 1983).

Willis R. Gregg, the Bureau’s aeronautical specialist,
took over as chief and immediately set out to adopt the
program recommended by the Science Advisory Board,
which had sought his advice (Bulletin AMS 1934, 1, USWB
1934, 1-2). Under a new air-mass analysis section, Horace
Byers joined the Bureau to teach incumbents the new meth-
ods, assisted by Harry Wexler and Charles Pierce. Gregg
welcomed this effort but termed it a “sort of friendly compe-
tition between the practical and theoretical schools,” and not
much change was accomplished. When Gregg died of a heart
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attack in late 1938, the Air Transport Association demanded
that the new chief be a “headknocker” from outside the
Bureau (Bates 1989). Reichelderfer, then at sea as executive
officer of the battleship Utah, was quickly appointed chief,
which position he held until his retirement in 1963. His first
actions were “to speed up and strengthen the changeover to
air-mass analysis and forecasting,” which at last became
official in 1938; to institute “intensive, in-house training for
Bureau personnel,” and to initiate “four public forecasts a
day, rather than just two” (Hughes 1983). Rather rapidly, the
Weather Bureau was set on a course to join the world of
science.

Reichelderfer persuaded Rossby to leave MIT and be-
come assistant chief for research and education. Petterssen
replaced Rossby as chairman at MIT. The threat of World
War II was imminent, and the need to train meteorologists
became imperative. This stimulated the development of new
departments around the country. Graduate study was initiated
at the California Institute of Technology, and Athelstan
Spilhaus built up the department at New York University.
Rossby and Byers began a program at the University of
Chicago, J. Bjerknes and Sverdrup created a department at
UCLA, and the United States finally reached a position of
parity in the science of meteorology with European institu-
tions. “Except for the department at Cal. Tech., . . . these new
departments had the strong flavor of M.L.T. both in faculty
and curricula” (Byers 1970). The polar front model, air-mass
characteristics, and the rudiments of upper-air analysis, served
as the main framework for training 7000 young meteorolo-
gists, among whom arelative few stayed on to serve the needs
of postwar meteorology.

5. Expanded Views: Cyclones in Three Dimensions

Beginning in the mid-1940s there was a revitalized burst of
research toward the understanding of cyclones and the gen-
eral circulation, in which the Bergen school scientists contin-
ued to play amajorrole in U.S. meteorology. With J. Bjerknes
and J. Holmboe at the University of California at Los Ange-
les, and C.-G. Rossby at the University of Chicago, Tor
Bergeron and Erik Palmén paid extended visits to both places.
Although the original polar-front concept was in principle
three-dimensional, the recent enhancement of aerological
observations enabled a new look at the hemispheric circula-
tion and, in greater detail, the structures of disturbances over
continental areas.

Dynamical principles relating to upper-level waves and
to their connection with lower-tropospheric circulations had
been formulated by Bjerknes, Rossby, and Sutcliffe, but these
had been little exploited. The principles laid down by Jeffreys
in 1926 concerning the role of eddies and mean circulations
in the meridional transfers of momentum and heat had also
never been tested. The field was ripe for harvesting and, with
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many features of atmospheric circulations yet to be exam-
ined, students like ourselves were exposed to an atmosphere
of ongoing discovery.

Foundations for aerological investigations had been laid
by three interrelated contributions in 1937 and 1939. The
monograph “Investigations of selected European cyclones
by means of serial ascents” (Bjerknes and Palmén 1937)
presented a comprehensive exposition of the methods, with
the first 3-D analyses over the entire area of a cyclone. In a
second paper in the same year, “Theorie der aussertropischen
Zyklonenbildung,” Bjerknes (1937; in 4 pages!) employed
the gradient wind equation to derive the divergence in an
upper-tropospheric wave pattern. He then related the diver-
gence field to the structural features of a frontal cyclone,
explaining its development, vertical motion field, and pres-
sure changes associated with movement of the system.

The third foundation was Rossby’s development of the
theory of long waves in 1939, explaining in terms of conser-
vation of absolute vorticity the existence of slow-moving or
stationary long waves as the consequence of their retardation
by advection of planetary vorticity. We shallillustrate further
extensions of cyclone concepts to three dimensions by two
papers, the first by Bjerknes and Holmboe at UCLA and the
second by Palmén (Academy of Finland), resulting from his
studies while affiliated with the University of Chicago as a
visiting professor.

5.1 Bjerknes and Holmboe:
Upper Waves and Cyclones

In the inaugural issue of the AMS Journal of Meteorology,
Bjerknes and Holmboe (1944) greatly enlarged the theme of
the Bjerknes (1937) paper. Their summary scheme for the
properties of an extratropical cyclone is shown in Fig. 11.
With gradient winds in an upper-level wave, there is no flow
across the isobars nor acceleration along the flow, and hence
horizontal divergence depends on differences of isobaric
channel width at the trough and ridge (top left). The channel
widths depend on the Coriolis parameter and centripetal
accelerations in such a way that the magnitude of divergence
is greatest for large wind speed and short wavelength (i.e.,
large and opposite curvatures at trough and ridge). At the
level of nondivergence (Fig. 11a), wave speed ¢ = V'~ ¥, in
which the “critical wind speed” V= BL?/4n? (as in Rossby’s
formula).

The distribution of divergence, shown for air columns
ahead of and behind the trough, then depends on the relative
wind (V-¢)2 V... “Thewavewill travel with such a speed that
the pressure tendencies arising from the displacement of the
pressure pattern are in accordance with the field of horizon-
tal divergence.” With a westward tilt of the cyclone and
trough axis as in Fig. 11b, the lower-tropospheric conver-
gence necessary to sustain the cyclonic circulation, and its
low pressure, are necessarily linked to the divergence down-
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Fic. 11. Cyclone model by Bjerknes and Holmboe (1944).

stream from the upper-tropospheric trough. The intensity of
divergence, and hence vertical motions, is greatest for large
vertical shear (baroclinity) and short wavelength, and in-
creases as the wave amplifies through thermal advection.

The 75th anniversary of the polar front is also the 50th
anniversary of the Bjerknes-Holmboe paper, which can be
seen as another turning point in the way of thinking about
cyclones. Like the polar front cyclone concept, it had descrip-
tive antecedents, at least in part. The new theory introduced
aunifying concept, based onasingle dynamical principle (the
gradient wind), that explained in a straightforward way the
features common to extratropical cyclones. This model was
instrumental in a major change of the view of instability
involved in cyclone formation: from the theory of a growing
perturbation on a surface of discontinuity, to the baroclinity
(vertical shear) of the troposphere as a whole.

5.2 Palmén: Three-Dimensional Fronts, Jet Streams
and the General Circulation

The principles of three-dimensional frontal analysis were
introduced in the United States by E. Palmén, who, early in
his visits to Chicago, established the kinematic-thermal rela-
tionships among jet streams, frontal layers, and tropopauses.
His ensuing investigations of 3-D circulations in this frame-
work illuminated the role of extratropical disturbances in the
meridional exchange of air masses and the energy processes
that maintain the general circulation (Palmén 1951a,b).
Figure 12a illustrates contours of the frontal zone at two
stages in the development of a major cyclone east of the
Rocky Mountains. Questioning “whether it is, in principle,
permissible to start from infinitely small perturbations in
discussing the cyclone problem,” Palmén (1951a) remarked
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that “it seems more likely that extratropical cyclones are
induced by rather large migrating disturbances”; in this case,
an upper-level trough approaching from the Pacific. In Fig.
12athere are two initially separate surface fronts: a cold front
from the Pacific and a stationary front along the Gulf Coast
(trailing from the preceding cyclone). This is ingested into the
circulation to produce the structure in Fig. 12b, showing that
(reflecting the differences in topographic circumstances in
the United States compared to Europe) “the occluded frontal
cyclone can be the result of processes other than the occlusion
of wave-shaped frontal perturbations. . . . Essential for the
whole development of a mature cyclone is the formation of
the upper disturbance associated with the deformation of the
upper front . . . with the formation of an upper cyclone or a
very deep trough.”

Following Fig. 12b the cold air at 500 mb was separated
from its source, forming a cut-off cyclone with cold air
subsiding at a lower latitude. “The process of seclusion of the
polar air at the 500-mb level thus corresponds to the occlu-
sion process in lower layers. In the upper atmosphere the
warm air gains area, in the lower atmosphere the cold air
gains area,” with conversion of potential to kinetic energy.
Palmén emphasized that this process could properly be
understood only through an examination of 3-D air trajecto-
ries. Streamlines are shown in Fig. 12b at the upper surface
of the warm front, along with (dashed arrows) characteristic
streamlines on an isentropic surface in the polar air, that
descend from the middle troposphere into the boundary layer.

These typify the “irreversible process” in which warm air
ascends with release of latent heat and remains in upper
levels, and cold air subsides as it streams into the tropics.
Viewed relative to the polar-front zone around the hemi-
sphere (arrows A and D in Fig. 13a), these transverse flows

in the disturbances correspond to a systematic direct solenoi-
dal circulation, which generates kinetic energy and sustains
the polar jet stream through a process connected with the
disturbances, in distinction to generation by the mean circu-
lation as in the subtropical jet stream (Fig. 13b). With this
interpretation the general circulation scheme of Bjerknes and
Solberg (1923), in which cyclone families and meridionally
extensive anticyclones alternate around the hemisphere, was
unified with the framework of global-scale jet streams.

Epilogue

The remarkable advances in observations of all kinds, to-
gether with theoretical-modeling investigations, have made
it clear that there is great variety in the kinds of cyclones, the
manners in which they form, and the processes that dominate
from case to case. Concepts of cyclones have accordingly
broadened and new features have been brought to light.
Throughout the 75 years since its introduction, the polar front
theory of cyclones has served as a keystone for modern
meteorology; the newer concepts have served to enrich,
rather than to supplant, the original concept.

The spirit of Jacob Bjerknes’s contribution is aptly
characterized by Petterssen (1974, 30-31): “Jack proposed a
blueprint, or a model cyclone, and he went beyond the mere
‘anatomy’ of storms and described in broad outline their
‘physiology’. . .. In long retrospect it may well be said that
Jack’s model was a remarkable contribution to progress, not
so much because of the volume of firm knowledge that it
conveyed as because it represented a daring and imaginative
approach to the understanding of an important and exceed-
ingly complex meteorological phenomenon.”
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Richardson’s Marvelous Forecast

PETER LYNCH

Irish Meteorological Service, Dublin, Ireland

1. Introduction

While Vilhelm Bjerknes and his team were developing their
synoptic models in Bergen, a radically different approach to
forecasting was being pursued by Lewis Fry Richardson.
Richardson’s starting point was the system of fundamental
physical principles governing atmospheric motion. He as-
sembled the set of mathematical equations that represent
these principles and formulated an approximate algebraic
method of calculating their solution. Starting from the state of
the atmosphere at a given time—the initial conditions—the
method could be used to work out its future evolution.

Using the most complete set of observations available to
him, Richardson applied his numerical method and calcu-
lated the changes in the pressure and winds at two points in
central Europe. The results were something of a calamity:
Richardson calculated a change in surface pressure over a
six-hour period of 145 hPa, a totally unrealistic value. As Sir
Napier Shaw remarked, the wildest guess would not have
been wider of the mark! Despite the “glaring errors” in his
forecast, Richardson was bold enough to publish his method
and results in his remarkable Weather Prediction by Numeri-
cal Process (Richardson 1922; hereafter LFR). This pro-
found, and occasionally whimsical, book is a treasure-store
of original and thought-provoking ideas and amply repays the
effort required to read it.

The application of Richardson’s forecasting method
involved an enormous amount of numerical computation.
Even the limited results he obtained cost him some two years
of arduous calculation (Lynch 1993). This work was carried
out in the Champagne district of France where Richardson
served as an ambulance driver during the Great War (Ashford
1985). His dedication and tenacity in the dreadful conditions
of the war are an inspiration to those of us who work in more
genial conditions.

In this chapter the results obtained by Richardson are
examined and the causes of the errors in his forecast are
explained. Itis shown how arealistic forecast can be obtained
by modifying the initial data. The study is based on the
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original observations for 20 May 1910, originally compiled
by Hugo Hergessel and analyzed by Vilhelm Bjerknes. These
are used to extend the table of values published by Richardson,
to cover most of Europe. A numerical model is then con-
structed, keeping as close as possible to the method of
Richardson, except for omission of minor physical processes.
‘When the model is run with the extended data, the results are
virtually identical to those of Richardson. In particular, an
initial pressure tendency of 145 hPa in 6 hours is obtained at
the central point, in agreement with Richardson. The ten-
dency values are unrealistic, being generally about two
orders of magnitude too large.

The reasons for the spurious tendencies will be dis-
cussed. They are essentially due to an imbalance between the
pressure and wind fields resulting in large-amplitude high-
frequency gravity wave oscillations. The “cure” is to modify
the analysis so as to restore balance; this process is called
initialization. An initialization method based on a digital
filter will be outlined, and its application to Richardson’s
problem described. The forecast tendency from the modified
data yields reasonable results. In particular, the tendency at
the central point is reduced to 3 hPa per 6 hours—a realistic
value! The chapter concludes with some speculations about
what-might-have-been had Richardson been able to initialize
his data.

2. Observations and Initial Fields

2.1 Observational Data

The forecast made by Richardson was based on “one of the
most complete sets of observations onrecord” (LFR, p. 181).
During the first decades of the century observations of
conditions at the earth’s surface were made on aregular basis,
and daily surface weather maps were issued by several
centers. Upper-air observations were made only intermit-
tently, typically for one or a few days each month, as agreed
by the countries participating in the work of the International
Commission for Scientific Aeronautics (ICSA). The data
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were compiled and published by the Meteorological Institute
of Strasbourg, under the editorship of Hugo Hergessel, Direc-
tor of the Institute and President of ICSA.

A detailed analysis of the aerological observations was
undertaken by Vilhelm Bjerknes at the Geophysical Institute
in Leipzig. He produced a publication series consisting of sets
of charts of atmospheric conditions at ten standard pressure
levels from 100 hPa to 1000 hPa. These charts provided
Richardson with the data required for his arithmetical fore-
casting procedure. The initial time and date chosen by
Richardson for his forecast was 0700 UTC 20 May 1910. For
this time there were 12 soundings and 18 reports of upper
level winds over western Europe.! The observations are
tabulated in a synopsized form in Bjerknes (1914).

2.2 Preparation of the Initial Fields

Richardson chose to divide the atmosphere into five layers,
centered approximately at pressures 900, 700, 500, 300, and
100 hPa. He divided each layer into boxes and assumed that
the value of a variable in each box could be represented by its
value atthe central point; we refer to such points as gridpoints.
They were separated by AA=3.0° in longitude and A¢=1.8°
in latitude. Richardson tabulated his initial values for a
selection of points over central Europe. The area is shown on
a map on page 184 of LFR, and the values are given in his
“Table of Initial Distribution” on page 185.

In Section 9/1 of LFR, Richardson describes the various
steps he took in preparing his initial data. He prepared the
mass and wind analyses independently (univariate analysis).
The initial fields used in the present study were obtained from
the same source, but we did not follow precisely the method
of Richardson; the procedure adopted is outlined below. In
order that the geostrophic relationship should not be allowed
to dominate the choice of values, the pressure and velocity
analyses were performed separately (and by two different
people; see Acknowledgment).

The initial pressure fields were derived from Bjerknes’s
charts of geopotential height at 200, 400, 600, and 800 hPa
(his charts 6, 8, 10, and 12). A transparent sheet marked with
the gridpoints was superimposed on each chart and the height
ateach point read off. Each level p, corresponds to a standard
height z, with temperature T,. Conversion from height z to
pressure p was made using the simple formula

=2
p=pk(1+ j
Hy

10120 May 1910 the observation for Vienna comprised only winds;
no pressures or temperatures were available, the registering balloon
being recorded as bis heute noch nicht gefunden. 1t is unlikely to be
found now.
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where H) = %T}/g. Sea-level pressure values were extracted
in the same way as heights, from Bjerknes’s chart number 1.
His values in mm Hg were converted to hectopascals by
multiplication by 4/3. Then the surface pressure pg was
calculated from

g/ ¥R
"
= 1=
Ps pSEA( To]

where h is orographic height at the point in question, and
standard values T;, = 288 K and y=0.0065 K m™! were used
for the surface temperature and vertical lapse-rate.

The initial values of momenta for each of the five layers
are required. These were derived from the wind velocities at
the intermediate levels 100, 300, 500, 700, and 900 hPa. The
observed wind speeds and directions for each level were
plotted on charts upon which isotachs and isogons were then
drawn by hand. The gridpoint values of speed and direction
could now be read off. It was necessary to exercise a degree
of imagination as the observational coverage was so limited.
The wind values were converted to components « and v and
the layer momenta U and V were defined by

Qu V=Qv

8 8

U=

where Ap is the pressure across the layer (obtained in the
pressure analysis).

The pressure, temperature, and momentum values, at a
selection of points in the center of the domain, resulting from
the reanalysis, are given in Table 1. The corresponding values
obtained and used by Richardson, extracted from his “Table
of Initial Distribution” (LFR, p. 185), are reproduced in Table
2. The stratospheric temperatures and orographic heights are
also indicated (top and bottom numbers in each white block).
To facilitate comparison, the orography values used by
Richardson were used (where available) in the re-analysis.

There is reasonable agreement between the pressure and
stratospheric temperature values in the two tables. In general,
pressure differences are within one or two hectopascals.
There is a notable exception at the point (48.6°N, 5.0°E),
where the old and new values differ by 10 hPa. We will see
below that Richardson’s value at this point is suspect.

Comparing the momenta in Tables 1 and 2, we see more
significant discrepancies. Although the overall flow sug-
gested by the momenta is similar in each case, point values
are radically different from each other, with variations as
large as the values themselves and occasional differences of
sign. These dissimilarities arise partly from the different
analysis procedures used, but mainly from the large margin
of error involved in the interpolation from the very few
observations to the grid-points. In repeating the forecast, we
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TaBLE 1. Initial distribution, reanalyzed values

5°F 8°FE 11°E 14°E I
106  -228
120 144
54.0°N 0 -81
-97 0
-221 81
0
212
-62 206 -25
-138 410 -79
52.2°N -133 609 -107
-135 799 -156
-155 | 987 -181
150 200 100
: 216 : 212
-175 208 205 -105  -182 206 -126 -218
292 263 409 -268 ' 38 410 -167 -213
504°N | -249 174 607 201 - 18 608 155 130
<118 . 99 796 -199 73 798 -214 0
-88 51 | 983 127 73 976 -175 82
200 200 400 300 300
221 e 214 213
204 -159 206 -131 206
406 275 410 -205 410
48.6°N 605 216 608 -147 608
793 -131 796 -129 798
984 =60 961 -81 989
200 400 400 400 200
217 213
204 -208 18 205
405 -289 0 407
46.8°N 604 72 1 606
794 -45 64 796
872 =32 38 842
1200 - 1800 1500
210
203
404
45.0°N 603
795
995
100
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TABLE 2. Initial distribution, Richardson’s values
5°F 8°F 11°E 14°F 17°FE
-65 8
127 -104
54.0°N 81 -25
-81 0
-198 84
0
214
-70 205 -160
-62 409 40
52.2°N -114 609 -60
-91 798 -60
-160. 988 -219
150 200 100
212 - 214
-30 -110 205 -56 -18 205 -100 <32
-245 300 408 -146 -62 409 0 -260
50.4°N -293 158 607 -95 29 609 -55 -135
-91 87 795 -52 58 798 -25 48
-18 15 983 -110 55 976 -190 160
: 200 200 : 400 300 300
214 212 i 214
203 27 205 0 204
405 2398 409 -166 408
48.6°N 604 “136 608 -95 607
793 -33 796 -19 798
974 48 - 963 -65 988
200 : 400 400 400 200
214 214
204 -50 80 204
406 -280 41 408
46.8°N 605 -175 150 607
795 . -108 80 797
875 -155 40 846
1200 1800 1500
213
203
403
45.0°N 603
796
997
100
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have simply replaced the reanalyzed values of all fields by
Richardson’s original values at the few gridpoints where the
latter are available. The values in Table 2 are thus the initial
values for both Richardson’s forecast and the forecasts de-
scribed below.

3. The Fundamental Equations

The behavior of the atmosphere is governed by the funda-
mental principles of conservation of mass, energy and mo-
mentum. These principles may be expressed in terms of
differential equations. The idea of solving the equations to
calculate future weather was propounded in a famous address
by Bjerknes (1904). The first attempt to put this idea into
practice was that of Richardson.

Richardson was careful not to make any unnecessary
approximations, and he took account of several physical
processes, which had the most marginal effect on his forecast.
He included in his equations many terms that are negligible;
with the benefit of hindsight, we can omit most of these. We
shall ignore all the effects of moisture and thermal forcing,
and consider the adiabatic evolution ofa dry atmosphere. One
fundamental approximation was made by Richardson: the
atmosphere is in a state of hydrostatic balance. This was an
essential step, necessitated by the lack of observations of
vertical velocity, and it enabled Richardson to derive his
elegant diagnostic equation for this quantity.

We shall set out the basic equations as commonly used
today, and then convert them to the form used by Richardson.
Some of Richardson’s notation is archaic and the modern
equivalents will be used (a full table of his notation is found
in Chap. 12 of LFR). The independent variables are latitude
¢, longitude A, height z, and time ¢. Distances eastward and
northward are denoted x and y. The dependent variables are
the eastward, northward, and upward components of velocity
(u, v, w), pressure p, temperature T, and density p.

3.1. The Primitive Equations

The primitive equations may be found in standard texts on
dynamic meteorology. The equations of motion are:

du (e, utang)  1dp_
7 (f+ , )v+p8x 0
av utan g lég=
dt+(f+—————a )’Hpay 0
%+gp=0

The Earth’s radius is a, its angular velocity is £2, and =
202 sing is the Coriolis parameter.
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The continuity equation, expressing conservation of
mass, is

9, dpu, opv_pvtang  dpw
atx Tw T a Ta

(a small term 2pw/a has been dropped). In combination with
this equation, the horizontal equations of motion may be
written in flux form:

2
@+8pu +3puv+8puw_(f+

2utan¢ dp
xx e @ )p” °

a
dpv  dpuv dpv?  dpvw
9t+¢9x+9y+8z

P2 —v2)ang  dp _
p + > =0.

The atmosphere is assumed to be a perfect gas:

+ fpu+

p=RpT,

where R is the gas constant for dry air. Using this “equation
of state,” the thermodynamic equation may be written

L(d_P)_L(d_szo
w\dt) p\dt

where y= cI/cv is the ratio of specific heats.

3.2

The vertical component of velocity in the atmosphere is
typically two or three orders of magnitude smaller than the
horizontal components. It is difficult to measure w and in
general no observations of this variable are available. In
particular, Richardson had no such observations for 0700
UTC 20 May 1910. Moreover, even if he had had such
observations, he recognized the practical impossibility of
computing the tendency ow/ot which would have to be
calculated as a tiny residual term in the vertical dynamical
equation.

Richardson acknowledged the influence of Vilhelm
Bjerknes’s publications Statics and Kinematics (Bjerknes
and Sandstrom 1910; Bjerknes etal. 1911) on his work. In his
Preface (LFR, p. viii; Dover Edition, p. xii) Richardson states
that his choice of “conventional strata,” his use of specific
momentum rather than velocity, his method of calculating
vertical motion at ground level, and his adoption of the
hydrostatic approximation are all in accordance with
Bjerknes’s ideas.

The hydrostatic equation results from neglecting the
vertical acceleration, and other small terms, in the vertical

“Finding the Vertical Velocity”
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dynamical equation. But this precludes the possibility of
calculating the acceleration ow/0k directly. It was a stroke of
genius for Richardson not only to realize the need to evaluate
w diagnostically from the other fields but also to construct a
magnificent mathematical equation to achieve this.

To construct Richardson’s w-equation we eliminate the
time dependency between the continuity equation and the
thermodynamic equation using the hydrostatic equation.
Recall that the thermodynamic equation can be written in the
form

1(dp 817) 1 dp
—_— — V.V ————-—=0
w(&t+ p+w8z pdt

and that one of the various forms of the continuity equation
is

ld—p+(V0V+§E)=O.
p dt x

We can eliminate the density between these and use the
vertically integrated hydrostatic equation to get

= —[gVepVdz+VeVp +(V.V+ﬂ)=o_
w . P

Expanding the integrand and using the hydrostatic equation
again we get

—%{(ngOVi-ZOVp)dz+(V¢V+%)=O.

Since the upper limit of the integral is infinite, it is convenient
to use pressure as the independent variable; this is done by
using the hydrostatic equation once more, yielding the result:

12 Y
X o VeVt [|Vev-Llevplp.
+'KD£( 5 p)dp (1)

This corresponds to Eq. (9) on page 124 of LFR, save that we
have omitted the effects of moisture and diabatic forcing,
which were included by Richardson.

The solution of Eq. (1) for w is straightforward. The
gradient ow/oz is calculated for each layer, working down-
wards from the stratosphere since the integral vanishes atp =
0. Then w may be calculated at the interface of each layer,
working upwards, once it is known at the earth’s surface.
Richardson followed Bjerknes in taking the surface value
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Wg :(V'Vh)s.

This is equivalent to the kinematic condition that the ground
is impervious to the wind. However, Richardson does not
state how he evaluates vg; in repeating his forecast we have
assumed a simple relationship vg = kv5 where v is the lowest
layer velocity and £=0.2.

The vertical velocity equation was a major contribution
by Richardson to dynamic meteorology. In recognizing its
essential rdle in his forecast scheme he observed (LFR, p.
178) that “it mightbe called the keystone of the whole system,
as so many other equations remain incomplete until the
vertical velocity has been inserted.”

3.3. Temperature in the Stratosphere

Richardson devoted a full chapter of 24 pages to the strato-
sphere. We shall not discuss the bulk of this, but we must
consider the means by which the temperature of the upper-
most layer is forecast. For, in the scheme adopted by
Richardson, the vertical integral of pressure through the
stratospheric layer depends on the temperature so that predic-
tion of the latter is essential to ensure a “lattice-reproducing”
scheme—that is, an algorithm which, starting with a set of
variables at one instant, produces the corresponding set at a
later instant.

Richardson calculated the change in stratospheric tem-
perature using two different equations, his elaborate equation
(8) on page 147 of LFR and a much simpler equation
corresponding to (14) on page 143. The resulting temperature
tendencies, given in his Computing Form Py, on page 201,
were 9.1 x 107# K s7! for the elaborate equation and 9.2 X
10~4K s7! for the simpler. In view of this close agreement, we
shall confine attention to the simpler alternative

I _w

ekl @

This equation is sufficient for predicting the stratospheric
temperature as long as the assumptions of geostrophy and
vertical isothermy are acceptable. We shall use this simple
prognostic equation in the sequel.

4. “The Arrangement of Points and Instants”

Richardson chose to divide the atmosphere into five strata of
approximately equal mass, separated by horizontal surfaces
at 2.0, 4.2, 7.2, and 11.8 km, corresponding to the mean
heights (over Europe) of the 800, 600, 400, and 200 hPa
surfaces. He discusses this choice in LFR, Section 3/2. It is
desirable to have a surface near the tropopause, one stratum
for the planetary boundary layer and at least two more for the
troposphere above the boundary layer. Taking layers of equal
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RUV.T
R,U,V,
T RUV,
T RUV,
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pl Wl
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R;UsV,

Fic. 1. Vertical stratification.

mass simplifies the treatment of processes such as radiation,
and the particular choice of surfaces at approximately 2, 4, 6,
and 8 decibars greatly facilitates the extraction of initial data
from the charts and tables of Bjerknes. The strata are depicted
inFig. 1. Each horizontal layer is divided up into rectangular
boxes or grid cells. Richardson selected boxes with sides of
length AA = 3° in the east-west direction and 200 km (or A¢
= 1.8°) in the north-south direction.

The numerical integration of the equations is carried out
by a step-by-step procedure—an algorithm—which pro-
duces later values from earlier ones. Richardson took pains to
devise a numerical scheme such that where a particular
variable was given at an initial time, the corresponding value
at a later time at the same point could be computed. His
scheme is best illustrated for the linear shallow water equa-
tions:

aUu oP
= _ Z -0
x V%
%‘:+fv+?—£=0
JoP
—+gHVeU=0.
o 8

The tendency of each component of momentum depends on
the other momentum component and on the gradient of
pressure. Thus, U and V should be specified at the same
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points, and these points should be intermeshed with those
where P is given:

uv P uv
P uv P
uv P uv

This arrangement is also ideal for the continuity equation: the
tendency of pressure P depends on the divergence of momen-
tum which is (primarily) comprised of horizontal derivatives
of momentum, so P should be evaluated at points intermedi-
ate between those where momentum is given. This staggered
arrangement of points is knowntoday as an E-grid. Platzman’s
proposal to call it a Richardson grid has much to commend it
(Platzman 1967). When the values of a variable are specified
on the discrete grid, spatial derivatives may be calculated
approximately by means of finite differences. For example,
the derivatives of P are, to second order accuracy,

(a_P) _| B~ By ) _(Fjn—hj
o ); | 2acosg;AA )\ dy i 2aA¢ ’

where P, J is the value of P at the point (iAA, jAQ).
The geographical coverage used in repeating Richardson’s
forecast is shown in Fig. 2. P-points are indicated by solid

RICHHRDSON GRID
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F1G. 2. Horizontal grid and geographical coverage.
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circles and M-points by crosses. The region was chosen to
best fulfill conflicting requirements: that it be as large as
possible; that data coverage over the area be adequate, and
that the points used by Richardson be located centrally in the
region. The absence of observations precluded the extension
ofthe region beyond that shown. The P-point and M-point for
which Richardson calculated his tendencies are encircled.
The method of calculating the dependent quantities at
each new time-level will now be described. It is performed by
means of the familiar leapfrog scheme, called by Richardson
the step-over method (LFR, p. 150). The prognostic variables
are R, the mass per unit area, and U and V, the components of
momentum per unit area, for each stratum; and the tempera-
ture T') of the stratosphere. Let O denote a typical dependent
variable; it is governed by an equation of the form

Z_F
ot

where F, the tendency of Q, is a function of Q and the other
dependent variables. Let us assume that all the dependent
variables are known at time ¢ = nAf so that 7" = F(nAt) can
be computed, and that the value of Q at the previous time level
t= (n— I)At has been retained. Then the forecast value 0!
may be computed from the old value Q" and the tendency
"

ontl =gn-1 4 2MtFm,

The first step forward cannot be made with the leapfrog
scheme, since the variables are known only at = 0. A simple
noncentered step

0! =00 + Ar FO

provides values of the variables at ¢ = At; from then on, the
leapfrog scheme can be used.

The calculations of Richardson were confined to the
evaluation of the initial tendencies (at 0700 UTC 20 May
1910). He multiplied these by a time interval 2At =6 h to
represent the change over the six-hour period centered at
0700 UTC. In modern terminology, the time-step is specified
as the interval between adjacent evaluations of the variables;
thus, the time-step used by Richardson was three hours, not
six hours as so often stated. A three-hour step was also chosen
by him in describing his fantastic forecast factory (LFR, p.
219).

5. The Equations for the Strata

As we have seen, Richardson divided the atmosphere into
five “conventional strata” separated by horizontal surfaces at
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fixed heights 2.0,4.2,7.2, and 11.8 km. These heights will be
denoted respectively by z,, z3, z,, and z,, all constants. The
variable height of the earth’s surface will be written z5 =
h(A,¢). Variables at these five levels will be denoted by
corresponding indices 1-5. Where convenient, values at the
surface of the earth may be indicated by subscript S.

The equations of motion will be integrated with respect
to height across each stratum, to obtain expressions applying
to the stratum as a whole. Quantities derived by integrating in
this way will be denoted by capitals:

R=[pd: P=[pdz U=[pudz V=][pvdz

The stratum is specified by the index corresponding to the
lower level; thus, for example,

2
R3 = J.de

23

In differentiating mean values for the lowest layer, allowance
must be made for the variation of the height 4 of the earth’s
surface. For the other layers, the limits are independent of x
and y.

The continuity equation will now be integrated in the
vertical. Taking, for example, the stratum between z; and z,,
and using the definitions of R, U, and V, we get

8R3 " 8U3 + 3V3 V3 tan q)

St +[pwly —[pwl3 =0. (3)
The equations for the other upper layers are of similar form.
For the lowest layer the slope of the bottom boundary must be
considered, and the term —[pw]g is cancelled by a term
[pv * Vhg.

The vertical integration of the horizontal equations of
motion is performed in the same manner. To express the
result in terms of the variables R, U, and Vit is necessary to
make an approximation in the horizontal flux terms (see LFR,
p. 34). With this approximation the equations for the stratum

(23, 2,) are

2. 2{2) 32

2Utan ¢ oP @
an _
’(“T)”‘”ax‘o
v  J(Uv), a(Vv?
_8t +—(————R )+—(—R J+[pvw]2 —[pvw]3 “
(U?2-V2)tang oP _
+fU+————aR +—=0
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The equations for the other upper layers are of similar form.
For the lowest layer the slope of the bottom boundary must be
considered.

6. “Review of Operations in Sequence”

The title of this section is identical to that of LFR, Chap. 8, in
which Richardson traces, step by step, the sequence of
calculations necessary to carry his forecast forward in time.
Let us assume that all the dependent variables are known at
time ¢ = nAt. The advancement to the next time level,
t= (n+ 1)At, requires both prognostic and diagnostic com-
ponents (these terms, borrowed from medicine, were intro-
duced by Vilhelm Bjerknes). The prognostic variables are (at
P-points) the mass per unit area R in each stratum and the
stratospheric temperature 7', and (at M-points) the compo-
nents U and V of momentum in each stratum. Once these
quantities are known for a particular moment, all the auxiliary
fields (temperature, divergence, vertical velocity, etc.) for
that moment can be calculated from diagnostic relationships.

The time-stepping calculations are done in a large loop,
which is repeated as often as required to reach the forecast
span. The sequence of calculations will now be given. For
each step, the number of the relevant Computing Form in
LFR isindicated [in brackets]. First we consider the P-points.

1. [P;] The layer integral of pressure is calculated:
P=AzeAp/Alogp

Here A represents the difference in value across the
layer. For the top layer P = 3RT,/g. The density
integral is also calculated from

2. [P;] Mean values for each stratum are calculated for
various quantities, e.g.,

P R
P="% Az

3. [Pyl The divergence of momentum Ve U is com-
puted for each level.

4. [Pyy] The values of Ve U in the column above each
P-point are surnmed up and the total multiplied by
—g to give the surface pressure tendency

strata

=—-g Y VeU
all

s
o
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5. [Pyy] The divergence of velocity 6= V-V is calcu-
lated using the following approximations for mean
velocity in each layer:

u=U/R v=V/R.

6. [Pyy,] The vertical velocity gradient dw/dz in each

layer is now calculated using (1). The vertical veloc-
ity at the surface is determined from

WS =VS ‘Vh

where we assume vg = kU,/R, with k= 0.2. Then it
is a straightforward matter to calculate w at each
interface, working upward from the bottom.

7. [Pyxy] The tendency of the stratospheric tempera-
ture T is calculated next, using Eq. (2).

8. [Pyl The temperature at each interface is calcu-
lated by linear interpolation. Then the density there
is computed using the gas law, after which the
momentum pw at each interface can be obtained.

9. [Pyy] The tendency of the density integral R is now
obtained using the continuity equation (3).

10. [Py;;] The final calculation at P-points is the ten-
dency of pressure at each interface, obtained from

(%)%

The surface pressure tendency, already computed in
step 4, is confirmed here.

This completes the calculations required at the P-points. We
now list the operations at the M-points [LFR, Computing
Forms M, and M, ]

11. Thepressure gradient is evaluated by calculating the
spatial derivatives of the integrated pressure P. For
the lowest stratum there is an extra term due to
orography. The x-component is given by

! {SP
2Ax
where & here represents the difference across a
distance 2Ax. The y-component is analogous.

12. The Coriolis terms and those involving tan ¢ are
evaluated. All the necessary quantities are available
at the relevant points.

13. The horizontal flux terms are calculated. It is neces-

sary to approximate the derivatives by differences
over a distance 4Ax or 4Ay.

+ &1.5[78
dlog pg
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14. The vertical flux terms are calculated. The momen-
tum flux above the uppermost layer is assumed to
vanish.

15. The tendencies of momenta, dU/d¢ and dV/d¢ may
now be calculated, as all the other terms in Egs. (4)
and (5) are known.

The tendencies of all prognostic variables are now known,
and it is possible to update all the fields to the time (n + 1)/At.
When this is done, the entire sequence of operations may be
repeated in another time-step.

7. “An Example Worked on Computing Forms”

This section title refers to the elaborate set of 23 forms drawn
up by Richardson for the arrangement of his calculations.
They are included in LFR, pages 188-210, filled in with the
values relevant to the two points to which his forecast applied.
Richardson arranged, at his own expense, to have sets of
blank forms printed so that they could be used by anyone
wishing to carry out similar forecasts. I do not know if they
were ever put to their intended use.

A computer program has been written to repeat and
extend Richardson’s forecast. The same initial values were
used, so that the calculated initial changes could be compared
directly with the values in LFR. It will be seen that the
computer model produces results consistent with those ob-
tained manually by Richardson. In particular, the “glaring
error” in the surface pressure tendency is reproduced almost
exactly by the model.

7.1  The Initial Tendencies

Richardson’s computations were confined to the calculation
of the initial tendencies at a single pair of points. These
calculations amount to evaluating the right-hand sides of
equations of the form

Z-F
ot

The leapfrog method of integration in time amounts to
approximating this equation by

AQ=[0(t+A)— Ot — A= F(t) X 2At .

It is important to note that the tendency F is independent of
At, so that the change AQ is directly proportional to the time-
step. The time-step between successive calculations is At =
3 h and the changes given in LFR are over a six-hour period
centered at the initial time 0700 UTC 20 May 1910.

On page 211 of LFR, Richardson presents his results for
the changes in the prognostic variables at the two points. We
first consider the changes of the pressures at each of the four
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interfaces and at the earth’s surface for the central P-point.
The values obtained by Richardson are given in Table 3. The
corresponding changes produced by the numerical model are
also given. The units of pressure change are hPa per 6 h. It is
evident that the changes computed by the model are in close
agreement with Richardson’s calculations.

The changes of momentum calculated by Richardson
and those computed with the model are given in Table 4. The
agreement is notas close as for the pressure changes, but there
is broad agreement between the two sets of forecast changes.
The remaining prognostic variable is the temperature of the
uppermost layer. The change tabulated by Richardson using
Eq. (2) was AT, =19.9°. The computer model used the same
equation and gave a forecast change of AT, = 19.6°, in close
agreement with Richardson.2

7.2 The Source of the Problem

Richardson ascribed the unrealistic value of pressure ten-
dency to errors in the observed winds which resulted in
spuriously large values of calculated divergence. This is true
as far as it goes. However, the problem is deeper: even if the

TaBLE 3. Six-hour changes in pressure
(units: hPa per 6 h)

Level Richardson Model
1 483 48.5
2 77.0 76.7
3 103.2 102.1
4 126.5 124.5
5 145.1 145.4

TaBLE 4. Six-hour changes in momentum components
(units: 103 kg m™! 57! per 6 h)

Eastward Northward
Layer Richardson = Model = Richardson = Model
I -73.0 -71.8 -33.7 -39.7
I -19.6 -19.9 +23.8 +29.0
HI -8.9 -10.3 -13.8 -15.9
v -153 -13.7 —43 —4.1
\% -17.9 -22.5 +6.3 +7.1

2Was Richardsons AT, | = 80°day the first-ever forecast of a
stratospheric sudden warming?!!!
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winds were modified to remove divergence completely at the
initial time, large tendencies would soon be observed.

A subtle state of balance exists in the atmosphere be-
tween the pressure and wind fields, ensuring that the high-
frequency gravity waves have much smaller amplitude than
the rotational part of the flow. Minor errors in observational
data can result in a disruption of the balance, and cause large
gravity wave oscillations in the model solution. They are
avoided by modifying the data to restore harmony between
the fields. We will describe a simple method of achieving
balance, apply itto Richardson’s data, and show that it yields
realistic results.

8. Digital Filter Initialization

To obtain reasonable values for the tendencies, we must
reduce the high frequency components implicit in the initial
data to realistic amplitudes. This process is called initializa-
tion. There are several ways to achieve it, one of the simplest
being to use a digital filter. Such a filter was used by Lynch
(1992) to initialize Richardson’s barotropic data (see LFR,
Chap. 2). We will apply the same technique below to the full
baroclinic case.

Consider a function of time f{#) with low- and high-
frequency components. To filter out the high frequencies, we
may proceed as follows:

1. calculate the Fourier transform F(w)
2. set coefficients of high frequencies to zero
3. calculate the inverse transform

Step 2 may be performed by multiplying F( @) by an appropri-
ate weighting function H(®). Typically, H(w) is a step func-
tion, equal to one for || < @, and zero for |@f > @,, with @,
the cutoff frequency. The three steps are equivalent to a
convolution:

tco
FrO=hxf@)= [he-v)f(2)dr,

where A(t) = sin(@,#)/nt is the inverse Fourier transform of
H(®). To evaluate this integral approximately at ¢ = 0, we
calculate f{?) at a finite set of times {—NA¢, ..., —At, 0, Ay, ...,
NAt} and compute the sum

. N
FfO= Y fh,
n=—N

(6)

As is well known, truncation of a Fourier series may result in
Gibbs oscillations. These may be greatly reduced by means
of an appropriate window. The response is improved if 4, is
modified by the Lanczos window

w, = sin[nw/N+1]/(n/N+1).
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The method outlined above was used to calculate filtered
fields of height and wind at the initial time. The numerical
model was integrated six hours forward and six hours back-
ward from the initial time, providing a sequence of values
centered on ¢ = 0 for each variable at each gridpoint. The
cutoff was set at 7, = 2w/, = 6 hand At=300s, so that N=
72. Filtered fields f*(£) could then be calculated using Eq. (6).

9. “Smoothing the Initial Data”

The idea of filtering in time goes right back to Richardson,
who proposed several methods of smoothing the data, one
way being to take the average value of observations made at
successive times (LFR, Chap. 10). The digital filtering method
is similar, but the time series are generated by the model, and
the filter is designed for optimal selectivity.

Figure 3 shows the sea level pressure based on an
extension of Richardson’s values. The curious low near
Strasbourg appears to be due to an error made by Richardson
in converting sea level to surface pressure. This is confirmed
by an examination of the values in Table 2. The surface
pressure at the point (48.6°N, 5.0°E) is seen to be suspi-
ciously low. The pressure analysis after filtering is shown in
Fig. 4. The changes induced by the initialization are seen to
be small. However, notice the absence of the erroneous low
near Strasbourg.

Platzman (1967) examined Richardson’s results and
discussed two problems contributing to the large pressure
tendency: horizontal divergence values are too large, due to
lack of cancellation between the terms; and there is a lack of
compensation between convergence and divergence in the
vertical. Table 5 shows the six-hour changes in pressure
thickness for each level, and the contributions from the
horizontal and vertical parts of divergence. The values are
rather large, and there is little cancellation between them.
Table 6 shows the corresponding figures for the filtered
initial data. The values are all reduced, generally by about a
factor of two. However, the changes are such that the com-
pensation in the vertical between horizontal divergence at
different levels is now much more complete. The result is that
the surface pressure change is dramatically reduced in size,
from 145 to 3 hPa—a realistic value. (The vertical conver-
gence integrates to zero, making no contribution to surface
pressure tendency.) Clearly, the compensation in the vertical
is vital in achieving balance.

Recently, a more sophisticated filter has been applied to
Richardson’s data. Lynch (1997) used an optimal filter based
on the Dolph window, with a three-hour span. The initial
pressure tendency was, in this case, further reduced to a value
of 0.9 hPa per 6 hours. Richardson reported observations
showing that the barometer was almost steady in the region
of the central point. Thus, the value produced with the Dolph
filter is the more realistic result.
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TaBLE 5. Six-hour changes in pressure thickness
(Richardson’s values: no initialization)

Fic. 4. Sea level pressure: filtered data

10. Concluding Remarks

The numerical model was used to extend the forecast to 24
hours. It was found that spatial smoothing was required to
maintain stability. Moreover, a time-step consistent with the
Courant-Friedrichs-Lewy stability criterion was required.
Thus, lack of initialization is not the only shortcoming of the
method devised by Richardson. The results of the extended
forecast will be reported elsewhere.

Horizontal Vertical
Layer (0Ap/dH)At convergence convergence
I 48.5 65.9 -17.4
I 284 -23.7 52.1
1 253 47.6 223
v 223 7.5 14.8
'___,8'; \% 20.8 48.0 -27.2
g Sum 145.4 145.4 0.0
:
.
:
E
\: TaBLE 6. Six-hour changes in pressure thickness
> (after initialization by digital filter)
Horizontal Vertical
Layer (JAp/ At convergence convergence
| -1.0 124 -13.4
I 2.4 -333 30.8
III -0.9 11.0 -11.9
v -0.5 -10.4 9.8
\% 1.7 17.0 -154
Sum =32 -3.2 0.0

But let us suppose that Richardson had applied some
filter, however crude, to his initial data. His results might well
have been realistic, and his method would surely have been
given the attention it certainly deserved.There can be little
doubt that the failure of his trial forecast persuaded most
meteorologists to ignore his work, so that his wonderful book
gathered dust for many years. A more encouraging demon-
stration might have led his colleagues to consider his ideas
more carefully and to investigate the potential usefulness of
numerical forecasting in greater depth.3 However, his fantas-
tic forecast factory would hardly have come into being: even
making no allowance for the short time-step required for
stability, his figure of 64,000 “computers” required to keep
pace with the weather was a serious underestimate (Lynch
1993).

Richardson claimed that his prediction was “a fairly
correct deduction from a somewhat unnatural initial distribu-
tion.” The model results presented above confirm that he was
fully justified in making this claim, and that what he pre-
sented in his book was indeed a marvelous forecast.

3His venture in printing sets of blank forms might also have been
more profitable.
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Personal Recollections about the Bergen School

ERIK PALMEN

Preface

In 1979 I succeeded in convincing Erik Palmén (1898-1985)
that he should give an informal lecture about his participation
in the activities of the “Bergen school” and “Chicago school”
of meteorology. The lecture was organized in our department
on February 21, 1979, and recorded. This report contains
Palmén’s personal recollections about the Bergen school.
The second part of the lecture dealing with the Chicago
school is not included here. The substance of this latter part
is well reflected in the interview, published in 1981 by H.
Taba (WMO Bulletin, Vol. 30, No. 2, pp. 92-100). Some
additional comments by Erik Palmén on the Bergen school
and the Chicago school have appeared in his article ‘In my
opinion . . .” from year 1985 (Geophysica, 21, 5-18), which
also contains a list of Palmén’s publications.

In his lecture, Erik Palmén spoke Finnish. Transcribing
the tape recording first in Finnish and translating it then to
English was done in 1993 by Mrs. Susanne Autio under my
supervision. I have added some subtitles and, in certain
places, also some explanatory words [in square brackets].
The English of the translation was checked by Mel Shapiro
and Chester Newton.

Eero Holopainen

Introduction

When Eero Holopainen asked me to tell about my collabora-
tion with the so-called Bergen school and the Chicago school,
I was at first doubtful. I felt I'm nowadays just an old ‘fossil”
and all younger persons here are waiting to hear a lecture
introducing something new. An old person just remembers
what happened in the past. I want to emphasize that when I

Translated and edited form a lecture given by Erik Palmén at the
Department of Meteorology, University of Helsinki, on February 21,
1979.
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talk about the collaboration with these schools, I'1l possibly
talk too much about my own works. This does not mean that
I would consider myself to be so special a person in this
collaboration.

My first contact to the so-called Bergen school was in
1923. It was that year that one of the well-known members of
the Bergen school, Tor Bergeron, visited Finland and gave a
lecture on the new cyclone theory and the so-called polar
front theory. Naturally I was already familiar with some
publications concerning these theories.

I want to point out that at the time I was studying in the
University there was no possibility of taking a degree in
meteorology; in fact I have never officially studied meteorol-
ogy. I felt I still was an amateur in this field of science. I also
had just become an assistant in the Institute of Marine
Research, so formally meteorology was not my field.

I became very interested in this new cyclone theory, and
a while after Bergeron’s visit I prepared a small article
concerning the theory for the publication series of the Finnish
Scientific Society. Later, in connection with some other
works, I got more acquainted with this theory and in the year
1926 I defended my doctoral thesis, the name of which was
“Uber die Bewegung der aussertropischen Zyklonen.” I did
not have personal contact with the Bergen school until 1928.
Before that, however,  had been corresponding with some of
the members of the school. ,

But what actually was the Bergen school and how did it
develop? I find it quite remarkable that three generations
have worked in about the same field. Carl A. Bjerknes was the
professor of mathematics in the University of Oslo (that time
called Christiania). He became known for his hydrodynamic
experiments, the purpose of which was to find an analogy to
the effects of gravity. At that time it was generally assumed
that there was so-called “ether” in space and that gravity and
for example, light interact with it. He made many kinds of
experiments with liquids, particularly with water. In the
beginning of this century however, the ether concept was
totally rejected.

His son, Vilhelm Bjerknes, began his career as an assis-
tant to his father. Then he moved to study in France and later
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in Germany, where he became the first assistant to Heinrich
Hertz. As an assistant he published 10-15 articles that dealt
with the Hertz waves. Hertz died at a very early age, and a
while afterward Vilhelm Bjerknes became the professor of
Stockholm University (Norway and Sweden formed one
country). He started to examine hydrodynamic problems and,
a couple of years later, he published a very important article
named “Uber einen hydrodynamischen Fundamentalsatz
und seine Anwendung besonders auf die Mechanik der
Atmosphiére und des Weltmeeres” and, a few years later,
“Zirkulation relativ zur Erde.” In these publications he placed
emphasis on the circulation that builds up in the atmosphere,
as also in the ocean, when the air density distribution makes
the situation baroclinic. He used the term “solenoid,” and
particularly he wanted to emphasize that the vertical circula-
tion is caused by the solenoid field and the horizontal circu-
lation is due to the Coriolis force. Among his students in
Stockholm there were Sandstrom, who was a well-known
meteorologist, and Ekman, whose name is familiar to meteo-
rologists even today.

From Leipzig to Bergen

In 1907 Vilhelm Bjerknes moved to Oslo to be the professor
of the university there, and in 1912 he was offered a profes-
sorship in geophysics in Leipzig University. Before that, in
the year 1910, he published with his collaborators a notable
work called “Dynamic Meteorology and Hydrography.” The
book dealt with the ways of developing meteorology and
oceanography using mathematical principles. When he was
invited to Leipzig University he gave a lecture. On that
occasion he said that he would consider his task as accom-
plished if in one year he could correctly calculate the change
of weather during one day. “It may take a year to drill a tunnel
through a mountain, but later others may make a passage with
an express train.”

The principle was that the thermodynamic and dynamic
primitive equations can be used in weather forecasting. Of
course it was quite daring to say that after one year it would
be possible to correctly calculate the development of weather
during one day. Something like this tends to happen in
meteorology: one promises a bit too much. Naturally this was
an impossible task in those days, as there were no computers,
but even today when it’s possible to calculate this in a few
minutes or hours, the correct calculation is often not within
the bounds of possibility. This has always happened in
meteorology: people tend to be too optimistic. (In fact Idon’t
really believe that he expected that to be possible!)

A geophysical institute had been founded in Leipzig and
V. Bjerknes was the director of it. As assistants from Norway
he first had T. Hesselberg, who later became the director of
the Norwegian Meteorological Institute, and H. Sverdrup,
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later a well-known oceanographer and finally the director of
the La Jolla Institute [Scripps Institution of Oceanography].
Many kinds of experiments were made in Leipzig, in order to
better understand movements in the atmosphere, but after a
couple of years, World War I broke out and the circumstances
became difficult: all German pupils had to join the military
forces. Hesselberg and Sverdrup had to leave Leipzig. Jacob
Bjerknes, the son of Vilhelm Bjerknes, and H. Solberg, a
young talented mathematician, took their places as assistants.
When times got even harder the whole Norwegian group
decided to move back to Norway, and a university chair was
created for Vilhelm Bjerknes. The intention was to improve
the weather service, because during the war there was a
scarcity of food. This is how the young group finally ended
up in Bergen’s Lyseum, later Bergen University, where they
had a small weather office, Vervarslinga pa Vestlandet. Tor
Bergeron and later also Carl-Gustaf Rossby from Sweden
took part in this group as assistants.

V. Bjerknes: “Better Not To Read Too Much”

A few years later the polar front theory was developed, and
I have often wondered why it was invented in the coastal part
of Norway. If one takes a look at the weather chart, it can be
seen that in the temperature field the front is more distinct on
the continent than over the ocean. This, I think, showed how
this group had actually somehow gotrid of the old standpoint.
One reason for this must be that they didn’t have too much
information about earlier meteorology. I remember how V.
Bjerknes once said that it’s better not to read too much, better
not to be too dependent on what has been written already. In
1919 Jacob Bjerknes developed the front model, in which a
cyclone consisted of the warm and cold front and there was
a wave-like perturbation. When I later analyzed this first
cyclone I discovered (and so did many others!) that it actually
had already occluded. This shows that the new theory was not
discovered from observations, but invented in brains; one
then tried to find cases that show that the theory is correct.

The first important publications of this group were: J.
Bjerknes (1919): On the structure of moving cyclones (Geofys.
Publikasjoner., 1, No. 1, 1-8); J. Bjerknes and H. Solberg
(1922): Life cycle of the cyclones and the polar front theory
of atmospheric circulation (Geofys. Publikasjoner, 3, No. 1,
1-18,; the polar front theory was mentioned here for the first
time!); Bergeron and Swoboda (1924): Wellen und Wirbel in
einer quasistabonaren Grenzflache iiber Europa (Veroffenti.
Geophys. Inst. Univ. Leipzig [2] 3, No. 2, 63-172); Bergeron
(1928): Uber die dreidimensional verknupfende Wetteranalyse
(Geofys. Publikasjoner, 5, No. 6, 1-111. These publications
dealt with the cyclone theory and how cyclones affect the
general circulation, emphasizing, among other things, the
energy problem.
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As I already mentioned, this far I only had been corre-
sponding with this group. But after publishing my doctoral
thesis in 1926 on similar kinds of problems I decided to travel
abroad. In the circumstances as they then were this was, of
course, not so easy; no student awards were granted as
nowadays. In 1928 I decided to make a journey to Sweden,
Norway, Germany, and Austria to meet the leading meteo-
rologists. [ spent a few days in Stockholm, then I went to Oslo.
My intention was to stay a couple of weeks in Norway.
During my stay in Oslo, V. Bjerknes came and told me that
if I go to Bergen I could stay with his son, because he was a
bachelor and had a big apartment. He promised to call his son
and tell about the situation. Partly for this reason Jacob and
I became good friends and this friendship lasted until he
died.

InBergen I stayed about one month. I still remember how
extraordinary this group was, consisting of meteorologists
such as Jacob Bjerknes, Tor Bergeron, H. Hansen, and H.
Svedrup, among others, and all the time there were foreign
visitors. (Later also Sverre Pettersen came there to be the
director of Vervarslinga pd Vestlandet; V. Bjerknes had
already moved back to Oslo to be the professor of theoretical
physics). Usually the intellectual atmosphere was on a very
high level and I first got an inferiority complex, because I
came from Finland where in the Department of Meteorology
there was usually Oscar Johansson and sometimes he had a
temporary assistant, and that was all.

We talked alotabout all kinds of problems and especially
I remember talking with Bergeron. He was just working on
“Uber die dreidimensional verknupfende Wetteranalyse’,
when he told me how all rain that forms in the atmosphere first
requires ice crystals, only drizzle is possible to form without
them. I told him how strange it is that I didn’t come to think
of it before, because I had often observed that, for example,
on a warm summer day the rain is forming in the cumulus
clouds only when their tops reach a level high enough, but in
autumn when it’s relatively cold the rain is already formed
from cumulus clouds much lower. He also claimed that the
upper part of the cloud had to reach the level, where the
temperature is near —10°C for the ice crystals automatically
to form. As we notice, many can make observations about a
phenomenon, but only few come to think about the reasons
why things happen! (This was a very important part in
Bergeron’s book, because later all trials to produce artificial
rain were based on it.)

After this first visit to Bergen, I continued to Berlin,
Leipzig, Prague, Wien, and finally to Innsbruck to meet the
leading meteorologists. In Berlin I met von Ficker, and
especially I remember meeting with Alfred Wegener. He had
just published an important textbook Thermodynamik der
Atmosphdre, which nobody knows nowadays but which in
those days really was one of the most excellent textbooks. I
wanted to talk with Wegener about problems related to this
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subject, but he refused. He had a few years earlier published
a well-known book about how continents move, and he
complained that geologists were opposing it almost by com-
mon consent. It is this theory that has made Wegener’s name
well-known to future generations. He died in Greenland a
couple of years after this.

In Leipzig I met L. Weickman and B. Haurwitz, in Wien
F.M. Exner, whose textbook Dynamische Meteorologie was
compulsory for students of meteorology at the university. In
Innsbruck I met A. Defant. This journey took for me three
months. And as I already mentioned, journeys abroad were
very rare, so as I came back to Finland I was surrounded by
journalists. That is not happening nowadays!

J. Bjerknes and the Vorticity Equation

My cooperation with Bergen school started especially in
1930, when I was visiting Bergen. Jack Bjerknes had made a
series of observations of the atmosphere, by using Jaumotte’s
small meteorographs, and a series of pilot balloons had been
released in Uccle, Belgium. He presented his observation
series in 1930, but the paper was published only a couple of
years later. The name of the publication was “Exploration de
quelques perturbations atmosphériques a ’aide de sondages
rapprochés dans le temps” (Geofys. Publikasjoner. 9, No. 9,
1-52). The perturbation was moving eastward and passed
over Uccle [Palmén showed here Fig. 28 of the above-
mentioned article, i.e., the synoptic map for 29 March 1928].
Bjerknes also presented a schematic vertical cross-section
[Fig. 21 of the above-mentioned article] about the situation,
where on the left side there is a warm front and on the right
side a cold front, and between these fronts there is a cold
polar-air mass. On the left side dw/dz is negative and on the
right side it is positive in the upper troposphere. It follows
[from the continuity equation] that when dw/0z is negative,
then the divergence du/dx + dv/dy is positive. Using this he
derived the formula, which in fact is nothing but the vorticity

equation
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which says that the vorticity change is directly proportional
to (minus) the Coriolis parameter multiplied with diver-
gence. I think this was in fact the first time that the vorticity
concept appeared in literature. Of course, it was nothing new;
it was only the consequence of the V. Bjerknes’ circulation
theorem. As we all know, the horizontal circulation is in fact
the integral of vorticity. When V. Bjerknes talked about a
certain horizontal curve and circulation changes, in differen-
tial form it, of course, included the vorticity equation. Usually
it is thought that the vorticity concept was born in the



78

investigations of Rossby, butin fact it happened already a few
years earlier.

What interested me in these studies was the waves that
appear to be connected with the perturbations in the atmo-
sphere. It was assumed (which was a mistake) that these were
only due to some kind of “orographic” effect connected with
the cold-air mass. This was, of course, an “orographic” effect
moving with the system, This was quite a primitive concept,
but anyway something new.

“We Almost Found {in 1935] the Jet Stream”

We talked a lot about these problems and came to a conclu-
sion that we should make observations with sondes. A few
years later, in 1933, whenI was a couple of months in Bergen,
we made that kind of observations. We sent up balloons, not
very many, but we didn’t gain any remarkable results. I had
to publish these because, as I think, Bjerknes didn’t consider
the results good enough. Anyway, we decided to make an
experiment covering a larger area of Europe, and to send
letters to the meteorological services in Europe asking them
to make balloon observations during a couple of days after
receiving a telegram. We did get a lot of compliant answers,
and finally in the winter 1935 we thought the time to be
appropriate for carrying out the experiment.

Our intention was torelease up a large group of Jaumotte’s
sondes in Norway. I also made an agreement with my friend
Rossi from Finland that he would release sondes from
Lauttakyld where he lived. A large group of sondes was
launched also in Uccle. As radiosondes had not yet been
invented, you had to get back the sonde after the experiment,
which was more difficult in Northern Europe than in Central
Europe. Eventually, the experiment turned out to be success-
ful. Problems appeared in planning the cooperation: if you
want to catch a cyclone moving, for example, eastward and
developing to a strong cyclone through the occlusion process,
and you want to send a telegram to all the stations within the
area, you are dealing with a difficult forecasting problem.

Our cyclone had a distinct warm and cold front, on the
Atlantic Ocean there was about to be born a new wave-like
perturbation [here Palmén showed Figs. 2 and 6 of . Bjerknes
and E. Palmén (1937): Geofys. Publikasjoner, 12, 2, 1-62,
i.e., the synoptic maps for 0700 GMT of the 15th and 17th of
February 1935]. It was hard to decide to whom to send
telegrams. The center of the low was 965 mbars, in fact it was
the deepest cyclone during that winter period. The forecast
appeared to be a good one: the depression took the route we
predicted. A cross section through the system all the way
from Madrid to the northern part of Sweden was prepared
[Fig. 28 in the above mentioned article]. The front and the
tropopause were analyzed, and it was especially emphasized
that the tropopause is not a continuous surface. The topogra-
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phy of various pressure levels was analyzed [Fig. 36 of the
above-mentioned article]. The wave-like upper flow that
builds in connection with the perturbation could be seen. I
want to emphasize that we came to a conclusion thatat the 300
mb level the geostrophic wind [in the wave trough] was 130
m s~1. Because of this large calculated velocity we became
doubtful of the pressure field analysis. Anyway, we almost
found the “jet stream”; that is, of course, if we had been brave
enough.

“I Should Have Been More Brave”

There was an event, when I should have been more brave. We
were discussing the wave-like perturbations in the upper
atmosphere, when (Jack) Bjerknes said to me that he had an
idea. If you have sinusoidal isobars in the upper troposphere,
at a given latitude the flow between equally spaced isobars is
constant, but the flow is weaker in the north [due to the effect
of the Coriolis parameter]. But because the centrifugal force
is pointing to opposite directions in the trough and in the
ridge, it can often be that more air is flowing through the ridge
than through the trough. [Palmén showed here Fig. 6.1 from
Palmén & Newton (1969): Atmospheric Circulation Sys-
tems. Academic Press]. Thus on the eastern side of the trough
there is divergence and on the western side there is conver-
gence, and the wave is moving with a speed depending on the
difference between the Coriolis and centrifugal forces.

My answer to this was that it’s a very nice thought, but I
think it’s too simple an assumption, so if you are going to
publish something on it, I would rather not to be a coauthor.
I thought that the flow was too ageostrophic and, for that
reason, the assumption was too simple. He published it
anyway [J. Bjerknes (1937): Meteorologische Zeitschrift,
54, No. 12, 462-466], the result of which was that when
maybe the most important paper by Rossby appeared [Rossby
etal. (1939): J. Marine Res., 2, 38-55], on the first pages he
wrote: ‘In the attempt to understand the dynamics of the
upper level trough over the United States, the author found
great help in a remarkable paper by J. Bjerknes, which offers
a simple explanation for the displacement of perturbations
superimposed upon the zonal pressure distribution which
normally prevails in the upper part of the troposphere.” He
[Rossby] also states that more air is transported through the
ridge section than through the trough section depending on
the speed of the wind and the wave length [Palmén showed
here Fig. 11 from the above-mentioned article by Rossby et
al.]. In fact Rossby’s assumption was somehow more primi-
tive than the one by J. Bjerknes, because in Bjerknes’s
assumption it was accepted the flow can vary in the meridi-
onal direction, but Rossby assumed the situation to be
barotropic and the basic zonal velocity to be constant. This
shows the course of development: Rossby did directly use the
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concept of vorticity, while in Bjerknes’s scheme it was not
mentioned, even though he had already used it.

I have always felt my action very foolish when I refused
to cooperate with Bjerknes on this issue, but things like that
happen.

So this is how the Rossby theory about the Rossby waves
was born. Rossby et al. presented the following formula for
the zonal speed of the wave-like perturbations

where c is the zonal phase speed of the perturbation, U the
speed of the zonal flow, B the derivative of the coriolis

parameter with respect to latitude, and L is the wavelength.
Thus short waves move to east and waves long enough move
to west. This was the theory of Rossby waves.

My collaboration with J. Bjerknes still lasted for about
three synoptic studies. Finally World War II interrupted our
joint work. It came to an end also for the reason that just
before the war the radiosonde technique was developed and
it became possible to operationally get synoptic information
about the conditions in the free atmosphere; earlier it natu-
rally took us a long time to get the equipment back and the
results analyzed. Collaboration was impossible during the
war and I had to temporarily leave research because I had
many other things to carry out, especially since I had become
director of the Institute of Marine Research.
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1. Introduction

Reggie Sutcliffe joined the U.K. Meteorological Office as a
professional assistant in 1927 with an undergraduate degree
in mathematics and a Ph.D. in statistics. The Meteorological
Office, at that time, was a place where research was not seen
as part of the job. The new recruit was not very impressed
with what he saw about him (Sutcliffe, 1981-83).

After one year in London, Sutcliffe was posted to a
forecasting outstation on Malta. By a stroke of good fortune,
Tor Bergeron was at that time in the middle of a six-month
stay in Malta sponsored by the U.K. Meteorological Office to
study Mediterranean weather in the light of the Norwegian
ideas. Sutcliffe had the benefit of seeing one of the masters at
work and interacting with him. This was particularly benefi-
cial because the Norwegian ideas were slow to gain accep-
tance by the forecasters in the United Kingdom: fronts did not
appear in the Daily Weather Report until 1933. However,
Sutcliffe was certainly influenced by his contact with the
Bergen school. The success of the Norwegian frontal cyclone
model and the need for such “mental models” was a recurring
theme in his work (see, e.g., Sutcliffe 1948a).

Just as for V. Bjerknes and the Bergen school, the
underlying drive in Sutcliffe’s work was weather forecasting.
“I regard prediction as the ultimate test of science and
forecasting as the greatest discipline in meteorology” (Sutcliffe
1948b). He loved the challenge of the forecast problem. “As
in all synoptic work the method must be to mould the whole
model around the incomplete scaffolding of observations
using theory, experience, flair, scientific judgement or even
aesthetic sense to provide something which hangs together”
(Sutcliffe 1942). Like V. Bjerknes before him, Sutcliffe
stressed the need for a firm scientific basis. “The need for
some dynamical or thermodynamical appreciation of the
forecasting problem cannot be over-stressed. Present meth-
ods of general forecasting place great reliance on. . . extrapo-
lating without much understanding of the physical process”
(Sutcliffe 1947).
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The mathematical analysis that Sutcliffe performed in
the 1938-1947 period was a rigorous derivation of basic
quasigeostrophic theory. However, it was clear that he re-
quired as the product of his mathematics not just an elegant
theory but one that would be of practical use to forecasters.

The mental model of middle latitude synoptic develop-
ment he created was a great advance and has been of lasting
value.

2. The Late 1930s

Sutcliffe returned to London in 1935 and was posted to a
Royal Air Force station in 1937. He soon saw the need to
explain the basic ideas and was given six months leave to
write Meteorology for Aviators (Sutcliffe 1938b). This gave
him an opportunity to think about the flow of the atmosphere
in depth and its relevance for both surface- and aircraft-level
weather forecasting. Sutcliffe, as he later recalled (Sutcliffe
1981-83), was dissatisfied with cyclogenesis arguments based
on the hydrostatic equation. He noted (Sutcliffe 1939) that a
depression, far from being caused by a light stratosphere, was
actually associated with a high tropopause pressure. He also
felt that “the Norwegian theory . . . told us nothing about the
dynamics. They told us that warm air went up cold fronts and
cold air undercut the warm air, but not why” (Sutcliffe 1981
83). He realized that the basic question was one in hydrody-
namics: How did the circulation develop? He also considered
that the concentration was all on cyclones. It was known that
there was subsidence in anticyclones, but there was no idea of
the three-dimensional field of motion. “You wanted the field
theory—not the theory of depressions but the theory of the
circulation of the atmosphere” (Sutcliffe, 1981-83).

In Part I of his 1910 book, V. Bjerknes had mapped the
atmosphere on 100-mb pressure levels up to 300 mb and
introduced the idea of thickness. The regular use of upper-air,
pressure-level, contour, and thickness charts was introduced
by the Deutsche Seewarte in 1934, and in the same year,
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Scherhag (1934) originated what became known as his diver-
gence theory. The proposition, which was a development of
the ideas of Dines (1914 and 1925), was that divergent upper
winds must produce in general a fall of pressure if they are not
compensated by a strong convergence below. Sutcliffe ap-
preciated the argument but pointed out (Sutcliffe 1938a) that
the geostrophic wind is non-divergentand that there appeared
to be some confusion in the applications by Scherhag and
others between horizontal divergence and difluence in the so-
called delta region of the upper flow.

Sutcliffe’s own ideas emerged in his 1939 paper on
cyclonic and anticyclonic development. In this paper he
noted the importance of the study of Brunt and Douglas
(1929) relating surface pressure change, nongeostrophic
isalobaric wind, and lower tropospheric convergence and
divergence. He also noted the implication from the work of
Brunt (1939) that descent and lower tropospheric divergence
in an anticyclonic region must be compensated by conver-
gence elsewhere in the column.

Sutcliffe then made the vital deduction that cyclonic
development must be associated with lower tropospheric
convergence and upper tropospheric divergence with only a
small residual between them. The opposite would hold for
anticyclonic development. He was thus able to make the giant
step from previous ideas with the proposition that the diagno-
sis of surface pressure development was best performed by
investigating the difference between upper and lower tropo-
spheric divergence. In p coordinates and modern notation, he
proposed consideration of a development indicator:
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using a two-layer approximation. In a simple situation D
being positive is associated with ascent and low-level cre-
ation of cyclonic vorticity by stretching.

Sutcliffe then pursued the hydrodynamics of the problem
by investigating the divergence of the ageostropic wind at
each level using the horizontal momentum equations. He
proposed the use of the facts that the divergence is associated
purely with the nongeostrophic wind, and that the latter is
proportional to the acceleration and directed at right angles to
it:
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Thus D=V0(vagU 'VagL)’ “)
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where A= (Dv/Dt)U ~(Dv/Dx) L (6)

He then took v to be the wind just above the friction
layer (i.e., the low-level geostrophic wind), and set

VU=VL tTvg.

Sutcliffe did not like the term “thermal wind,” and thus
called v, the “shear,” although he related it directly to the
thermal gradient. It follows that Eq. (6) may be written
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where the final material derivative is taken moving with the
upper flow.

Sutcliffe (1939) then considered the implications of the
two terms in Eq. (7) on the differential ageostrophic motion,
Eq. (5), and thus on his development indicator D, Eq. (4). He
called the first term the shearing term. He deduced that for a
thermal wind oriented across the low-level trough (Fig. 1)
this vector would be poleward and “the corresponding . . .
geostrophic departure therefore is perpendicular to the trough,
opposing v,. This implies upper divergence ahead of the
trough and upper convergence behind, that is surface conver-
gence ahead and divergence behind.” Dis positive ahead and
negative behind, implying movement of the system in the
direction of the thermal wind.

Sutcliffe (1939) referred to the second term in Eq. (5) as
the thermal development term. He then considered the cases
of diabatic heating, and increasing thermal gradients by
confluence and shear (his cases 4, 5 and 6, respectively).

Diabatic heating leads to anticyclonic v, upper
ageostrophic winds outwards, upper divergence, lower con-

shearing
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FiG. 1. The shearing term in Sutcliffe's theory. The shear v  crossing the
low-level pattern leading to a shearing term along the trough, ageostrophic
motion toward the rear (solid arrowhead), convergence and divergence,
and vertical motion.
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Fic. 2. Sutcliffe's Case 5, the thermal development term, warm air
moving toward cold leads to an accelerating shear, ageostrophic motion
toward the cold air (solid arrowhead), convergence and divergence, and
vertical motion.

vergence and cyclonic development. This agreed with previ-
ous work.

Sutcliffe’s verbal description of the result of confluence
in a thermal pattern may be visualized as in Fig. 2. He
described how, associated with the crowding of the iso-
therms, the upper level “geostrophic departure is directed
from warm towards cold giving in the upper air convergence
towards the colder side, divergence in the warmer side, and
requiring as a necessary accompaniment, low-level diver-
gence on the colder side and convergence on the warmer
side.”

The thermal shear discussion given by Sutcliffe identi-
fies the winds from warm to cold with cyclonic development.

Sutcliffe finishes by noting the complexity of the prob-
lem and “the possible importance of convergence and diver-
gence, vertical motion and thermodynamical processes in
determining the thermal development.”

In order to relate Sutcliffe’s analysis to modern theory,
we assume a simple vertical structure and write the shear term

v e Vv, =(Ap/f)BIv/as, 8)

where the baroclinicity B = |VB|, with

B=RVO=Kkx f(ov/dp),

s is along the thermal contours, and v is the wind at any level.
In terms of the O-vector studies of Hoskins et al. (1978) and
Hoskins and Pedder (1980), the contribution to (f%/Ap) times
the differential ageostrophic velocity (Eq. 5) is seen to be

Bk x v =-Q, )]
ds
this being the form of Q given by Hoskins (1982).

The thermal term and its contribution to (f2/Ap) times the
differential ageostrophic velocity is, using the simple vertical
structure, quasigeostrophic theory and the thermodynamic en-
ergy equation,
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where 6 represents the diabatic heating and 62 = —Rd6/dp

is the static stability. By collecting together Egs. (2), (4), (9),
and (10), we have
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Rearranging gives the omega equation
292, 2070 V24
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Thus the following points are seen about Sutcliffe’s

analyses in this seminal paper:

» The shear term was a simple two-layer version of
the Q-vector in the form later given in Hoskins
(1982).

* The Q in the thermal term was qualitatively dis-
cussed in particular in both the idealized confluence
and shear cases. However, no relation with the
shear term was noted.

* Theclear discussion of the frontal circulation in the
confluence case came some 20 years before the
detailed analyses of Sawyer (1956) and Eliassen
(1959), which also included advection by the
ageostrophic circulation.

» The quasigeostrophic response to diabatic heating
was correctly analyzed.

* Apart from in his final comments, the adiabatic
warming and cooling term, 62V?w, was neglected,
largely because this was seen as part of the answer.
In fact, the elliptic nature of the omega equation
means that this usually gives only a quantitative,
not qualitative, error in the vertical motion. Sumner
(1950) later noted 