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Atmospheric turbulence has been the subject of numerous studies in the Soviet Union in
recent years. Much of the work has been published, with the exception of experimental
studies in diffusion. Of the published material, some of the most important papers and
books have been translated completely or in abstract form, so that it is possible to get a
fair idea of recent Russian contributions without knowledge of the language.
Published research in atmospheric turbulence comes from four main institutes:
1) The section of atmospheric physics of the Academy of Sciences in Moscow has made,
in our opinion, the most significant contributions to our understanding of turbulence.
The leaders of the work here—Kolmogorov, Obukhov, Monin, Tatarski and Yaglom, are
primarily physicists. Some of the theories proposed at the Academy are now generally
accepted in the West, and form the basis of much research done here—particularly the
spectral law of Kolmogorov and the Monin-Obukhov similarity theory. The emphasis
in the research at the Academy has been on three subjects: structure of turbulence, the
low-level wind profile, and effect of turbulence on wave propagation. On the latter subject, Tatarski has written a book (1959) which is available in translation and which is the
only text on this subject. There is no lack of communication between the Academy personnel and Western meteorologists.
2) The Main Geophysical Observatory in Leningrad (GGO) contains a large number
of meteorologists (at least 50 writers) with interest in turbulence—the best known of
which are Budyko, Laikhtman, Vorontsov and Yudin. The interest of this group is in
more traditional meteorological subjects, such as the theory of the friction layer, the heat
budget, and meteorological aspects of turbulence encountered by aircraft. There appears to be little communication between the GGO and the West, and rather strangely,
between the GGO and the Academy. Although some of the theoretical work at the GGO
is imaginative and unusual, it tends to be rather artificial and unrealistic. On the other
hand, many extensive measurements were made by this group which are of considerable
interest.
3) Under the leadership of Pinus, meteorologists at the Central Aerological Observatory (Ts A O) near Moscow have made a number of important contributions to the analysis of turbulence at high levels, and to the problem of aircraft reaction to it.
4) A small group of research workers (about 20 writers) at the State Hydrological Institution (GGI) have been concerned mostly with field methods of measuring heat-balance
and water balance data. The most influential person in this group is A. R. Konstantinov.
The last three institutes are administered by the Chief Directorate of the Hydrometeorological Service, USSR.
In addition, considerable work in atmospheric turbulence and the heat budget has been
done by provincial organizations, but no outstanding results have been reported. However, Russian oceanographers have contributed some interesting studies which will be
briefly mentioned.
In general, instrumentation for measuring the characteristics of atmospheric turbulence
in the Soviet Union is quite similar to that used in the West. Perhaps the most striking
development in recent years has been that of small, sonic anemometers to measure vertical and horizontal wind components. Gurvich (1962a) made use of a path length of only
2.5 cm to measure vertical-velocity spectra, and Zubkovski (1962) designed a somewhat
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larger device to record fluctuations of wind speed. For temperature fluctuation measurements, the Russians have so far relied on small resistance thermometers; however,
soundings of mean temperature have been obtained by sonic thermometers with great
accuracy (Mordukhovich, 1962).
Russian specialists have access to a 300-m tower which is instrumented with wind, temperature and humidity sensors at 14 levels. Further, it appears from photographs that
each level contains instruments in quadruplicate at the four corners of the tower so that
good records are obtained for all wind directions. Although not many papers have been
published so far based on measurements on this tower, those that have (Ivanov, 1962;
Tsvang et aL, 1963) show that not only mean quantities, but turbulent fluctuations are
measured. So far, no fluctuation measurements at comparable heights have been reported in the West.
Although there appear to be no basically different instruments, more measurements
seem to be available in the friction layer above tower height than in the West—based on
various types of balloons and airplane ascents.
Finally, unlike here, much instrumentation has been designed to transmit, receive and
analyze sound waves for the purpose of understanding the structure of turbulence. For
a review of this instrumentation see Kallistratova (1962).
Profiles of wind and temperature in the surface layer (up to 10 ft or so) are generally
analyzed in accordance with the Monin-Obukhov similarity theory, which seems to work
well, at least in neutral and unstable air, and which is generally accepted in the West.
Nevertheless, some investigators at the GGO still make use of Laikhtman's profile equation, which is essentially the same as Deacon's, even though this description is clearly inferior. Further, they permit roughness to depend on stability!
Briefly, similarity defines a scaling velocity, u*, scaling length, L, and a scaling temperature, T*. If all quantities are nondimensionalized by use of these parameters, universal
functions between the nondimensional turbulence characteristics can be written, which
agree well with observations. Here u* is the friction velocity, proportional to the square
root of the stress; L is a length such that at heights small compared to L mechanical turbulence predominates, and at larger heights, heat convection is most important; and T*
is a quantity proportional to the vertical heat flux. All three scaling parameters can be
regarded as independent of height, under convective conditions. Vertical derivatives of
the nondimensional profiles are taken as independent of the ground roughness, so that
the roughness length appears only in the boundary condition at the ground—not in the
scaling process. The roughness of the sea has come in for considerable discussion as it
has in the west. According to Vinogradova (1960) it appears to depend on the ratio of
wave height to wavelength.
Similarity of the different profiles is generally assumed, which implies that the ratio of
the various exchange coefficients is independent of height. Generally, the exchange coefficients are assumed to be equal to each other, although Senderikhina (1961), after analyzing considerable material, favors a constant ratio of heat coefficient to viscosity of 1.3.
This is not too different from many Western results, except that there is now considerable
evidence that the ratio drops below one in very stable air, and may be considerably larger
than one in free convection.
As to the exact shape of the nondimensional functions, there is some agreement for
near neutral air, after considerable initial disagreement, but there are still discrepancies
with Western results at large negative Richardson numbers (see Gurvich, 1962b).
The academy group in Moscow has made few published attempts to study the wind above
the friction layer, except for a few, not very successful attempts to extend the concepts of
similarity theory to include the Coriolis parameter (Kazanski and Monin, 1961). Most
of the work in this field has been done at the GGO by Laikhtman and his collaborators.
The models generally extend the work by Yudin and Shvets (1940), in which the steadystate wind profile is derived by assuming that the eddy viscosity varies linearly with
height in a lower layer and is constant in an upper layer. This is called the "breaking"
model. In particular, the breaking model has been generalized for unstable air (Tseitin
and Orlenko, 1960), and an eddy energy equation has been introduced to complete the
system of equations. Since, however, this equation brings in additional unknowns, unrealistic assumptions have to be made about it.
81
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Since the breaking model disagrees with observations, the predictions of the relation
between surface stress, wind speed and direction and geostrophic flow are not too satisfactory; however, there exist many useful measurements of the observable parameters
predicted by the theories.
Not much attention seems to have been paid to temporal changes of the wind profile.
As late as 1961, Vorontsov rediscovered the low-level jet and claimed that it could not be
explained.
Even though the theoretical framework is unsatisfactory, there exist a number of climatological studies of the fields of wind and temperature in the friction layer, the most
complete of which, translated cover to cover, is that by Deviatova (1957).
ft is in the field of structure of atmospheric turbulence that Soviet workers have clearly
been world leaders. The famous — 5/3 law predicted by Kolmogorov for velocity spectra
at high Reynolds numbers was tested by Obukhov in the atmosphere already in 1951
and found to agree with observations. Since that time, the Kolmogorov predictions for
the shapes of the spectra and correlation functions (usually modified to structure functions by Russian workers) have formed the basis of Soviet research. It was also soon
realized that scalars follow power laws that are similar to those of wind components. In
order to bring in the interaction of mechanical turbulence and heat convection, Obukhov
and his coworkers then added the principles of similarity theory, which had been so useful in describing profiles near the ground.
Along with this theoretical framework went an extensive observational program for
measuring spectra and cross spectra. Published measurements of cross spectra are so far
rather crude; but spectra seem to be of good quality including measurements from towers
and low-flying aircraft. In particular, there exist several sets of measurements of temperature spectra (Tsvang, 1960 and 1962) which, to the authors' knowledge, are unique.
In general, observations of statistics of turbulence near the ground agree with the theoretical predictions. However, Soviet workers appear to be reluctant to test the limits of
their theories. For example, there is considerable evidence that wind direction fluctuations do not obey similarity theory which predicts that the effect of increasing height in
unstable air is the same as the effect of increasing the instability. Such conclusions are
not found in the Russian literature.
Above the surface layer, but still in the friction layer, there are measurements of velocity fluctuations—mostly of the vertical component. These have been obtained generally
by GGO personnel, and their analysis is done without regard to spectral techniques introduced at the academy. As a result, only the total variances can really be interpreted;
and even here, the information is entirely of descriptive character, with no theoretical
interpretation beyond crude associations with stability and surface features.
J u s t as
the West, there exists now a large literature on voluntary and involuntary experiments with high-level turbulence from aircraft. Books on clear-air turbulence have
been published by Pinus and Shmeter (1962) and by Pchelko (1962), and a book on convective clouds by Wulfson (1961).
In general, vertical accelerometers are the sensors, from which simple but unrealistic
methods allow estimates of variances of vertical motion and even of eddy viscosity. Sophisticated methods of estimating the velocity components have also been introduced but
so far few results have been published from such measurements (the same is true in the
West).
On the basis of accelerometer measurements, a good deal of turbulence statistics and
climatology of turbulence is available. Thus, for example, clouds of all types have been
explored, with no strikingly different results from those found here. Further, there is a
good deal of concern with clear-air turbulence (CAT), which is generally believed to be
associated with low Richardson numbers as it is here. There is considerable discussion
as to how the Richardson number should be measured, but no detailed case studies of
clear-air turbulence are available. Thus, the detailed synoptic characteristics of CAT
seem to be even less understood than they are here. However, it has been possible to
discriminate by Richardson numbers not only between CAT and no CAT, but also between light CAT and moderate CAT (Zavarina and Yudin, 1960). Some theoretical
models of the CAT region have been proposed by GGO personnel, but with a constant
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viscosity with height and an unrealistic energy equation, these models seem to be of little
value.
On the experimental side, however, Shur (1962) has published the first set of spectra of
CAT anywhere, showing that the Kolmogorov law holds for eddies less than 800 meters
in size. This suggests that CAT is true turbulence for short waves but may consist of
gravity waves for larger ones.
Pinus (1963) and his group have also begun to analyze records from Doppler-radar
equipped jets to study large, quasi-horizontal eddies which are of potentially great importance for isentropic spreading of atomic debris. Again, some agreement with the
Kolmogorov laws is indicated. (Similar analyses have been made here but are not yet
published.)
As mentioned in the introduction, personnel at the Academy under Tatarski have spent
considerable effort on gaining information about turbulence from scattered waves of
sound and light. Various types of geometry have been used; for example, sound scattered forward from an elevated mass of air, with source and receiver near the ground,
or the properties of fluctuations of light intensity were studied.
In general, the kinds of things measured were the intensity and spectrum of the scattered wave, phase variations and correlations between different receivers. Most observations (Tatarski, 1959) were compared with observations under the assumption that the
turbulence statistics obeyed the Kolmogorov law. Subject to this condition, measurements of temperature and wind profile (in the case of sound) and of temperature alone
(for light) permitted a prediction of the various characteristics of the scattered waves. In
general, the agreement with observations is remarkably good. It might be interesting to
see to what extent the agreement would deteriorate (if at all) if other assumptions were
tried. As they stand, all the observations confirm the hypothesis that only eddies in the
Kolmogorov range are important for scattering near the ground.
By way of contrast, the academy group has been less interested in scattering of microwaves by turbulence, although this subject has recently been reviewed by Tatarski and
Golitsin (1962). Only Gorelik at the TsAO and his coworkers (1962) have attempted to
use back scatter from chaff or cloud drops measured by Doppler radar to infer turbulent
motion. This work is parallel with research in this country—with, however, no cross
references between the groups.
A few Soviet writers have shown a considerable preoccupation with the problem of correctly formulating the laws of atmospheric diffusion. Notable among these are Monin,
Kazanski, Obukhov, Ozmidov and Yudin. An excellent summary of the diffusion problem, which includes a penetrating discussion of the correct mathematical formulation, is
contained in two papers by Monin, both of which are available in English (1959a,b). In
these and a series of earlier papers, Monin has advocated the use of a hyperbolic equation to replace the more conventional parabolic "semi-empirical" equation (see below),
on the basis that there exists a maximum speed of the turbulent motions which determines the speed at which the edge of the diffusing cloud spreads out. The prediction of
this theory that smoke plumes spread out vertically along straight lines, was observed by
Kazanski and Monin (1957), but we believe that if proper allowance had been made for
the increase of wind with height, the plume really spreads out more rapidly than the
hyperbolic equation would have predicted. A number of solutions of the hyperbolic
equation have been given by Monin (1956a) for the problem of the elevated point source
under varying conditions of stability of the surface layer, based on modern concepts of
similarity.
Except for this use of the hyperbolic equation by Monin, all the Soviet mathematical
predictions of diffusion are based on various forms of the parabolic equation
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which in all Soviet literature is referred to as the semi-empirical equation. In this equation, u, v, w are mean velocity components, q is the concentration of an arbitrary substance, and K , K , K are exchange coefficients of turbulent diffusion. Monin has justix

y

z

83
Unauthenticated | Downloaded 01/09/23 02:53 AM UTC

Vol. 45, No. 2, February 1964
fied the applicability of this equation when the scale of the eddies is small compared to
the dimensions of the diffusing cloud.
Yudin (1959) has given a thorough discussion of the heavy homogeneous particle
problem in an English paper. Besides lowering the center of gravity of the cloud, the
existence of a terminal velocity causes a failure of the particles to respond to the higher
frequency fluctuations of air motion and an effect of crossing trajectories which arises
because the particles' Lagrangian system differs from that of the air. The last effect always decreases the rate of particle dispersion. The ordinary mathematical theory of
diffusion is valid for heavy particles if the convective term is modified to account for
the lowering of the center of gravity of the cloud.
Obukhov (1959) has derived an equation similar to the semi-empirical parabolic equation by postulating that the evolution of a particle in a six-dimensional position-velocity
space is a Markhov process, and the equations governing the process are invariant with
respect to a Gallilean transformation. A result of this theory, which is applicable in
locally isotropic turbulence, is that the exchange coefficient is proportional to the 4/3
power of the average distance between the particles of a diffusing cloud. This result is
similar to that which was proposed by Obukhov and Richardson many years ago.
The basic correctness of this 4/3 power law has been discussed by several authors. Ozmidov (1957) concluded from experiments in a large basin of water that the 4/3 law is
valid only if the depth is small in comparison to the horizontal dimension of the basin.
In other experiments he confirmed the law's validity in the ocean (1958, 1959, 1960).
Monin (1955) has accepted the 4/3 power law as it applies to the prediction of the spatial
density of particles, but has criticized its use in the semi-empirical equation for the prediction of concentration.
In contrast to this thoughtful concern for the physical nature of the diffusion problem
is the general lack of regard for physical realism that is displayed by other theoreticians
at the Academy of Sciences. For the prediction of the surface concentrations of contaminants, for example, there have been at least seven papers since 1959 that are based
on the Fick equation, which results from the semi-empirical equation when terms like
(id/dz)K (dq/dz) are replaced by terms like K (d q/dz ). It is appropriate, of course, to
make any simplifications in the equation that are possible within the bounds imposed
by physical laws and the environment. But how can meaningful predictions of surface
concentration be expected when the well-known strong dependence of K on height is
disregarded? Others have been more concerned with realism, but except for Monin
(1956b), no one has taken realistic height variations of the wind into account in predicting near-surface concentrations.
The problems encountered with sinking mixtures have received considerable attention.
Generally the average terminal velocity is taken into account by adding a sinking velocity to the convective air velocity w in the semi-empirical equation, and the effect of the
dispersion of terminal velocities is accounted for by an appropriate increase of K or
by superimposing solutions for various terminal velocities according to an appropriate
frequency distribution. The form of the boundary condition which applies at the surface in the heavy sinking mixture case is
z
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z
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This equation simply states that the flux of particles through the level Zo is proportional
to the concentration of particles at that level. If there is a total reflection of particles at
the surface, p is zero; if there is total absorption p becomes infinite, and the surface concentration then falls to zero.
None of the theoretical papers dealing with point sources has paid any attention to the
effects of the initial buoyancy of heated mixtures.
Although no published attempt has been made to judge the accuracy of the mathematical solutions, one can scarcely avoid being impressed by the enormous complexity of
some of them and the methods used to obtain them. Having obtained these solutions,
the authors appear to have no concern in trying to interpret them so as to shed light on
the properties of diffusion, or to adapt them for practical computation of concentrations.
Anyone who would try to do this would certainly face a staggering amount of computa84
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tion, and one might ask why it would not be simpler to solve the equations numerically.
Such an approach would make it possible to use realistic equations and environmental
conditions without materially adding to the complexity of the solution. Such a method
is being used in this country, but we have seen no evidence of any use of computers in
the Soviet Union for the prediction of diffusion.
Attempts to verify the theoretical predictions by comparison with observation are conspicuous by their absence. Except for the qualitative study of smoke plumes made by
Kazanski and Monin (1957), observational studies of atmospheric diffusion are simply
lacking in the Soviet literature. This absence could hardly be due to a lack of interest
by the Soviet scientists, and we presume therefore that these studies are being made but
are being kept out of the published literature.
Although the heat balance and the water balance of the surface are in many ways distinct problems, the motivation, methods and application of Soviet studies have resulted
in such a thorough intermingling of the subjects that separate treatment of them here is
impossible. Soviet research in this area far exceeds our own with respect to the number
of people working in these problems, number of published papers, and percentage of
total research effort in meteorology and related geophysics. This work is strongly dominated by a few influential leaders, particularly Budyko and Laikhtman, and tends to be
less imaginative and diversified than the work reported in Western literature. Most of
the work is carried out in the GGO and GGI, and it is apparent that little attention has
been paid to other work being done in their own country or elsewhere in the world.
Two indirect instrumental techniques for measuring the turbulent heat flux have been
described by Aizenshtat (1961) and Rozenshtok (1961). The first is the "compensation
method" which works on a principle of measuring the heat transferred from a metal plate
in contact with the soil and another in contact with the air at a higher level. The other
is an analogue computer that receives electrical voltages from instruments that respond
to differences of temperature and humidity at two levels, together with the electrical outputs of instruments that determine the net radiation and soil heat flux, and yield either
the turbulent heat flux or the evaporation by solving the heat balance equation.
A detailed account of the methods of determining the turbulent heat flux in current
use by the GGO and GGI is given by Budyko (1956) in a book that won for him the
Lenin prize. The emphasis is on methods that yield climatological estimates from routine
meteorological observations. Budyko's integral coefficient is used in an adaptation of the
turbulent heat flux equation to give the turbulent heat flux from meteorological temperature observations at 2 meters and soil surface temperatures which are observed routinely at hydrometeorological stations. For use on numerous expeditions to lakes, deserts,
and ice islands, formulas have been derived from the heat balance equation and the assumption of the equality of the exchange coefficients for heat and water vapor, which
allow the heat flux and evaporation to be computed from measurements of the temperature and humidity gradients, using independent observations of the radiation balance.
There has been no indication of any attempt to use fluctuation measuring equipment by
the GGO or GGI.
For obtaining evaporation there are four methods in common use, all indirect: the
heat balance method, described above; the diffusion or gradient method based on a direct integration of the turbulent diffusion equation; the water balance method; and
evaporimeters (which are really a special case of the water balance method). We have
seen nothing in the Soviet literature anywhere (except for work on refractometers) to
indicate the development of any practical instrument to measure water vapor flux from
fluctuation measurements, such as has been done successfully by Dyer (1961) in Australia.
It is difficult to give any judgment on the value of the enormous amount of work that
has been carried out using these methods, because so much depends on how they are
practiced. Most GGI investigators are critical of the heat balance method as used by
the GGO. Struzer (1955, 1956, 1959) has taken the GGO to task for failing to appreciate
the enormous sampling error which results from using instantaneous temperature and
humidity readings at different levels (rather than averages) for calculating the gradients
required for the heat balance method. On the other hand Timofeyev (1958) of GGO
has been very critical of the GGI reliance on evaporimeters and their methods of deriving reduction factors. Perhaps the group at the Academy of Sciences in Moscow, by ig85
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results

Announcement of the newly elected officers and councilors of the American Meteorological Society was made at the 44th annual business meeting held January thirtieth on
the campus of the University of California, Los Angeles.
Dr. Philip D. Thompson, National Center for Atmospheric Research, Boulder, Colo.,
will serve as President of the Society for the two-year term of office, 1964-65. Professor
Phil E. Church, University of Washington, Seattle, Wash., will hold the office of Vice
President during this time. Reelected for the 1964 term are Professor James E. Miller
of New York University as Secretary of the Society and Henry DeC. Ward, Eaton &
Howard, Inc., Boston, Mass., as Treasurer.
Five councilors are elected also each year by the Society's voting members. For the
three-year term of office 1964-66, the following new members have been added to the
Council: Dr. Lester Machta, U. S. Weather Bureau, Washington, D. C.; Professor Seymour
L. Hess, Florida State University, Tallahassee; Vincent J. Oliver, U. S. Weather Bureau,
Washington, D. C.; Karl R. Johannessen, Headquarters Air Weather Service, Scott AFB,
111.; Eugene Bollay, E. Bollay Associates, Inc., Santa Barbara, Calif. Professor Morris
Neiburger of UCLA also joins the Council as retiring President (1962-63).
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