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The Lettau-Schwerdtfeger Balloon

Experiment: Measurement of
Turbulence via Austausch Theory

John M. Lewis
National Severe Storms Laboratory, Norman, Oklahoma

ABSTRACT

In the early 19305, Heinz Lettau and Werner Schwerdtfeger made direct measurements of air motion in the lowest
4 km of the troposphere by using the manned free balloon as an instrumented platform. The experiment was moti-
vated by Wilhelm Schmidt's and Ludwig Prandtl's work on Austausch (exchange) theory in the second and third de-
cades of the twentieth century. As a prelude to investigating the Lettau-Schwerdtfeger experiment, historical
developments thaI had bearing on the field program arc reviewed. Following this review, the experiment is analyzed
by 1) documenting the scientific goals, 2) discussing the strategy for data collection, 3) examining one flight in detail
(the flight of 25 February 1934). and 4) summariling results from the experiment. The paper ends with a retruspeetive
view of Austausch theory.

1. Introduction

In the first few years of the twemieth century, two
remarkable papers were written that would change
our view of fluid flow adjacent to bounding surfaces.
In 1902, at the suggestion of Fridjof Nansen and
VilhelmBjerknes, Vagn Walfrid Ekman (1874-1954)
solved the problem of drift currents in the ocean (Ek-
man 1902, 1905; Eliassen 1982). The wind flow
and its resultant stress at the ocean surface drags the
top layers of the ocean with it. This layer in turn in-
fluences the next lower stratum of ocean, and because
of the earth's rotation, these currents are deflected
relative to the surface wind. Additionally, the current's
magnitude is progressively damped with depth in
response to frictional dissipation. This is the way
that Ekman so eloquently argued his case that gave
rise to current described by a three-dimensional equi-
angular spiral. Ekman was exceptional for his ability
to combine theory with practical implementation.
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He is shown in Fig. 1 with the current meter that he
developed.

To the south of Stockholm where Ekman com-
pleted his drift current work, Ludwig Prandtl (1875-
1953) was conducting fluid dynamical experiments in
Hannover, Germany. He was interested in the stress
in a fluid as it flowed past solid boundaries. His re-
search results on this problem were first presented at
the Third International Congress of Mathematicians
in Heidelberg, in August 1904 (PrandtlI905; Tani
1977). In this presentation, he introduced the terms
Grenzschicht (boundary layer) and Obergang.~schicht
(transition layer). Prandtl showed that the effects of
viscosity are significant only within a thin transition
layer next to the bounding surface when the flow is
laminar (nonturbulent). The smaller the viscosity, the
thinner the transition layer. But the steep velocity gra-
dient that forms in this layer, in spite of the small vis-
cosity, produces a force comparable to the inertia force.
Prandtl was an adept experimentalist and a master at
simplification when it came to theory (von Karrmm
1954,50). In Fig. 2, he is shown conducting an experi-
ment while at the University of Hannover. At the in.,
vitation of eminent mathematician Felix Klein, Prandtl
joined the faculty at Gottingen in 1905, where hees-
tablished the renowned Institute for Fluid Dy.namies
(lnstitiit fiir Stromungsforschung).

2619

mailto:lewis@nssla.nssJ.uoknor.edu


FIG. 1. Ekman is shown making an adjustmcnI to a current
meter while on board a research vessel (ca. 1915). Courtesy of
Jan Mattson and Ulf von Barth, Lund University.

These theoretical developments would stimulate
investigations of wind structure near the earth's sur-
face. Prandtl's work went unnoticed by meteorologists
for more than a decade, but Ekman's work had an
immediate impact. In concert with Ekman's theoreti-
cal work, an evergrowing set of upper-air observations
were made available through measurements from in-
strumented towers (notably the Eiffel Tower), instru-
mented kites, and pilot balloons. The determination of
the virtual or eddy viscosity of air in the lowest levels
of the atmosphere became the dominant theme of re-
search during the first two decades of the century. This
led to turbulence parameterization viaAu."tausch or K
theory (K becoming the standard notation for the em-
pirical coefficient of eddy viscosity).

By the late 1920s, the AUSlausch coefficients had
been indirectly estimated in a variety of synoptic situ-
ations. The first known effort to directly measure/es-
timate these coefficients (and associated turbulent
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FIG. 2. Prandtl, al age 29, is shown perfonning a fluid dy-
namics experiment wilh a "hand-operated water channel"
{handhetriebenen Wasserkanal]. Courtesy of Bundcsamt filr
Seeschiffahrt und Hydrographic, Hamburg, Germany.

structure) in the boundary layer took place in Berlin,
Germany, during 1933-34. Stimulated by Prandtl's
theoretical and experimental work on turbulent bound-
ary layers and Wilhelm Schmidt's work on Austausch
theory, Heinz Lettau and Werner Schwerdtfeger
planned a bold experiment to study atmospheric tur-
bulence using the manned free balloon as their plat-
form. The idea was to become a "parcel" in the
circulation and to mak.e measurements of turbulent
structure in the lowest several kilometers of the atmo-
sphere. In this paper, we explore the events that led to
this field program. Further, we discuss the strategy for
data collection and summarize the research results. As
a prelude, we review historical developments in atmo-
spheric turbulence that had bearing on the Letlau-
Schwerdtfeger balloon experiment.

2. Pioneering work in atmospheric
boundory loyer flow

The individuals listed in Table I played an impor-
tant role in the development of atmospheric boundary
layer theory. We will elaborate on their work, but first
we introduce some notation and formulas to facilitate
the discussion. Fordetails and derivations, the follow-
ing books are recommended: Prandtl (1952, chap. 3)
and Schlichting (1968, chap. 19).

Viscous forces in air arise because of both lami-
nar and turbulent shearing stress. In laminar flow, the
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TARLE I. Late nineleenth- and early twentieth-century reo;earch relaled to atmospheric boundary laycr wind.

Scientist(s)/
affiliation Year Contribution Comments

Cato Guldberg and 1876 Role of friction in the balance of forces Data from Norway, Germany, England,
Henrik Mohn at the earth's surface and the United States used to estimate
(Norwegian Meteor. the friClional force
Inst.-Christiania)

Thomas Stevenson 1880 Analytic form of wind profile in the Seasonal wind speed observations from an
(Scottish Federal lowe~t SO ft uf atmu~phcre instmmentedpole tiued to a parabola
Service)

A. Angot 1890-95 Published tables and ligures of observed Dala collected at various levels
(French Weather wind velocity and temperature obtained from 21 to 302 m
Service-Paris) from instrumcnts on Eiffel Tower

Filip Aketblom 1908 Following Ekman (1902), seasonal Angot's data from the Eiffel;Tower used to
(Uppsala Univ,) variation in cddy viscosity caleulated make estimates'

in lowest 300 m of the atmosphere

Th. Heso;elberg Via Ekman's model and pilot balloon Exlensive set of pilot balloon observations
"ct 1913-15 observations, eddy viscosity found from the Lindenberg Observatory used
Harald Sverdrup as a funclion of height to make the estimates
(Leipzig Geophy.
Institute)

G. l. Taylor 1915 Theory of eddy viscosity and Calculatkms of eddy-coefficients based
(Cambridge Univ.) conductivily developed (mixing on theory and upper:air obServations (rom

length concept introduced) Scmia and Upavon Air Field

Wilhelm Schmidt 1917 Concept of turtlUlent ma~s exchange Wide-ranging application of turbulent
(Vienna Zentral developed ("Austausch coeflir.:ents") exchange to geophysical and life sciences
Anstalt)

mathematical form of the shearing stress 1"1 is given by

du
f,=Jl

dz
'

where}1 is the molewlar dynamic viscosity of air and
duldz is the vertical shear of the horizontal wind (z
positive upward). The vertical transport of horizontal
momentum (= mass x u) is due to molecular motion,
but the resulting stress is expressed in terms of a mac-
roscopic distribution, namely, the vertical gradient of
mean flow multiplied by the known physical param-
eter }1.When duldz is positive, momentum is trans-
ferred downward. In general, the momentum is
transported from regions of larger values to those of
smaller values (sometimes referred to as "gradient" or
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"downgradient" transport). For air at O°C (20°C), Jl.
= 1.71 (1.82) 10--'m-l kg S-l (List 1966). The value of
}1as a function of temperature was well known by the
late nineteenth century. In the governing equations for
viscous flow (Navier-Stokes equations), viscosity
generally appears in the form of kinematic viscosity,
tJ = Wp (units of m2 S-l), where p is air density.

For turbulent flow, there is an additional stress rep-
resented by 'I' where

'I= -pu'w'.

This product of density with the negative time corre-
lation of vertical (w) and horizontal (u) perturbation
components of velocity is called the Reynolds' stress;
the perturbation velocity is the instantaneous gust
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minus the average wind, where the overbar represents
an average over many gusts or turbulent eddies.l By
analogy with laminar flow, the turbulent stress is pa-
rameterized as

dur =~-
I dz'

where ~is called the Austausch coefficient (this is the
counterpart of molecular dynamic viscosity in lami-
nar flow). The turbulent counterpart of kinematic vis-
cosity is "eddy viscosity." often denoted by K, that is,
K =~/p.The tacit assumption in this latter fonn of the
turbulent stress is that macroscopic masses of air be-
have similarly to molecules in laminar flow. Prandtl
called these macroscopic masses Flwisigkeitsballen,
balls of fluid that move as a whole (Prandtl1925, 137;
1952, 117). In contrast to p, ~ varies most significantly
with the distance from the boundary.

Reynolds is credited with introducing the idea of
eddy viscosity into fluid dynamics; he postulated its
existence to account for the increased resistance to
fluid flow in pipes when the regime changed from
laminar to turbulent (Reynolds 1886; Stewart 1972).
It.was !eft to J. Boussinesq, however, to relate the eddy
VISCOSityto the mean flow gradient (Boussinesq 1897;
Prandtl 1952, 119). .

a. Guldberg-Mohn and Stevenson
Guldberg and Mohn [professor of mathematics at

the University of Christiania (now Oslo) and director
of the Norwegian Weather Service. respectively] dis-
cussed their work in Etudes sur les Mouvements de
I 'Atmosphere, a book devoted to their theory of cyclone
development (Guldberg and Mohn 1876). Their discus-
sion of friction was limited to effects on the surface
wind field, with the end result a useful parameteriza-
tion of frictional deceleration (known as the Guldberg-
Mohn hypothesis). This frictional deceleration was
proportional to the wind's magnitude and directed
opposite to the motion. Kutzbach (1976) has thor-
oughly examined the contributions of these two men
including their studies of the frictional force, in he;
scholarly work on nineteenth-century meteorology.

I Named in honor of Osborne Reynolds (1842-1912), professor
at the University of Manchester, who, along with the German en-
gineerGotthilf H. L. Hagen (1797-1884), made fundamental stud-
ies of the tnUlsition from laminar to turbulent flow. Reynolds's
work was more systematic, but Hagen first discovered the phe-
nomenon in 1854 (von Karman 1954,83).
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Stevenson's work (Stevenson 1880) is little known
but is noteworthy because it appears to be the first
collection of observations that clearly show the steep
vertical gradient of wind immediately above ground
level. The paper is terse and begs for elaboration. but
the wind profiles collected from instruments on a 50-ft
pole over a field of oats are impressive, bearing a
strong resemblance to the logarithmic profiles that
were theoretically derived and validated in the early
1930s (Rossby and Montgomery 1935, e.g., and oth-
ers referenced in Sutton 1953. chap. 7).

b. Akerblom and Hesse/berg-Sverdrup
These studies are grouped together because they

both rely on Ekman's model (augmented by the pres-
sure gradient force) and estimate the air's eddy viscos-
ity by coupling the model with upper-air data.

Akerblom had training in both oceanography and
meteorology: afilosophie licentiate (fil. lic.) from
Stockholm University in 1889 and a doctoral degree
in oceanography from Uppsala University in 1904.2 He
was a protege of Alfred Nathorst at Uppsala, a natu.
Talist who specialized in the geography, geology, and
biology of the Arctic. In the late 18905, Akerblom
worked as an assistant meteorologist under Leon
Teisserenc de Bort at the Observatory for the Study
of Dynamic Meteorology at Trappes (near Paris).
Teisserenc de Bort, along wilh William Dines in En-
gland and \Vladimir Koppen in Germany. were ac-
tively involved in developing instruments and
platforms for upper-air observation at that time.

While employed as docent at Uppsala University,
Akerblom (1908) published his work on the seasonal
variation of eddy viscosity in the lowest few hundred
meters of the atmosphere by using data collected from
the Eiffel Tower (published by A. Angot 1897). In his
estimate of the eddy viscosity, Akerblom anchored the
profile to the observed winds at the 21- and 302-m
levels of the tower. The viscosity then appeared as an
unknown in the equations for the wind spiral. This
transcendental equation was solved iteratively, giving
the following values of eddy viscosity: 8.7 m-l kg S-l

(winter), 11.3 m-l kg S-1 (summer), and 9.5 m-l kg S-l

(winter-summer average). The estimates of viscosity
exhibited a wide range of spatial and temporal vari-
ability. Thus. Akerblom showed that the appropriate
value of eddy viscosity for use in Ekman's model was

1 The fil.lic. is an academic degree intermediate to the American
M.S. and Ph.D. Extensive course work and a thesis are required.
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roughly six orders of magnitude greater than the molecu-
lar viscosity. He did not elaborate on the reasons for this
difference, nor did he mention turbulence as a probable
cause of the orders of magnitude increase in viscosity.

Surprisingly, Akerblom does not mention Ekman
or his work in the 1908 paper. It could not have been
ignorance of the earlier work, since these two men
were oceanographers in Sweden, both receiving doc-
toral degrees from Uppsala University (Ekman in
1902, Akerblom in 1904). There also appears to have
been communication between the two men, based on
a footnote in Ekman's paper (Ekman 1905,8).
Quoting from this footnote: "with this remark, a criti-
cism put forward by Dr. Filip Akerblom (Recherches
oceanografiques, Upsala Universilets arsskrift 1903)
has been answered." Akerblom became professor of
meteorology at Uppsala University in 1909, and in
this same year Ekman was appointed professor of me~
chanics and mathematical physics at the University of
Lund (Sweden).

Theodor Hesselberg and Harald Sverdrup were
"Carnegie assistant';" under V. Bjerknes at the Geophysi~
cal Institute in Leipzig from 1913 to 1915,just prior
to Bjerknes's move to Bergen in 1917.3 They made use
of an extensive archive of pilot balloon observations from
the Aeronautisches Observatorium at Lindenberg
(near Berlin) to estimate the eddy viscosity. Their
work is much more expansive than Akerblom's, with
reference to Guldberg and Mohn, and Ekman, as well
as the lesser~known works such as Stevenson's. They
obviously knew that it was turbulent transport that
accounted for the magnified value of eddy viscosity.
They solved the equations by using power series ex-
pansions in z (height) and were able to account for the
vertical variation of the viscosity. Their results were
presented in the form of layer averages (their Table 7),
summarized as follows: eddy viscosity increased from
9 x 10-2 m-I kg S-l at anemometer level (9 m) to
6.0 m-l kg S-I at 500 m and, thereafter, assumed a uni-
fonn value of 5.0 m-I kg S-I to 3 km. This result is
consistent with the linear increase of eddy viscosity
in a neutrally stratified surface layer as discovered by
Prandtl in the early 1930s (Schlichting 1968,548). In
the atmosphere, however, the "surface layer" (layer of
constant stress) is limited to a few tens of meters.

J Between 1905 and 1940, Bjerknes received a yearly grant from
theCamegie Institution in Washington, D.C., which enabled him
to employ a considemble number of research assistants, all of
whom became well-known geophysicists (Eliassen 1982).
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c. Taylor
Shortly after becoming Schuster Reader at Cam.

bridge University in 1911, G. I. Taylor's growing in-
terest in turbulent transfer was given impetus by the
British government's investigation of the Titanic di-
saster (in 1912V Taylor was appointed meteorologist
on an expedition to the Grand Banks of Newfound-
land on the renovated whaling ship Scotia during the
summer of 1913. Understanding the fonnation of fog
was a primary scientific goal of the expedition, and
Taylor gathered upper-air observations from instru-
mented kites while aboard the ship. When he returned
to England, he augmented his dataset by adding pilot
balloon records from Upavon Air Field in Salisbury
Plain. As a result of analysis of these upper-air data in
conjunction with ground~based measurements of tur-
bulence, Taylor formulated a theory of turbulent trans-
fer analogous to the molecular transfer in (he kinetic
theory of gases.

Quoting from his reminiscence:

To complete a theoretical analogy between mo-
lecular and turbulent transfer it is necessary to
think up some length connected with turbu~
fence which is analogous to the mean free path
of molecules. I was driven to imagine a purely
hypothetical process to represent the collisions
which terminate each molecular free path, and
in 1915 I put out the idea that coherent fluid
masses move a certain distance up or down ver-
tically carrying all their transferable properties
and then mix with the surroundings in which
they find themselves. In that paper (Taylor
1915) I also showed that a numerical value for
the virtual viscosity can be determined by mea-
surements of the height to which the variation
of wind direction from the lines of constant
pressure extends. This is the principle of the
Ekman layer but unfortunately at thai time I had
never heard of Ekman who had published his
paper 10 years earlier (Ekman 1905).'

• G. I. Taylor had been trained in physics under 1.1.Thomson but
turned 10 fluid dynamics and geophysical science, in part, because
of the newly created post of Schuster Reader. Arthur Schuster, a
wealthy man and professor of physics at Manchester University,
donated money for a position that would encourage the applica-
tion of mathematics to melcorology (Batchelor 1976).
, It is important to note that Taylor's development differed from
Ekman's in one important respect. Taylor allowed some slippage
of the wind at Ihe lower boundary (the wind velocilYwas required
to be directed along the stress veclor). This boundary condition
yielded a solution !hat was more faithful to the observed angular
deviation between the surface wind and the geoslrophic wind.
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The salient features of Taylor's paper follow:

1) A "mixing length" is postulated. This dis-
tance is used to derive an expression for the
eddy viscosity. This eddy viscosity is written
as "l/2(wd), where d is the average height
which an eddy moves before mixing with its
surroundings, and w roughly represents the av-
erage vertical velocity in places where w' [per-
turbation vertical velocity] is positive ... the
divisor 2 is inserted becausethe air at any given
point is equally likely to be in any portion of
the path of the eddy, so the average value of z
-~) rvertical displacement] should be approxi-
mately equal to 1/2d" (Taylor 1915,4 and 13).
The eddy viscosity is assumed constant in the
layer of frictional turning (approximately the
lowest kilometer of the atmosphere).

2) By matching the Upavon pilot balloon data
with his model, Taylor found the eddy vis-
cosity in the lowest -1 km to range between
(2.8-6.2) m2 S-l, or in the units of dynamic vis-
cosity -(2.8-6.2) m-I kg S-l. This range ofval-
ues is in general agreement with the results of
Hesselberg and Sverdrup cited above.

Taylor's introduction of mixing length into turbu-
lence theory preceded Prandtl's contribution on this
subject by 10 years (Prandtl 1925). There is a differ-
ence in the details, however; Prandtl claimed that
momentum was the transferable property, while
Taylor argued that vorticity was the important prop-
erty. According to Batchelor (1976,573): "Neither
supposition is correct in any exact sense for turbulent
flow, although Taylor's would be in a purely two-
dimensional motion."

Figure 3 shows a photograph of Taylor shortly af.
ter he published his paper on the eddy motion in the
atmosphere.

d. Schmidt
Wilhelm Schmidt received his Ph.D. (1905) in

physics at Vienna, Austria, and served as scientist with
Felix Exner at the Austrian Central Bureau for Me-
teorology and Geodynamics from 1905 to 1919. He
was appointed full professor at Hochschule fur
Bodenkultur in Vienna in 1919 and returned to the
Austrian Central Bureau, as director, in 1930. A pho.
tograph of Schmidt in the mid-1930s is shown in
Fig. 4. His publications covered a wide variety of sub-
jects, including physical meteorology, limnology, city
climate, and mountain meteorology. His crowning
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FIG. 3. Taylor is shownon the roof of the BritishMeteoro-
logicalOfficein SouthKensington(ca. 1917).The towerin the
backgroundhelongsto the ImperialInstitute.Taylorwas serv.
ing as meteorologicaladvisorto the RoyalFlyingCorpsat the
time.Courtesyof LadyJeffreysand theCambridgeUniversity
Archives.

achievement, however, came in the form of a booklet
titled Der Massenaustausch in freier Luft and
venvandte Erscheinungen [Mass exchange processes
in free air and related phenomena; Schmidt (1925)].
It had a forerunner, an abbreviated version of the same
paper, in the proceedings of the Viennese Academy
of Sciences (Schmidt 1917). The fundamental under-
pinning of this work held that fluid properties-mo-
mentum and admixtures such as water vapor,
condensation nuclei. for example-are transferred
with the mass elements in turbulent motion, called
"disorderly flow" (ungeordneten Stromung) by
Schmidt.

The working hypothesis was nearly identical to that
of Taylor; namely, when turbulence displaces a par-
cel of fluid, it moves a certain distance before it loses
its "individuality," that is, property, as a result of mix-
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FIG. 4,WilhelmSchmidt(ca 1936).CourtesyoftheBunde.-.amt
filrSecschiffahrtundHydrographie,Hamburg.Gennany.

ing with its surroundings. Schmidt developed his ideas
independently of Taylor (Gold 1936).

The parameterized governing equation for trans-
fer took the fonn of the familiar diffusion equation:

where S is the property being transferred and;;l is the
exchange or Austau.fch coefficient. By tracking fluid
elements ("tXldies" in Taylor's terminology) through
a level surface, Schmidt derives the form of the
Austausch coefficient;;l:

Im./",=~~-.F.,

where mass is assumed to be transferred through a
horizontal area F in an amount of time t.to The mass

6 Haurwitz(1941.chap.II) hasadetailedderivationofSchmidt's
formulafortheAU.Jtausch coefficient.
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elements (m) move a distance I (from above or below
the level in question) before mixing with the surround-
ings. In this expression, 1 is counted positive and the
summation accounts for all elements passing through
Fin time I. When the exchange of momentum is con-
sidered, that is. S is set equal to the wind component,
then ;Ais the coefficient of viscosity (units of molecu-
lar dynamic viscosity).

A near equivalence between ;;I and Taylor's ex-
pression for eddy viscosity can be obtained by setting
m =p V(density x volume) in the above expression. We
then note that VIF is a vertical dimension (proponionaJ
to mixing length) and that VI(F I) represents vertical
displacement per unit time (i.e., w). Thus;A oc P w 1.

Schmidt's booklet had a profound effect on Heinz
Lettau (H. Lettau 1994. personal communication). In fact,
as will be seen, the fonn of the Austausch coefficient
and the governing equation were instrumental in the de.
sign of data collection aboard the manned free baJloon.7

3. Experiment design

a. Motivation/preparation
In 1925 as a tenth-grader in high school. Heinz

Lenau became fascinated with wind structure while a
summer student at the Rossitten hang glider school.
In his reminiscence (Leuau 1990). he makes it clear
that the instructor at Rossiuen. Ferdinand Shultz, chal-
lenged him to investigate gustiness and wind while
aboard his hang glider. As a result of the experience,
he chose meteorology (and geophysics) as his field of
study. Toward the end of his fonnal education [Ph.D.
(1931) at Leipzig University under the direction of
Ludwig Weickmann], he contemplated the use of the
manned free balloon as the vehicle to study wind struc-
ture. As he recalled:

In the departmental libraries. I learned about
wind structure and vertical "AuSlausch"
processes .... [Most stimulation I found in
the publications of Wilhelm Schmidt and
Prandtl. Tieljens. Specifically, Schmidt's
"Austausch.Primer" entitled, in translation,
"Mass exchange processes in free air and re-
lated phenomena"; Prandtl had published text-

'lcmlU andSchwerdtfegerknewlittleofTaylor'swort, onlywhal
wasmentionedinSchmidl's(1925)hooklet(H.Lettau1997,per.
sonalcommunication).SchmidtrefereocesTaylor (1915),but
thereis littlediscussionof thisworkin thehookle!.
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books which I found very instructive (H. Lettau
1994, personal communication).] I concluded
that a ~uitable vehicle for the measurement of
eddy vertical wind components would be the
manned halloon. because when drifting hori.
zontally. the mean motion of the atmosphere
would be eliminated [Lettau 1990; H. Lettau
1994, personal communication (hracketed)).

Forthe planned balloon project, Lettau enlisted the
help of Werner Schwerdtfeger (Ph.D. 1931, Leipzig).
another Weickmann prot~g~. Schwerdtfeger had al-
ready established himself as an exceptional synopti-
cian at the Bureau for Flight Safety in Berlin
(Reiehsamtfiir Flugsicherung). Neither one of these
men had experience with free ballooning, however.
Reinhard SOring, director of the Meteorological Ob-
servatory at Potsdam and renowned early-century
aeronaut, came to their aid. Quoting Lettau:

lifting gas [hydrogen or coal gas ("cooking gas"}-
both flammable} that was subject to free expansion
through the appendix that was open during night. Con~
trol was achieved through the concerted use of ballast
(sand in gunny sacks hooked to the basket) and
"valving" (release of lifting gas). A rope was attached
to the valve and hung down through the appendix.
When the pilot pulled on the rope, the valve opened.
Automatic closing springs normally kept the valve
shut. [See Upson and Chandler (1926) for more de-
tails.]

The hydrogen-filled balloon used by Lettau and
Schwerdtfeger had a volume of 1200 ml and lift of
I 100 kg. This mass was approximately distributed as
follows (units of kg): basket. 100; four people, 300;
35 ballast bags, 350; rope, 50; gas bay, 250; and net-
ting, 50. Planned flight duration was 6-8 h. Figure 7
shows the balloon basket as it is prepared for launch.
and a view of liftoff is displayed in Fig. 8.

Because of the primitive state of balloon technol-
ogy in the 1920s-1930s, the maintenance of constant

FIG. 5. The following words appear on th~ back of this picture: "World meeting of the
Upper.air [Aerology) Commission 1926 (7?) [1927Jin Leipzig. President: Sir Napier Shaw
(Engl.)." Membt:rs of the commission and others at the meeting ar~ grouped according 10

rows: the front row (seated), the back row (four younger men standing to the right and rear).
and a middle row consisting of the other attendees. Numbering from left to right in each
row. the following people (and their affiliation) have been identified.

Front row-R. Lempfert. England (I); H. Hergesell. Germany (3); N. Shaw, England
(6); V. Bjerknes. Norway (8); R. SUring.Gennany (9); L. Weickmann. Germany (10); A.
Wallen. Sweden (11).

Middle row-E. Alt. Gennany (I); H. Arclowski. Poland (2); G. Marczell, Hungary (4);
L. Lammert,Gennllny(5); Moltchanov, Russia(7); Th. Hesselberg.Norway (8); E. Fontsere.
Spain (10); G. Walker. England (II); E. Mariolopoulos. Greece (12); L. Richardson. En-
gland (13); E. von Everdingen. (he Netherlands (l5); A. Schmau.s. Gennany (17); F. Linke,
Germany (UI); W. Oishi. Japan (19); H. von Ficker. AUMria(20); S. R6na, Hungary (21).

Back row-Enge (I); P. Mildner (2); K. Keil (3); and H. Hennann (4) (courtesy of
Marianne Schwerdtt"cger).

Suering provided valuable technical advice.
whole hearted moral support and modest but
highly appreciated funding
for my plans to use manned
balloon flight to measure ver.
tical eddy wind components
in the lower troposphere.
Suering brought me into can.
tact with R. Petschow. an ex.
perienced balloon pilot who
could skillfully maintain
altitude during the 10-15
minute intervah necessary
for the planned measure.
ments (Leuau 1990).

b. Balloon characteristics/
pilot
Figure 6 is a schematic draw-

ing of the component parts of a
free baJloon typical of those used
in the 1920s-l930s. The gas bag
(envelope) was usually rubber-
ized cotton fabric, linen, or silk,
with a valve at the upper apex,
and an appendix or neck at the
lower end. The bag contained the

Figure 5 shows Silring,
Weickmann. and other promi-
nent meteorologists at a meeting
of the International Aerological
Commission in Leipzig.
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FIG,6, Schematic diagram of the free balloon and its compo-
nenl parts. Courtesy of H. Lettau.

elevation was most challenging.H Meisinger had been
unsuccessful in his efforts to fly at constant elevations
as he circumnavigated cyclonic and anticyclonic cir.
culation systems during the early 1920s (see Lewis
and Moore 1995). In contrast to Meisinger's experi-
ments, which called for maintenance of constant el-
evation for 12-24 h. the Lettau-Schwerdtfeger flights
would require measurements at fix.ed altitude for
-15 min. Lettau recalls the technique of pilot Robert
Petschow:

Suering told me thaI Petschow could control
the height of the trajectory within a meter or
so. We saw how he did it. He kept his eyes con-
tinuously on the vertical anemometer (wind-
mill type) and on the ralc-of-climb meIer
[variomcler],9 counleracting a sensed tendency
to rise by a light pull with his left hand on the
gas release or vent-line [valve rope} and a

I The opacity of the balloon envelopes allowed the lifting gas to
expand/contract in respon.'lCto changes in the solar radiation. This
problem was minimiled in the late 19405 when improved materi-
als for the balloonen1ielope were developed (Mooreel al. 1954).
'The variometerdetermines the mtcof climb 1iiadiffcrentialpres-
sure between air in a boule (or Dewar flask) and the atmosphere.
The air in the bottle is connected to the am'lOspherethrough a cap-
illary leak. As the almospheric pressure change.~,the differential
pressure is converted to a rate of climb (C. B. Moore 1997, per-
sonal communicalion; Moore 1997).

Bulletin of the American Mefeorologicol Society

FlO.7. As..••i!\tantsremoveballast from the basket as the manned
balloon Von Tsciulmm,r u"d Osu" prepares for liftoff. Pilot
Robert Petsehow is~hownin the basket next to the placard labeled
"400" (indicating that this would be his 400th night), and Lettau
is shown jumping into the ba.~keton the right side. The storage
tanks in the background contain hydrogen that was used to innate
the bag. Courtc:;yof H. Leuau.

downward tendency hy discharging ballast
sand "tahlespnonwi~" with a small gardener's
shovel in his right hand. (H. Lettau 1993, per-
sonal communication)

c. Calculation o/the Austausch coefficient
Ertel (1932) developed an alternate form of

Schmidt's vertical Austausch coefficient (~defined
in section 2). This fonnulation rests upon the calcula-
tion of the perturbation vertical velocity, w'. The cal.
culation begins by detennining the average vertical
velocity at a given level over a time period T (a time
that is long compared to the lifetime of an individual
eddy). This average is denoted by w. The perturbation.
w', is the difference between the vertical velocity (w)
and w, that is, w' = w - W. Next. the time series of w'
is divided into a series of intervals (each denoted by
r) in which w' has the same sign (called "conditional
sampling" in modem lenninology). Within each inter-
val r. the mixing length /. and "local average vertical"
velocity w. are defined as follows:
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FIG.8. Viewof liftoffatBitterfeldAerodromeon25Feb1934.
Courtesyof H.Lettau.

'H
l=w*r= fW'dt.

•
Ertel's form of the vertical Austausch coefficient then
takes the form

-- --,
Cf=O.5p(w'I)=0.5pr(w') ,

where () represents the ensemble time average (over
the sequence ohime intervals r within T). This is con*
sistent with Taylor's development cited earlier (see
section 2).

To calculate vertical velocity (w) and its perturba*
tion w', simultaneous measurements were collected
from the vertical anemometer and the variometer. The
variometer measures the time rate of change of bal-
loon height. The vertical anemometer gives the
balloon's rate of rise (time rate of change of balloon
height) relative to the vertical motion of the air (w).
Thus, by subtracting the vertical anemometer measure-
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ment from the variometer measurement, the vertical
motion of the air is obtained.

Lettau and Schwerdtfeger (hereafter LS) (1933,
253) indicated that theroot*mean-square (nns) errors in
the variometer and vertical anemometer were:i:.7em S-l

and:i:.12 em S-I, respectively. Since these observations
were independent of each other, the net rms error in
vertical velocity is -:1:14em ..,-1. To get error estimates
for »:', w*, and!:ir, we assume the following character-
istics of a typical record shown in LS (1933): I)a sam-
pling interval t1t = lOs (a variometer and vertical
anemometer reading every 10 s); 2) a nominal value
of r= 50 s (w' has the same sign for 50 s); 3) T = 600 s,
the total time of observation at a fixed level; and
4) measurement errors in ware unbiased (zero mean
error) and uncorrelated from one sample to the other.
Under these conditions, the rms errors of w (average
over T), w* (average over r), and :::r, are 1.8 em S-l,

6.2 em S-I, and 6.10-2 m-I kg S-I, respectively. The nns
errors ofw and w* were found by recourse to the stan-
dard formulas in Mosteller et al. (1961, chap. 9). The
error variance of w* was used to find the error in!:ir.

d. Case studies
The experiments focused on turbulence in fair

(nonstormy) weather. Safety, of course, was a prime
consideration, but the maintenance of constant eleva-
tion for 10--15.min periods also dictated flights in
more quiescent weather regimes.lO The situation is
remembered by Lettau:

We operated financially on a shoestring, could
only start Sundays [when Petschow was avail-
able]. The hydrogen was produced (as a by-
product) of the Chemical Works at Bitterfeld.
We werecharged about 0.1 M pcrcubic meter,
about $40 (U.S.) equivalent for the 1200cubic
meter volume of the balloon bag. We had to
decide on Fridays on "go" or "no go," using
synoptic foreca<;tsmerely to avoid storms and
thunderstorm situations (H. Lettau 1994, per-
sonal communication).

During 1933-34, seven flights were made on the
following dates (listed chronologically): 5 March

toLetlauandSchwerdtfegerwereunawareof Meisinger'swork
(andhisdeathin theballooncrashof 1924).However,thedeath
of aeronautsin Brusselsat the 1923GordonBennetlRacewas
wellknown.Lightningstrokesoriginatingfromthunderstormsig-
nited lhreeof the hydrogen-filledballoonswhilein flightand
causedthedeathof fiveaeronauts.
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1933. 25 February 1934. II March 1934, 25 March
1934. 19 Augu" 1934.9 September 1934. and 23 Oc-
tober 1934.11 The first four flights took place in cold
maritime air masses that had long residence times over
Germany; they were relatively free from horizontal
inhomogenieties. The summer dates were chosen as
representative of conditions under strong solar heat.
ing. and the fall experiment took place on a tranquil
(but not calm) night characterized by a well-defined
surface inversion. Thus. there was a reasonable spec-
trum of nonstonny weather conditions that could be
used to examine the variability of~.

•

4. Experiment results

We first examine the calculations from a particu-
lar flight in some detail. Following this case study.
synthesis of results from the various flights are re-
viewed.

FIG.9. Crew and ground.support team po~ for a picture prior
to the 2S Feb 1934 launch. The two men on the left are graduale
sludents at Leipzig University. II. Koch holdinglhe meteorograph
and R. Fau~t; the5e men ~rved on the ground-support learn. The
four crew members are on the right (listed from left to right);
Marianne and Werner Schwerdtfeger. Robert Pelschow. and
Heinz Lellau. Courtesy of U. Lettau.

FIG. 10. Reproduction of Fig. I from l..S (1934). lime-height cross section of
the flight of 2S Feb 1934. Thermodynamic profiles are on the left. The Awtausch
coefficients (cm-' g s-')and vertical velocity (em s-'within parenthesis) are di~.
played at various points on the flight path. The wind speeds encountered are SW
(45 km h-'). ssw (54 km h-'), and SW (38 km h-') at times 1030-1130, 1130-
-1300. and -1300-1330 (local time). respectively. The Iype and thickness of
clouds are indicaled by hatching and symbols (str.llus (SIl. strdtocumulus (5Icu).
and cirrostratus (Cist)].

.,-

•

"~,
••

are dashed. The stableJsaturatcd layer next to the
ground. which was present on ascent, disappeared by
the time the balloon landed. The surface tempenuure
rose by _4°C between 1030 and 1330 local time.

Following the surface wanning. the thermody-
namic structure between ground and cloud base was
slightly less than dry adiabatic (__ 8°C km-I) and ex-

1....-.---I
-----+. ".... '.. ..

•,
!

II The 23 October 1934 flight was the only flight
made al night. and it took place on a Tuesday. All
Olhef flights were made during daylight hours on
Sundays. Peuchow wu the pilot on all flights.

a. Flightof25 February /934
This flight took place over Berlin in a cold air ma~s

associated with an extratropical cyclone. The crew and
ground-support team assembled for a photograph prior
to launch. They are shown in Fig. 9. The instruments
used to measure vertical velocity are held by Petschow
(the variometer under his right arm and the vertical an-
emometer in his left hand). Werner
Schwedtfeger holds the Assmann psy-
chrometer (for humidity measurement).
and the assistant on the left holds the
aerometeorograph (for pressure and
temperature measurement). Marianne
Schwerdtfeger (wife ofW. Schwedtfeger)
holds the logbook.

The time-height plot of the balloon's
trajectory is shown in Fig. 10. Tempera-
ture and humidity profiles are displayed
at the left edge of the diagram. Some
changes in these profiles occurred during
the night (a period of -3 h). These
changes were confined to the lowest
500 m. The profiles on ascent (morning)
are shown by the solid lines. while those
associated with descent (early afternoon)
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The vertical motions here [at 2150 m] were
stronger and remained in the same direction for
longer periods, i.e.• the mixing lengths associ-
ated with the turbulenl eddies lWirhelkOrper]
were from a totally different regime.

The authors were hard pressed to explain the ex-
treme value of ';f at -2800 m (13.4 m-I kg S-I). At this
level, the lapse ratc was approximately moist adiabatic
and the air was -50% relative humidity; thai is, the
stratification was stable.

The first thought (at least of the
authors) is that the vertical tem-
peraturegradienl would account
for the scale of mixing ... and
that the smallest v~lues [of.:A']
would be expected in an inver-
sion whereas the largest values
would be found in the vicinityof
adiabatic and moist-adiabatic
gradients.... 12

12Richardson(1920,1925)discussedthegrowth
of turbulencein theatmospherefromanenerget.
icsperspective;inparticular,heestablishedacri.
tenon for the generationof turbulentmotionin
termsof the venicalwindshearandthe vertical
temperaturegradient.LettauandSchwenltfeger
wereapparentlyunawareof Richardson'swork.
(SecSullon(1953,152)forfurtherinformationon
Richardson'scriterion.]

b. Synthe.{is 0/ results/rom the variOluflights
Lettau and Schwerdtfeger made an erfon to stratify

the Ausfausch coefficients on the basis of the thermal
lapse rates that prevailed at the location of
mca"urement. As they said (LS: 1934,253):

Since mixing length has the same sign as w' in a given
segment (Ertel's convemion), the quoted value of mix.
ing length is found by taking the ensemble average of
the absolute value of 1.The corrcsponding values of
.sf are 0.4/10.7 m-I kg 5-1•

Referring again to Fig. 10, one sees that the esti.
mated value of.sf gradually increases from 0.5 to
0.8 m-I kg S-I as the base of the stratus deck is ap-
proached from below. This occurs in the presence
of mean upward motion from 4 to 20 cm S-I. Just
above the "humpbacked" upper boundary of the
stratus dcck,.sf jumps to the value of 10.7 m-I kg s-J,
while the upward motion decreases. Quoting from LS
(1934,250):

hibited a nearly constant mixing ratio of -3 g kg-I.
Within the stratus deck, the lapse rate was moist adia-
batic. A pronounced but shallow inversion was present
at -2 km, near the top of the stratus layer. The air
above the inversion was stable and relatively dry
(compared to the subcloud layer). A view of the stra-
tus overcast shortly after the balloon penetrated the
inversion is shown in Fig. 1J.

The thermodynamic structure encountered by the
balloon on the afternoon of25 February 1934 wa••typi-
cal of what has come to be called a stratus-topped well-
mixed layer (see Lilly 1968). In this case, maritime
cold air wa" undergoing modification over the European
continent. Ba<>edon fact that the low-level winds were
SWat 10-15 m s-J, it is likely that the center of the cold
anticyclone was situated to the south and east of Berlin.

The time series of vertical velocity at two levels,
one just below the inversion and the other just above
it, are shown in Fig. 12 (Fig. 2 in LS 1934). The time
resolution of the data is 10 s (displayed as bars) and
the duration of measurement at these levels is -500 s.
[To simplify the subsequent discussion, we use the no-
tation 0/0 to indicate information at the 1950-ml
2150-m levels, respe<:tively.] The average value of the
vertical velociry is indicated by the dashed line on each
chart (19 em s-11l2 cms-J). These lines divide the tr.lCes
into segments where w' is eithcr positive or negative.

Following the calculation procedure described in
section 3c,the mixing length is found to be 5 mf33 m.

Flo. 11.A viewof the stratusde<:kshortlyafter Von TXCMmmer und Ostf'n
passedthroughit on 25 Feb1934.Anothermannedfreeballoonb>shownin the
hackground(balloonsweretypicallyrentedto recreationalaeronautson week-
endsat the BiUerfeldBalloonAerodrome).Coune~yof H.Leltau.
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recent years. The basic problem is that the eddying
mass interacts with others in a continuous manner,
unlike molecules in the kinetic theory of gases. Fur.
thennore, observations in the planetary boundary layer
(PBL) indicate that the turbulent eddies can scale with

FlO.12.Repnxluetionof Fig.2 fromLS(l934). Twotimese-
riesofverticalvelocitymeaMlredfrom(heballOOl1on25Feb1934.
Theupperplotrepresentsdatacollecteda(the2150-mlevel.and
the lowerplotshowsdataal the 195().mlevel.The labelson (he
verticalaxis,A.u/•••.ind andAb •••.ind, indicateupwardand down-
wardmotionof theair (unitsof ernS-I), respectively.
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In (LS 1936), the distribution of ~ above and be-
low the inversions was presented in tabular fonn. This
is reproduced as Table 2. The results from four cases
indicated that ~ was greater above the inversion. The
relationship between Austausch coefficient variation
abovelbelow the inversion and strength of the inver-
sion (temperature jump), however, was not obvious
from the limited sample.

Lettau and Schwerdtfeger also presented their re-
sults in terms of ~ versus height (LS I936). The set
of 60 observations from the seven cases were sorted
by height interval and averaged (with the admonition
that these averages were not to be viewed as "c1imatl?
logical"). The results are reproduced in Table 3 and show
an increase in!;l through the 2-3-km stratum, followed
by adecrea<;e in the overlying l-km layer. When com-
pared with Hesselberg and Sverdrup (1915), there is
close agreement up to the 3-km level. The averages
from Hesselberg and Sverdrup's study were associated
with a wider variety of synoptic conditions and they
processed hundreds of pilot balloon records.

Their discussion referred to a scanerplot of esti-
mated ~'s in the lowest 2-3 km of cold anticyclones
(Fig. t 3). In this figure. each plOited point is identified
by a symbol representing the date of observation. The
lapse rate [in units of °C (100 mtl]/wind speed (in
units of m S-I) associated with the observation is dis-
played beside the symbol. Adiabatic lapse rates are
identified by "a" and moist adiabatic lapse rates by 'i"
(jew:ht: moist). There was no clear-cut relationship be-
tween Auslausch values and wind speed. Quoting
again from LS (1934.253):

On the day with the greatest wind speed
(25 February 1934J,the valuesof theAustausch
coefficientwere not genera1lylarger than on the
day with !he small horizontal air mOlion [5
March 1933) ... in several instances we noted
that on !hesame day, small values [of~] in the
presence of both sU"ongand weak gradients.
Also, on different days, the same gradient at a
given height gave values from 6-8. and the
other 44-91 cm-I g sec-I {4.4-9.1 m-I kg S-I].
[See data from II March 1934 and 25 March
1934at the -I()O..mlevel in Fig. 13.]

s. Retrospection

The limitations of Austausch or transfer coefficient
theory in the boundary layer have become evident in

FIG.13.ReproductionofFig.5 inLS(1934).Scatterplotof:;r
as a functionof heightfromfourflights.Datafroma particular
flightareidcntirlCdbyuniquesymbolsf>hownontheinset(dategiven
asda)"mo'Ithh~ar). Thelapserateandwindspeedassociatedwith
a givenAustaJt.Kh coefficientappearbesideeachsymbol.
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TABU; 2. Au..dausch coefficients:;f(m-I kg 5-1) aboveand belowinversions
(lnv) withAT("'C) = the venicaitemperalUrespread.Translatedand rearranged
fromdala inLS(1936,53).

The movements that lead to transport and dif-
fusion in turbulent motion of a fluid are con-

tinuous, in contrast to the motions of mol-
ecules in a gas, and Taylor realized that a math-
ematical study of the propcrties of random
functions would be needed before turbulent
diffusiolll:ouid bedescribcd quantitatively. He
made the first stcps in such a study. and per-
ceived the simplilkations possible when the
velocity of a fluid element is a stationary ran-
dom function of timc. TIle main result of the
paper is the now classical formula, .. relating
the mean-square of the displacement of the
fluid clcment in one direction to the coefficient
of correlation of its velocity at two different
times .. , this relation accounted for the ob-
served general features of the smoke plume
from a chimney in the wind, conical spreading
near the source and a paraboloidal shape far
downstream. , .. The parer was well ahead of
its time, and it was not until 14years later that
lahoratory experiments on diffusion in turbu-
lent flow were related to this simple theory or
thalthc idea of using probability theory meth-
ods in the description of turbulent velocity
fluctuations was taken up. And il was Taylor
himself who made these furthcr developments
(Batchelor 1976, 5RO).

3.6

0.3

230"

sfc inv

By the early 1940s. Andrei Kolmogorov and his
school of nuid dynamicists joined Taylor as prime
contributors to the statistical theory of turbulence
(Batchelor 1990; Yaglom 1994).

Despite the setbacks suffered by AU,{laU,{ch theory,
this method is not obsolete and, indeed, provides for
an effective way of parameterizing turbulence in the
surface layer (Bodenschicht). The impressive work of
Woodrow Jacobs on evapomtion over the world!>ea
using the Austausch exchange concept is a testament
to its value in climatological studies (Jacobs 1942,
1943).

Lettau said, "while Taylor developed statistical
theory, my work remained concen-
trated ... on physical process from
surface layer to stratosphere to exo-
sphere .. ," (H. Lettau 1994, personal
communication). Hc has steadily con.
tributed to studies of world climate
through use of balloon research during
the late 1930s (see, e.g., Lettau 1939,
1951, 1952, 1969, 1990). The late 1930,
phase of the "ballooning" research in.
cludcd accuratc wind profile evaluation,
airmass modification, downwind diffu-
sion of condensation nuclei, and dust

1.5

35.6

1.7-{).73.8

7.5

19AUIi:

2

0.4

10.7
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Strong winds have been chosen for the com-
parison [theory vs observations] in preference
to light winds, because it is less likely that heat-
convection currents will persist through such
a distance before mixing takes place, as to pre-
vent the resistance, due to eddy motion from
obeying the ordinary laws of viscosity (Taylor
1915,20).

:;f:aboveinv

:;f:belowinv

lJ Lettau introducedthe term "planetaryboundarylayer" into
meteorologyin his textbookon atmosphericturbulence(I..euau
1939,:>eet,29).Thislayercouplesthesurfaceor groundlayerof
5O-mdeplh(calledBodenschicht byLettau)withtheEkmanlayer.

Finally, there now appear to be a large class of
geophysical phenomena, including transport in the
PBL, where momentum and heat are transferred lo-
cally from regions of small values to regions of large
values, called "countergradicnt flow." (See Starr
(1968) for a concise discussion and applications to the
larger scales of flow.} In effect, this implies a nega-
tive viscosity (or infinite in the case of transport in the
absence of a gradient) (see Stull 1993).

The seeds for the decline of the Al4srausch theory
were sown by Taylor in the early 1920s (faylor 1921).
George Batchelor, a protege of Taylor and Taylor's
biographer (Batchelor 1996), discusses the signifi-
cance of this work:

the height of this layer; that is, the scale height of the
eddies can be comparable to the depth of the layer
where turbulent interaction takes place,'~ This prob-
lematical aspect of the theory seems to have been an-
ticipated by Taylor, as evidenced by the following
remarks:
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particles. This led to the O'Neill Experiment in the
I950s (Lettau and Davidson 1957).1.

In the same spirit that Batchelor praised Taylor's
work on statistical theory, it is appropriate to say that
the Lettau-Schwerdtfegcrexperiment, and in particu.
lar, the strategy for measuring turbulent structure via
the manned free balloon, was well ahead of its time.
Don Lenschow, a protege of Lettau's, comments on
the balloon experiment:

Lettau and Schwerdtfeger's method seems to
have not becn pursued afler their experiment.
Yet the accuracy of their technique for mea.
suring w has not yet been achieved by, for
example, aircraft sensing techniques. (merest-
ingly, the Naval Research LaboralOry has been
pursuing a somewhat similar technique in rc-
cent years using a blimp (Blanc el al. 1989).
This Lagrangian approach is inherently vcry
complementary to aircraft measurements.

We now know that in a stably stmlified region (e.g.,
above the boundary layer) turbulence is not the major
source of the vertical wind. Rather the preponderance
of evidence is that what they sensed with the balloon
was gravity wave activity. This is home out by the
periodic nature of w in Fig. 12, which in retrospect
could have been used to measure the Brunt-VliisaHi
frequency and thus the lapse rate more accurately than
they could measure it directly (D. Lenschow 1996,
personal communication).

Elaborating on Lenschow's statement, gravity
waves that fonn in a stably stratified atmosphere have
a frequency given by

where g, 9, and z represent gmvity, potential tempera-
ture, and height, respectively. The frequency is known
in the meleorologicallitentlUre as the Brunt-V1iislilli
frequency [see, e.g., Dutton (1976, 468)]. This formula
was known to early twentieth-century aeronauts, but
not by the name "Brunt-VfiisliJa" (Dietzius 1920). It
was used by Lettau and Schwerdtfeger in LS (1936,
48) to theoretically calculate the oscillations of the
balloon. Although they used Ihis formula forcalculat-

14 Lettau was awarded the Carl-Gustaf Rosr.hyResearch Medal in
1974 "fOT the outstanding rescul"('hachicycmentsIcadingto a fuller
understanding of thc atmosphcre's first milc... :' (AMS 1992,
12(4).

Bulle'in of Ihe American Meteorological Society

ing the balloon's periodic motion, its association with
the dynamics of internal gravity waves in the atmo-
sphere was unclear in the early 1930s.IS Following
World War II, the French meteorologist Paul Qucncy
visited the University of Chicago and made one of the
first systematic studies of internal waves in the atma--
sphere (Quency 1947).

Based on research conducted during the last half
of the twentieth century, we now have a clearer pic.
ture of the turbulent processes that occur in the con.
vective boundary layer [where notable contributions
have been made by Ball (1960), Lilly (1968), and
Deardorff(1966. 1972)]. Deardorffs research has been
especially effective in shedding light on counter-
gradient transport through the concerted use of hydro-
dynamic models and three-dimensional numerical
simulations.

6. Epilogue

Since our youth, we have mused overthc wind flow
close to the earth's surface-its invisible action caus-
ing a kite to flutter and its powerful sweep over the
ocean surface generJ.ting white caps and sea spray. To
be sure, this same sense of majesty filled the spirit of
sixteen-year-old Heinz Lettau as he held fast to his
hang glider and soared over the sand dunes of
Rossitten.

The atmospheric boundary layer envelopes us and
we have a set of experiences and observations that beg

I~Ekm.1n(1904) and Taylor (1931) had lheoretically investigated
imemal wave~in the ocean where the assumption uf incompress-
ibility wa.~justil"ied.

TABLE 3. Auslausch coefficients:if (m-I kg ,-I) by height
intervals from the four balloon nights of 1934. Tr.tnl'lated and
rearranged from dala in LS (1936, 53).

lIeljtht No,or Small~l-
inll'rval runs A\'era~e ~ larl:est

0-1 km 26 3.5 0.1-14.2

1-2 kill " 4.X O.2-l5.lj

2-3 km " \.1 1.1-13.4

J-4 km \ 2.S 0.3-5.7
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for scientific explanation. More than almost any
branch of meteorology, understanding came through
the concerted efforts of fluid dynamicists like Taylor
and Prandtl, from the painstaking efforts of practical-
minded scientists like Hesselberg and Sverdrup, who
labored over the archival records of pilot balloon ob-
servations, and from the field experimenters like Heinz
Lettau and Werner Schwerdtfeger, who demanded
measurements in the "thick of the medium."
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