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N RECENT YEARS air m a s s analysis

I

has been widely accepted by meteorologists on this continent as a
basis f o r the study and forecasting
of the weather. One of the fundamental conceptions of this method is
the theory that cyclones form as
waves at surfaces of discontinuity
between air masses of different origin
and history which, consequently, have
different physical properties, e.g.,
temperature and humidity.
The practical side of air mass
analysis has been represented in this
journal by Namias, Willett and others1.
The theoretical questions, whether
waves actually can occur at such
surfaces of discontinuity and whether
these waves have any resemblance to
the nascent cyclones observed in the
atmosphere, have only been touched
slightly in those articles. They are,
naturally, of secondary interest to
the practical meteorologist.
THE, PROBLEM

Perhaps it might be argued that a
mathematical study of the possibility
of cyclonic waves is just a fruitless
pastime without any practical value.
Are not cyclones in their earliest
wave-like stages found on almost
every weather map? However, before

the Norwegian school of meteorology
conceived their idea of the origin of
cyclones as waves at frontal surfaces,
no such phenomena were noticed. If
something appeared on the map which
today would be interpreted as a
frontal wave it certainly was formerly
never recognized as such. And even
now the wave theory of cyclones is
not generally accepted. Thus there
can be no doubt that the theory of
the origin of cyclones as frontal
waves can be strengthened and accepted only if it is proved that such
atmospheric oscillations are actually
possible and do occur more or less
generally in the atmosphere.
Furthermore, the quantitative relations between length and velocity
of the cyclonic wave and temperature
and wind discontinuity at frontal surfaces can only be obtained by the
mathematical theory. The verification
of such formulae by observations
would represent the real check on
the theory. Quantitative relations are
further necessary since there exists
sometimes a tendency to interpret
weather situations without regard to
•Carnegie Fellow, University of Toronto;
and Research Associate, Blue Hill Observatory.
x Namias, Willett, et al:
An Introd. to the
Study of Air Mass Analysis, BULLETIN, JuneJuly, 1936, 84 pp.

Unauthenticated | Downloaded 01/09/23 03:26 AM UTC

the obvious numerical impossibility
of the proposed explanation.
Thus the wave theory of cyclones
presents a definite hydrodynamical
problem to the theoretical meteorologist. He has to show that at frontal
surfaces such as we observe in the
atmosphere, waves can
originate
which have the characteristic qualities of the cyclonic frontal waves
which are found on the maps; they
must possess a similar wave-length
and velocity of propagation, and the
motion of the air particles in the
computed wave must agree with the
air motion in the observed nascent
cyclones. Another very important
point is that these waves must be
unstable, i. e., their amplitude, at
first very small, must increase with
time until the cyclone loses its wave
character and becomes a vortex. The
later vortical stages of the life history of a cyclone (when the warm
sector occludes) have not yet been
attacked theoretically owing to the
extreme difficulty of the mathematical treatment. But the nascent waveform has already been dealt with
very thoroughly from a mathematical
viewpoint. While it must be admitted
that much still remains to be done
on the mathematical analysis of the
young cyclone, as will become apparent later, it has been proved,
mainly by H. Solberg 2 ), that waves
postulated in the Norwegian (wave)
theory of cyclone formation can and
must exist in our atmosphere.
In the following the results of the
mathematical theory will be represened in a descriptive form. Readers
who desire to study the complete
theory are referred to "Physikalische
Hydrodynamik" by V. Bjerknes and
his collaborators 2 ). Here will be des2 Bjerknes, V., Bjerknes, J., Solberg, H., and
Bergeron, T . : Physikalische Hydrodynamik.
Berlin, 1933, pp. 565-621 ; Hydrodynamique
Physique. Paris, 1934, 3 vols., Chapt. 14,
(vol. 2 ) .

cribed the various types of waves
which originate in a liquid or a gas
due to different causes, and it will
be shown how these different causes
act together in the atmosphere to
give origin to the cyclonic waves. In
this way we follow somewhat the
same line of attack as used by the
theoretical meteorologists. Owing to
the complexity of the problem it has
been necessary first to disregard some
of the influences acting upon the
waves in order to study somewhat
simpler conditions.
GRAVITY WAVES:

A well known type are the waves
at a water surface, or, to be more
accurate, the waves at the boundary
between water and air. For wave
motions of this type, the gravity of
the earth is the controlling force
(disregarding the small ripples which
are subjected to capillary forces).
To understand better the physical
process in a gravitational wave consider a mass of water which is lifted
upwards from the original position
of equilibrium by a disturbance.
This quantity of water has thus acquired a certain potential energy.
While falling back to its original
place its potential energy is transformed into kinetic energy of motion.
The velocity increases until the water
passes through the equilibrium position. However, it does not come to
rest but owing to the acquired velocity continues to move downwards
until the kinetic energy is transformed again into potential energy.
Then the mass element reverses its
direction of motion and ascends. In
this way a wave motion is set up
which is damped out gradually only
by friction. This description applies
to standing waves since it takes only
vertical motion into account. For
progressive waves it would have to
be modified slightly. Moreover, it
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is not quite satisfactory to single out
one mass element and neglect the
motion of the surrounding water
masses. These defects not withstanding, it shows that there is always a
transformation from kinetic to potential energy and back in a gravitational wave, analogous to the oscillations of a pendulum.
Similarly, the internal waves at
the boundary between two fluid layers
of different density are gravitational
waves. Waves of the gravitational
type are stable as long as the original
density distribution is stable. Unstable stratification is rarely found
in the earth's atmosphere except near
the ground, for obvious reasons.
Therefore, gravity alone tends to
generate stable waves.
COM PRE SIS IB ILIT Y

The compressibility of water is
comparatively small so that it can be
neglected in most cases. Atmospheric
air, on the other hand, has a high
degree of compressibility. Under the
influence of compressibility alone
sound waves are obtained. The influence of compressibility on atmospheric wave motions does not give
rise to unstable waves as long as the
lapse rate of temperature is below
the adiabatic, or for saturated air
the moist adiabatic. The considerations which lead to this conclusion
are well known, and were given elsewhere in this journal*).
SHEARING

or in other words, the wave is more
unstable the smaller the wave length.
Since the existence of this type of
wave is due to the wind discontinuity
or to the shear of the wind, it will
be called a shearing wave here, and
we shall speak of shearing instability.
In the atmosphere, hardly ever do
we observe a shearing discontinuity
which is not associated with a temperature inversion and therefore a
density discontinuity.* When this is
the case, waves at the surface of discontinuity must be of a mixed type,
since the stabilizing gravitational
effect and the unstabilizing shearing
effect act at the same time. For
small waves the unstabilizing effect
of the wind shear overcompensates
the stabilizing effect of stratification
and the waves are unstable. As we
pass on to longer waves we come into
a region where the stable stratification is more effectual than the shearing instability. So now we are in the
region of wave lengths f o r stable
waves. The limit between shorter
unstable waves and longer stable
waves lies at a wave length of at the
most a f e w km under atmospheric
conditions. It varies of course with
the order of the wind and temperature discontinuity. It will be seen
from this discussion that the unstable
waves of about 1000 km length required by the cyclone theory are not
obtained when only the influence of
gravity, compressibility and wind
shear are considered.

WAVES

If a wind discontinuity is present
in an otherwise homogeneous fluid,
waves are possible at this surface.
These waves are always unstable in
contrast to the wave types we have
mentioned so far, which were only unstable if the stratification of the fluid
or the gas was unstable to begin with.
The computation shows that the amplitude increases more rapidly with time,

INERTIA

WAVES

In order to find waves which resemble the nascent cyclones of the
weather map the effect of the earth's
rotation has to be taken into account.
To understand fully the importance
•Even if no temperature inversion is present
there is still a certain degree of stability as
long as the vertical temperature gradient is
less than the adiabatic.
3 Namias, op. cit., pp. 2-6.
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of the earth's rotation upon atmospheric wave motions we start out
with a simple problem which at first
seems quite devoid of any meteorological application. Owing to its fundamental significance it will be necessary to deal with this case somewhat
in detail.4) If a hollow cylinder is
partly filled with water and completely closed, then set in rotation
around a central vertical axis, the
surface of the fluid which at rest was
horizontal will become parabolic.
When the rotation is sufficiently fast,
the water is pressed completely
against the cylinder walls so that
the liquid has a practically cylindrical shape. The gravitational force is
so much smaller than the centrifugal one that its effect is unnoticeable
when the rotation is sufficiently fast.
Instead of the horizontal surfaces of
liquids as ordinarily observed in
nature under the vertical action of
gravitation, the fluid in the rapidly
rotating cylinder has a practically
vertical surface due to the horizontal
action of the centrifugal force. If
this vertical surface is subjected to
a small disturbance a wave motion
will originate. This is quite analagous
to the case of gravitational waves on
a horizontal surface of water, but
in that case the energy of the wave
motion was gravitational. In the
present case of a rotating cylinder
the centrifugal force replaces the
gravitational force. Since the centrifugal force is due to the inertia of
the mass this type of waves is called
inertia waves by V. Bjerknes and H.
Solberg. 4 )
The existence of inertia waves in
a rotating fluid can also be demonstrated by an elementary computation. If a homogeneous incompressible fluid like water is enclosed be4 Bjerknes,
V. and Solberg, H . : Zellulare
Tragheitswellen und Turbulenz, Avh. Norske
Vid. Akad., Bd. I, Math.-Nat. Kl., no. 7, 1929,
pp. 1-16.

tween two rigid walls which are infinite in horizontal direction it can
easily be shown that no wave motion
is possible as long as the fluid system
does not rotate. As soon as the rotation is taken into account, as is
necessary f o r the large scale atmospheric motions on the rotating earth,
it is found that now a wave motion
is possible with a period longer than
half a pendulum day. (A pendulum
day is equal to 24 sidereal hours divided by the sine of the geographic
latitude, this being the time required
f o r the swinging plane of a pendulum on the rotating earth to return
to its initial position.) Only the angular velocity of the earth's rotation
and not the acceleration of gravity
appears in the relation between velocity and length of this type of waves,
indicating that they are inertia waves.
Some remarks on stability and instability of inertia waves are necessary in order to see their significance
f o r the wave theory of cyclones. To
choose the simplest case, which shows
the principle clearly enough, it may
be assumed that a fluid mass rotates
around a vertical axis with an angular velocity q which is constant f o r
the whole fluid. If the fluid is enclosed between rigid horizontal boundaries and situated at either pole of
the earth we have just the case considered in the previous paragraph.
The constant angular velocity of the
fluid is equal to the angular velocity
of the earth's rotation. An observer
on the earth does not observe this
"absolute" velocity since he takes
part in the rotation of the earth.
The "absolute" velocity v at the distance r from the center is
v — q.r
From the principles of mechanics
it is known that the angular momentum vr — q.r2 of an individual particle remains constant. Thus, if a particle is pushed away from the axis, say
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from the distance r to r -j- s, then the
constancy of the angular momentum
requires that this particle in its new
position must have a smaller angular
velocity q1 which is given by
qr* = q1 (r + s)2
while the angular velocity of the surrounding fluid masses at the distance
r + s is q as before.
The centrifugal force acting on the
displaced particle is
q'2(r + s) = q*-I-—
= q>r( 1 - 3 - 1 )
(r-fs 3 )
r
approx.
while the centrifugal force in the surrounding fluid at the same distance is
greater, namely,
q2(r+s)
Thus the displaced particle has a
deficit of centrifugal force which
drives it back to its original position
where it is in equilibrium with its
surroundings. Similarly when a particle is displaced towards the axis it
obtains a surplus of centrifugal force
as compared to the surrounding fluid
and will again move towards its initial position. Thus the origin of inertia waves is easily understood. If a
particle is displaced outwards from
its equilibrium position it is driven
back to this position. But while moving back to the equilibrium position
it acquires kinetic energy so that it
approaches the axis of rotation more
closely than before the disturbance
until the surplus of centrifugal force
which the particle gains in approaching the axis overcomes the kinetic
energy and reverses the direction of
motion again. The process is completely analagous to the wave motion
in the atmosphere in stable equilibrium, except that there the deficit
or surplus in weight as compared to
the surrounding air plays the role of
the centrifugal force.
E A R T H ' S ROTATION

It is obvious from the previous
considerations that inertia waves in

a fluid rotating with constant angular velocity are stable. If our atmosphere were at rest with respect to
the surface of the earth, it would
appear to an extra-terrestial observer
to rotate with constant angular velocity around the earth's axis. In reality, owing to the different winds in
the atmosphere, or, in other words,
to atmospheric motions relative to
the earth, the atmosphere does not
have strictly speaking a constant
angular velocity. However, closer
inspection shows that the wind distribution in the atmosphere is such
that inertia waves of the dimensions
of cyclonic waves are always stable.
With Bjerknes and Godske5) we may
call this the "dynamic stability" due
to the earth's rotation, while the
stability of the gravitational waves
in the earth's atmosphere might be
termed "static stability".
Another important effect of the
earth's rotation is the following. In
purely gravitational waves the motion
of the fluid particles takes place in a
vertical plane, for the direction of
the gravitational force is vertical. The
deflecting force of the earth's rotation, on the other hand, acts perpendicular to the earth's axis. Thus it
acts purely vertically only at the equator. At the pole it is directed horizontally, but at all other latitudes it
is inclined to the horizon, so that we
can speak of a horizontal and a vertical component. The vertical component generally can be neglected in
meteorology since its direction coincides with the far greater acceleration of gravity. The horizontal component of the deflecting force of the
earth's rotation causes an inclination
of the plane of motion with respect to
the vertical. The inclination is larger
the greater the motion; thus in the
5 Bjerknes, J. ; and Godske, C. L . : On the
theory of cyclone formation at extra-tropical
fronts, Astrophysica Norvegica, Vol. I, no. 6,
1936, pp. 218-219.
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long cyclonic waves the motion is
predominantly horizontal, while in
the small billow clouds it is vertical.
CYCLONIC

WAVES

Now that the different factors
which cause and influence wave motion have been considered separately
it can more easily be understood how
they act together to produce the cyclonic waves.
It was stated that according to the
Norwegian wave theory we have
frontal surfaces between air masses
of different density (temperature,
moisture content). Due to the different densities on opposite sides of the
frontal surface the pressure gradients
and consequently the winds are likewise different; these are observed
facts. The observations also indicate
strongly that the cyclones originate
from unstable waves on such frontal
surfaces. The possibility of unstable
waves with the characteristic dimensions and motions found in nascent
cyclones, however, has to be proved.
The theory shows that very small
waves are unstable up to a length of
a f e w 100m, or, if the vertical stratification is not very stable, a f e w km.
Exact figures can not, of course, be
given as long as the density and
wind distribution are unknown. The
limit between stable and unstable
waves depends on the lapse rates of
temperature in both air masses, and
on the temperature and wind discontinuities at the frontal surface.
But it can be stated that for sufficiently small waves the shearing instability (wind discontinuity) is more
effective than the gravitational stability. In other words, very short
waves are unstable and have more
the character of shearing waves than
of gravitational waves. For the theory
of the cyclone these waves are evidently far too short. When the waves
are longer the stabilizing influence

of gravitation becomes more pronounced so that beyond a certain
critical wave length the waves will
be stable, because the stabilizing influence of shearing decreases with
increasing wave length and is overcompensated by the stabilizing effect
of gravitation. The gravitational-wave
character is now predominant. Billow clouds are waves of this type.
The wave length of billow clouds
is the greater, the smaller the temperature discontinuity. From this it
has been concluded that the wave
theory of cyclones breaks down since
wave lengths of the order of 1000
km could only exist for infinitely
small temperature discontinuities and
impossibly large wind discontinuities,
according to the formula f o r billow
clouds. The fallacy of this objection
can now be seen immediately. In the
investigation of waves of this type
the influence of the earth's rotation
is neglected and can be neglected
owing to their small dimensions. But
waves of cyclonic dimensions are
greatly modified by the rotation of
the earth around its axis.
Thus, the wave motion becomes
with increasing wave length more and
more inclined to the vertical under
the influence of the deflecting force
of the earth's rotation. This leads
to the formation of unstable waves
in the following way. The stable
character of gravitational waves in
the earth's atmosphere depends on
the difference between the weight of
the oscillating particle and that of
its surroundings and thus on the vertical component of the oscillation.
Consequently, as the waves become
longer and the wave motion more
horizontal the stabilizing effect decreases, since the vertical component
of motion decreases. The computation shows that waves whose length
is of the order of 1000 km are unstable.
At such wave-lengths the shearing in-
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stability is greater than the gravitational stability (which is small) owing
to the almost horizontal motion of
the particles. But with still longer
waves the shearing instability becomes smaller than the dynamic stability caused by the earth's rotation
and therefore, such waves become
stable again.
It is obvious that the only waves
which may be regarded as cyclonic
are the unstable ones whose length
is of the order of 1000 km. They
are of a mixed type because, in addition to shearing instability, gravitation and inertia act upon them.
The mathematical analysis also
shows that these waves have velocities of the order of magnitude observed in nascent cyclones, that the
velocities are generally directed eastwards, and that the motion of the
air is of the type found on the
weather chart. Therefore, we can
say that the theory shows that the
formation of a cyclone from waves
not only is possible but must occur in
the atmosphere because the waves
are frequently unstable and therefore form spontaneously. Of course,
stable waves also occur; if they are
much shorter than cyclonic waves
they are observed as billow clouds,
ceiling fluctuations, and microbarometric oscillations, and if longer than
cyclonic waves (and thus stable again
owing to the stabilizing influence of
inertia) they appear as flat frontal
waves like young cyclones, but never
develop into mature cyclones.
The theoretical investigation of
cyclonic waves shows further that the
velocity of propagation consists of
two terms. Their physical significance
is understood most easily by considering a wave on the surface of a
river. The propagation of such a
wave is partly due to the bodily transport of the oscillating water masses
by the flow of the river, the "con-

vective" term, and partly due to the
motion of the wave relative to the
water, the "dynamic" term. Similarly, the first term in the expression
f o r the wave velocity at a surface of
discontinuity is due to the mean motion of both air masses. It simply
indicates the fact that the wave is
transported passively due to the undisturbed motion of both layers. This
part of the total velocity of propagation is therefore called the "convective" term.
The second term
which is due to the dynamical processes of the wave motion is referred
to as the dynamic term.
REMAINING

PROBLEMS

While the wave theory is sufficiently far advanced f o r one to say
with certainty that cyclonic waves
occur in the atmosphere, much remains to be done yet. The investigations so far have been dealing with
wave motions at the boundary between isothermal air masses, because
isothermy gives equations which are
easier to handle than equations which
take the usual linear temperature
gradient into account. But isothermal
lapse rate implies, obviously, a larger
stability of atmospheric stratification
than is ordinarily found, so the numerical results will have to be modified. Notable advances in this direction have recently been made by H.
Solberg. 6 ) Furthermore, note that a
sharp discontinuity of wind and temperature is assumed in the theory
while in reality a narrow transitional
zone exists in which the elements
change rapidly but continuously. It
has been shown, however, that the
wave is practically the same whether
there is a sharp discontinuity or a
transitional zone, provided that the
thickness of the transitional zone is
9 Namias, op. cit., p. 28, equation
(1).
wegungen in einer Atmosphare mit nach oben
abnehmender Temperatur, Astrophysica
Novegica, vol. 2, no. 2, 1936, pp. 123-172.
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200
small compared with the wave length 7 ).
This condition is always fulfilled f o r
cyclonic waves.

FIG.
1.
VERTICAL
CROSS
SECTION
THROUGH A SYSTEM OF T W O
AIR
MASSES WITH PARALLEL BOUNDARIES
SEPARATED BY A SURFACE OF DISCONTINUITY,
AS
CONSIDERED
BY
THE
THEORY. T H E BOUNDARIES AND THE
SURFACE OF DISCONTINUITY ARE I N CLINED AGAINST THE SURFACE OF THE
EARTH.
FIG.
2.
VERTICAL
CROSS
SECTION
THROUGH THE ACTUAL POSITION OF
W A R M AND COLD A I R MASSES RELATIVE
TO THE SURFACE OF THE E A R T H .
FIG. 3 . S A M E AS FIG. 1 WITH A STREAM
SURFACE W H I C H R U N S PARTLY HORIZONTAL.
OVER THIS APPROXIMATELY
HORIZONTAL AREA (INDICATED BY THE
RECTANGLE)
THE STREAM
SURFACE
M A Y BE REGARDED AS THE SURFACE OF
THE E A R T H .

A certain deficiency of the wave
theory of cyclones in its present state,
which we tactfully have not men-

tioned so far, is the assumption that
the lower cold layer and the upper
warm layer have boundaries parallel
to the frontal surface (Fig. 1). In
reality, the frontal surface intersects
the surface of the earth so that the
cold mass has the form of wedge
(Fig. 2 ) . Solberg 8 ) has given some
preliminary results but the problem
is so extremely difficult that until
now a somewhat round about approach has been used. Waves of the
cyclonic type in the layers parallel
to the frontal surface and therefore
inclined to the horizontal according
to Margules' formula 9 ), have been
studied. It was found that some of
the "stream surfaces" along which the
motion of the air particles takes place
are practically horizontal planes f o r
an extent of about 2000 km or
more (Fig. 3 ) . Now a stream surface can be assumed to be rigid,
since according to the definition of
a stream surface the motion is parallel to it. If we let the stream surface in Fig. 3 becomc solid and regard it as the surface of the earth a
very close analogy to the atmosphere
is obtained in the region near the
intersection between stream surface
and surface of discontinuity. The
cold air lies like a wedge under the
warm air and the wave motion near
the surface is almost parallel to the
solid horizontal stream surface, which
may be identified with the surface of
the earth. Farther away from the
frontal surface the agreement with
reality is of course less satisfactory,
since the curvature of the solidified
stream surface will be stronger. But
the intensity of the wave decreases
with the distance from the surface
of discontinuity. The field of motion
'Haurwitz, B.: Zur Theorie der Wellenbewegungen in Luft und Wasser, Veroffentl. d.
Geophysikal. Inst. Univ. Leipzig,
Spezialarb.,
Ser. 2, Vol. V, no. 1, 1931, pp. 52-53, 73-74.
8 Solberg, H . : Integrationen der atmospharischen Storungsgleichungen ( I ) , Geofys. Publ.,
vol. V , no. 9, 1928, pp. 104-120.
p Namias, op. cit., p. 28, equation
(1).
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is dynamically most important at the
front, and loses its significance comparatively rapidly in lateral and vertical directions. Therefore the method
of assuming solidification of a horizontal stream surface is more satisfactory than might appear at first.
Nevertheless it will be necessary
to solve directly the problem of a
wave motion at a frontal surface inclined to the surface of the earth,
especially in order to obtain reliable quantitative criteria to decide
whether an observed wave is stable
or unstable.

Finally, cyclonic waves have thus
far been investigated only on a rotating plane. Considering their dimension, however, it is to be expected that the curvature of the earth
has a certain influence. In this respect also much remains yet to be
done. But the possibility of cyclonic
waves in our atmosphere can be regarded as proven in spite of these
gaps in the theory, and it can safely
be said that objections to the wave
theory of cyclones result from insufficient knowledge of the theoretiial investigations.

Isentropic Analysis
C . - G . ROSSBY AND COLLABORATORS*
Massachusetts Institute of Technology, Cambridge
(MS

received June 80, 1937)

N A STUDY published in 1932 1 the

I

author presented a simple graphical method f o r the identification
and classification of air masses by
means of two fairly conservative and
at the same time dynamically significant elements, potential temperature
and specific humidity. The graphical
representation suggested f o r this purpose (the equivalent-potential-temperature diagram) was never intended to compete with the multitude
of diagrams developed for the evaluation of meteorograph soundings or
f o r the determination of available
convective energy. Its entire value
depends upon the assumption that in
active air currents, under certain
easily specified conditions, each element preserves its potential temperature. The ideas set forth below are
based on the same fundamental assumption.
In the troposphere, the potential
temperature normally increases upward at a rate of about five Centigrade degrees per kilometer. It increases southward at about the same
rate as the ordinary temperature.

Thus the troposphere may be subdivided in a great number of thin
isentropic strata (layers of constant
potential temperature) which gradually descend towards the equator.
The assumption of adiabatic motion implies that each element of air
remains in its proper isentropic layer.
To differentiate between the individual elements in a given sheet a
second indicator is required. This
need is met by the specific humidity,
which simply measures the water
vapor concentration in grams per
kilogram of moist air. Normally this
•Preliminary report on certain investigations now in progress at the Massachusetts
Institute of Technology. The first synoptic
analyses of isentropic flow patterns by the
method described below were carried out by
D. P. Keily, J. W. W. Osmun and J. Namias
in cooperation with the author. Isentropic
charts are now analyzed daily under the direction of J. Namias and H. C. Willett. Model
experiments for the study of current patterns
in rotating systems are conducted by A. F.
Spilhaus with the aid of a grant from the
Woods Hole Oceanographic Institution. The
theoretical investigation of the effects of isentropic mixing was initiated by the author and
is now continued by J. Holmboe, G. Grimminger and others.
1 C.-G. Rossby: Thermodynamics Applied to
Air Mass Analysis, Papers in Physical Oceanography and Meteorology, Vol. I, No. 3, Cambridge, Mass., 1932.
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