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ABSTRACT

The form of the spectrum of turbulence is studied in an evolving atmospheric system
consisting of a growing convective layer surmounted by an inversion layer. Aircraft
measurements of the one-dimensional spectrum functions for longitudinal and vertical
velocity fluctuations were made at a hieight of 1000 feet above a desert dry lake. The
spectra of both velocity components exhibit the inertial subrange — 8/, power law within
the convective layer throughout the wavelength bandwidth of the aircraft system,
6.9 to 276 meters. Within the bounding stable layer, for wavelengths greater than 69
meters, the spectra of both velocity components appear to follow a power law approach-
ing —3, the theoretical prediction for the buoyant subrange according to Shur and
Lumley.

Exa,fnina.tion of the time series of spectral density at specific frequencies indicates
approximate isotropy for these data, although occasional large deviations from iso-
tropy are found, particularly at long wavelengths within the stable layer. The
turbulence kinetic energy budget is estimated and the results support the physical
models behind the buoyant and inertial subrange concepts. The bounding stable layer
was found to be a region into which energy was imported from below and where energy
was suppressed by the buoyancy forces associated with a downward flux of heat into
the convective layer. In the region near the top of the convective layer, buoyant pro-
duction of turbulence energy was found to equal the dissipation rate, as is assumed in

the inertial subrange theory.

Introduction

The central subject of this paper is the form
of the spectrum of turbulence in neutral and
stable layers in the free atmosphere. Considering
that aircraft spectral measurements have been
available for almost twenty years (Clement-
son, 1950), surprisingly little is known of the
influence of hydrostatic stability. For neutral
stratification the predictions of the inertial
subrange theory, as formulated by Kolmogorov
{1941) and Obukhov {1941), have now been well
verified in the atmosphere (MacCready, 1962),
ocean (Grant et al., 1962) and in laboratory
systems (Gibson, 1962). In the inertial subrange,
the one dimensional spectrum function, S(k), is
supposed to have the form

S(k) = aetr-t, 1)

where k is wavenumber, ¢ is the rate at which
turbulent energy is dissipated to heat and a is &

1 Now at University of California, Davis.
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constant whose value has been discussed by
Panofsky & Pasquill (1963).

The associated prediction of isotropy has not
been as well documented as the spectral form.
There is some evidence that the atmosphere
is commonly anisotropic in the boundary layer
(Weiler & Burling, 1967). The data in the free
atmosphere, however, are fragmentary and in-
conclusive due to the difficulty of the measure-
ment. The measurements to be reported here
appear to help clarify the situation.

Bolgiano (1959, 1962), Shur (1962), Monin
(1962) and Lumley (1964) have made theoretical
studies of the form of the spectrum of turbulence
to be expected for stable statification and small
mean shearing motion. Bolgiano proposed the
term “buoyant subrange” be applied to that
portion of the spectrum in which turbulence
energy is suppressed through the action of the
negative buoyancy forces associated with a
hydrostatically stable environment. In the
buoyant subrange, turbulent eddies are sup-
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posed to be small enough that whatever shear
is present has no influence, but still large enough
that buoyancy is important.

The predictions of the various theories are
of the form

E(k)ck®, 2)

where E(k) is the three-dimensional turbulent
energy spectrum and b is a constant. If the
turbulence in the buoyant subrange remains
approximately isotropic, despite the anisotropic
influence of the stable environment, the same
form would be expected for the much more
easily measured, one-dimensional spectrum
function, S(k). In the words of Lumley (1964),
such a spectrum would be thought of as slightly
“leaky” in that a relatively small percentage
of the turbulent energy cascading from long to
small wavelengths is being removed by buoyancy
at a given wavelength in the buoyant subrange.
Bolgiano’s theory predicts a value of -4 for
b, while both Shur and Lumley obtain -3.
Monin’s theory is an interpolation scheme be-
tween Bolgiano’s result and the inertial sub-
range value of —3.

In general, none of the predictions of the
buoyant subrange theories have been unambigu-
ously verified in the atmosphere. In the bound-
ary layer, the buoyant subrange has not been
found, presumably because of the importance
of shear produced turbulence. In the free at-
mosphere, the only published measurements
until recently have been those of Shur (1962)
who obtained turbulence spectra in the stable
environment of the jet stream at an altitude
of 8000 meters. It should be noted that Shur’s
measurements were made by the acceleration-
transform method which is considered less
reliable than the techniques in which the air-
craft motions are explicitly measured and
removed from the data. Shur’s spectra showed
a transition from a Kolmogorov -3} slope to a
—3 slope at wavelengths of about 600 meters.

Shur’s results, however, have not been ac-
cepted uncritically asexamples of the buoyant
subrange. According to Reiter (1965), the general
opinion at the International Colloguium on the
Fine Structure of the Atmosphere, held in
Moscow in 1965, was that the buoyant sub-
range, if it existed at all, should be found at
shorter wavelengths. In addition, it was agreed
that the most likely place to find a buoyant
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subrange would be in an inversion layer sur-
mounting an adiabatic mixed layer.

Lenschow & Johnson (1968) have recently
made aircraft measurements similar to those
presented here. One case is shown for stable
conditions in which the logarithmic slope of
the spectral densities for vertical and longi-
tudinal velocity fluctuations is about —2.5 at
wavelengths longer than 200 meters. It is stated
that this behavior was typical of spectra meas-
ured in stable conditions. Busch & Panofsky
(1968) have presented a collection of spectra
from various sources. They note that under
stable conditions relatively more turbulence
energy is concentrated at high frequencies than
for unstable stratification and speculate that
a buoyant subrange may be the explanation.
No logarithmie plots of the spectra are pre-
sented to test this hypothesis, however.

The discussion at the Moscow Colloquium
underlines a number of points of great sig-
nificance to the study of turbulence in the free
atmosphere. In general, the observational
attention paid to turbulence spectra in relation
to the environment and its evolution in time
has been inadequate. For instance, the spectral
theories discussed above are for equilibrium
conditions, yet this is rarely verified in observa-
tional experiments. The environmental stability
and wind shear are obviously of primary im-
portance but often are not measured in aircraft
experiments. Finally, since the theory of the
spectrum of turbulence is intimately connected
with the production, redistribution and dissipa-
tion of turbulent energy, it would be highly
useful to form a kinetic energy budget to
accompany spectral measurements. For in-
stance, in experimental studies of the buoyant
subrange, it would be desirable to demonstrate,
independently of the spectra, that energy is
indeed being suppressed by buoyancy. In this
study we have attempted to document the
environment and the physical processes oc-
eurring there, as well as measuring turbulence
spectra.

Instrumentation and observational
procedures

The data reported here were gathered as a
phase of a larger program of research into the

properties of turbulent diffusion in the free
atmosphere (MacCready, Niemann & Myrup,
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Fig. 1. Temperature soundings for 0821 PST and 0929 PST, June 25, 1966.

1967). A light aircraft was instrumented to
measure, in addition to conventional meteoro-
logical parameters, longitudinal velocity fluctua-
tions, by means of a pitot tube, and vertical
velocity fluctuations by the vane-gyroscope-
accelerometer technique. The latter measure-
ment has been discussed by Telford & Warner
(1962) and by Myrup (1965). The effective
band width of the turbulence measurement is
estimated to be from 10 to 0.25 cycles per
second, which corresponds to turbulence wave-
lengths from 6.9 to 276 meters at the airspeed
used in this study. The turbulence data were
recorded on magnetic tape in frequency modu-
lated form, and the spectral density of a velocity
component was calculated in the laboratory by
means of an analog filter technique. The band
width of the filter was close to one octave.
The instrumentation and data processing pro-
cedures are described in more detail in the first
reference cited in this section and in Myrup
(1968).

The aircraft, a Piper Apache, was flown at a
constant altitude of 1000 feet above El Mirage
dry lake in the Mojave Desert of Southern
California. The horizontal traverses were ap-
proximately 5 kilometers long and were made
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alternately in the crosswind and downwind
direction. Periodically, a temperature and tur-
bulence sounding was made.

In the following sections, we present a quanti-
tative analysis of the aircraft data for one
observation period, the morning of 25 June,
1966. This period was selected for concentrat-
ed attention because the data were especially
complete and, as we will describe below, the
a'tmosphere above El Mirage on this day was
found to be undergoing interesting physical
processes of wide geophysical significance.

Meteorological conditions and observed
evolution of the system

The meteorological conditions on the morning
of 25 June, 1966 were typical of the El Mirage
area during the summer months. It is probable
that the processes described here are common
to the deserts of western North America and
other similar continental areas as well. Fig. 1
shows two temperature-height soundings for
this period. The earlier sounding at 0821 PST
shows a near-adiabatic layer, indicating effective
mixing, capped by an inversion layer at 1000
feet above the lakebed. Earlier soundings (not



344

shown) indicated a progressively shallower
mixed layer. At 0929 PST, the adiabatic mixed
layer had deepened to at least 2200 feet. At
this time it is not clear whether the weak in-
version layer at that height caps the mixing
processes or whether mixing extends above the
highest point of the sounding. The wind speeds
at the traverse level for this period, measured
by means of double phototheodolite triangula-
tions of sounding balloons, were light, generally
between one and three meters per second, and
the flow was from the east. The wind field will
be analyzed in more detail in a later paper, by
other authors, dealing with the diffusion data
which were gathered concurrently with the air-
craft measurements. Dissipation soundings were
also made and will be discussed below in con-
nection with the kinetic energy budget.

The most important point established by the
sounding information is that the hydrostatic
stability of the traverse level (1000 feet above
the lakebed) changed from stable to neutral
sometime between 0800 PST and 0830 PST.
Consequently, the turbulence data gathered
before and after this time are ideal for the
purpose of comparing the effect of neutral and
stable environments. It should also be kept in
mind that this is an evolving system.

Discussion of the system

Since the wind speed was small during the
time period in question, the mechanism by
which the adiabatic layer was mixed must have
been turbulent convective motion, initiated at
the rapidly warming desert surface. Thus, the
physical system considered here consists of a
convective mixed layer bounded by a hydro-
statically stable layer. Such two-layer systems
are common in nature and appear to differ
significantly from the experimentally and theo-
retically convenient horizontal parallel plate con-
vective system.

Two-layer or naturally bounded convective
systems have attracted wide experimental and
theoretical interest in recent years. Rouse and
Dodu (1955), Cromwell (1960), Turner & Yang
(1963), Townsend (1964), Turner (1965), and
Turner & Kraus (1967) have studied laboratory
models of this sytem. It has been found, in the
case that turbulence is suppressed in the upper
layer, that the depth of the convective layer in-
creases continuously as fluid from the bounding
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layer is mixed into the convective layer. This
process seems to be a special case of the general
tendency of free turbulent flows to entrain
bounding, non-turbulent fluid. Ball (1960),
Kitaigorodsky (1960), Kraus & Rooth (1961),
Veronis (1963) and Kraus & Turner (1967) have
formulated theoretical models of the entrain-
ment process. In the present absence of ana-
lytical solutions for the fully turbulent case or
numerical integrations of the governing equa-
tions, heat and kinetic energy budget considera-
tions have provided the chief theoretical guid-
ance for all those studies, with the exception
of Veronis’ finite amplitude perturbation anal-
ysis. The mixing between the stable and turbu-
lent layers, and the consequent increase of
depth of the latter, has been found to involve
a conversion of turbulence Kkinetic energy to
potential energy. In the atmospheric case,
there is a downward transfer of heat through
the stable layer, perhaps extending well into
the convective layer, which is associated with
suppression of turbulence imported from below.

Processes within the bounding stable layer
have been discussed by Townsend (1964, 1966),
who treats a theoretical model in which a field
of random internal gravity waves is formed as
a result of ‘“bombardment’ by convective ele-
ments from below (in the atmospheric case).
The mechanism by which internal waves
transfer heat downwards, however, remains
obscure.

Kinetic energy budget

As mentioned above, the turbulence kinetic
energy budget provides an appropriate frame-
work within which to present turbulence meas-
urements. Consequently, we have attempted to
evaluate the budget for this case. The budget
equation is

oe gH
—=———t-——— —we, (3)
ot oCpT o2 oz

where e is the turbulence kinetic energy per unit

mass, H =pCpwT’ is the turbulent flux of
sensible heat (positive upwards), T’ is the
temperature fluctuation about the mean, t is
the turbulent shear stress, « is the wind speed,
¢ is the dissipation rate, w is the vertical velo-
city, the overbar indicates an averaged quantity,
and the remaining terms have their conventional
meanings. This form of the budget equation
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presupposes horizontal homogeneity and neg-
lects work by the pressure fluctuations and
molecular transport.

The time-rate of change term in equation [3]
would be expected to be maximum in the en-
trainment region at the interface between the
two layers where we estimate de/ot~3 ergs
gm~18~! which is small relative to the dominant
terms for this case. Hence, for some purposes,
this sytem can still be considered in an equi-
librium state. The shear production term, under
these conditions could be significant only
below the level of lowest aircraft measurement,
4.5 meters. In addition Hess and Panofsky
(1965) and Record & Cramer (1966) have pres-
ented evidence that shear produced turbulence
tends to be dissipated locally. Consequently,
we shall neglect the shear production and time-
dependent terms for the conditions of these
measurements.

The budget equation then reduces to

H o —
g —&= —we (4)
eCpT oz

which we have attempted to evaluate as a
function of height for the time period of
interest. An estimate of the dissipation term was
available from the Universal Turbulence Indi-
cator, manufactured by Meteorology Research
Inc. (MacCready, 1964). This device essentially
exploits the Kolmogorov intertial subrange
prediction for the longitudinal velocity fluctua-
tions (equation (1)). The present usefulness of
the data depends on the validity of the inertial
subrange formula for the band width of the
instrument, which is 2 to 5 cps. We shall return
to this point below when the turbulence spectra
are presented and provisionally accept the dissi-
pation data for the purposes of the current
discussion.

Neither of the two remaining terms were
measured directly. However, we have been
able to estimate the buoyant production/sup-
pression term from the sounding information.
Assuming the mean vertical motion is zero and
the radiative flux divergence is unimportant
over the time period of interest, the divergence
of the sensible heat flux is related to the local
temperature change by

oH oT
—= —Cp— 5
" eCr (5)

Tellus XXT (1969), 3

345

In finite difference form, this equation allows
calculation of the heat flux divergence from any
pair of soundings, thus yielding

H
% 1) (8)

oz

To obtain the heat flux itself we require either
an upper or lower boundary condition or the
mean value of the heat flux throughout the
layer in question. Since we made no micro-
meteorological boundary layer measurements,
we do not know the lower boundary condition.
One approach to this problem would be to
assume the heat flux is zero at the highest data
level and integrate [6] downwards. Another
possibility suggests itself if equation (4) is in-
tegrated from the surface to the highest data
level, (h), which was 3100 feet for this case.

J— g h h
we (h) = f Hdz - f edz. (7)
eCpT Jo 0

The assumption that we (k) =0, i.e., that negli-
gible turbulent energy arrives at the top of the
system, allows the average heat flux through-
out the system to be calculated since e(z) is
assumed to be known,

30T
=2 (8)
g

where the overbar indicates an average over the
entire sounding. This mean heat flux provides
a reference that allows integration of equation
(6) to give H(z) from which the buoyant pro-
duction can be calculated. This procedure
appears to give reasonable results in that the
calculated surface heat flux is consistent with
the available micrometeorological ‘‘climato-
logy”. Applied to the 0821 and 0929 PST
soundings, the surface heat flux was found to
be 25 m W cm-?, taken as applying at about
0900 PST, which seems a reasonable value for
this time of the day and year at a desert site
according to the available measurements, such
as those of Swinbank (1964). The assumption
that the heat flux was zero at the top of the
system gave a surface heat flux about 10 per
cent higher. We prefer the previous approach on
the grounds that it is based on more information.

With estimates available for both the dissipa-
tion and buoyant production, the remaining
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term in the budget equation (4), the turbulent
export, can be computed as a residual. Fig. 2
shows the results of this analysis for the 0821 and
0929 PST soundings, taken as applying at
0855 PST. The dissipation profile is the average
of the two dissipation soundings.

The kinetic energy budget calculation appears
to be quite consistent with the physical models
of the intertial and buoyant subranges. Below
800 feet, energy production exceeds dissipation
and energy is exported aloft. At 800 feet, not
far below the traverse level and at a height
which was occupied by neutrally stratified
air during the time period of this calculation,
dissipation exactly equals production. This is
one theoretical condition for the existence of
a Kolmogorov equilibrium spectrum. Between
800 and 1200 feet, buoyant production plus
energy import is balanced by dissipation. Above

Turbulence kinetic energy budget for 0821-0929 PST, June 25, 1966.

1200 feet, where the inversion layer was being
eroded away during this period, the heat
flux becomes downward indicating suppression
of turbulence by the buoyancy forces. This is,
of course, the fundamental postulate of the
buoyant subrange theories. It should be noted
that neglect of the time-rate-of-change of
energy does not effect this result. At most, the
energy import residual would be increased by
3 ergs gm-* s~ above 1200 feet.

An identical analysis applied to the 0821 and
0734 PST soundings gave similar results. In
particular, a downward heat flux was found in
the inversion layer.

Turbulence spectra

The general nature of the turbulence spectra
computed for the morning of 25 June 1966 is

Tellus XXIT (1969), 3
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Fig. 3. Turbulence spectra for longitudinal velocity fluctuations computed for the 0655 PST and 0910 PST
traverses. The aircraft was flown at an altitude of 1000 feet above a desert dry lake at a speed of 69 ms~!.

illustrated by Fig. 3 which presents two longi- conditions, respectively. It should be noted
tudinal spectra for the 0655 PST and 0910 PST  that “‘longitudinal” is used here to indicate the

traverses, which represent stable and neutral velocity component in the direction of aircraft
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motion and hence these longitudinal spectra
include data from both downwind and cross-
wind traverses. These spectra are given in
terms of frequency. The wave number, k, which
appears in the spectral theories is related to
frequency, f, through the airspeed, V,, by the
formula,

k=—. (9)

Hence, the logarithmic slope of spectra plotted
as functions of frequency can be interpreted in
terms of the exponent, b, in predictions for the
spectral form in the buoyant subrange (equa-
tion (2)).

The turbulence level for the earlier of the two
traverses was close to the lowest found in these
data. For this reason, the system noise is un-
usually evident on this particular spectrum.
The energy hump at 16 to 32 cps is due to
boom vibration excited by the aircraft engine.
The noise level of the recorder appears to have
been about 0.1 spectral units and the 0655 PST
spectrum is contaminated by system noise for
frequencies greater than one cps. For lower fre-
quencies, the spectral density appears to rise
out of the noise and takes in a slope close to
—3, the theoretical value for the buoyant sub-
range theories of Lumley and Shur. It is the
significance of this slope with which we are
chiefly concerned in the remainder of this paper.

The turbulence level for the 0910 PST tra-
verse is about two orders of magnitude higher.
Consequently, the spectrum is affected by engine
noise only for frequencies above 32 cps. The
spectrum can be seen to follow the inertial
subrange -§ law strikingly well. We feel that
this result, which was typical of all neutral
spectra, constitutes evidence that the aircraft
turbulence and data analysis systems were
reliable and gave consistent results.

Also shown are 80 per cent confidence limits,
calculated from a chi square distribution ac-
cording to Blackman & Tukey (1958) for the
filter bandwidth (one octave) and record length
employed in the data analysis (one minute). It
is apparent that the 80 per cent limits become
rather wide for the lower frequencies of particu-
lar interest, and other slopes than those indi-
cated are reasonably possible.

These statistical confidence calculations ap-
pear to decrease the significance one can attach
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to the low frequency logarithmic slopes on the
experimental spectra. However, there is little
reason to believe that the sampling theory
applied in calculating the confidence limits is
valid for the conditions of these data. The
theory assumes that individual spectral esti-
mates are distributed about the true spectra
(i.e., one derived from an infinite time series)
according to a Gaussian distribution and that
the time series is stationary. The second as-
sumption does not hold for our case. In addi-
tion, the basic reason for resorting to con-
fidence calculations is to estimate the variability
one might expect if a series of spectral estimates
were to be made from various sections of a
time series. In the usual case, this is not pos-
sible, so the confidence theory may be useful.
However, our data essentially consists of a
series of spectral estimates from a long time
series, and we may judge our results directly.
In the words of Blackman and Tukey (1958,
pg. 5, Dover edition), “The precision of final
overall values is ordinarily far more wisely
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Fig. 4. Averaged aircraft turbulence spectra for
longitudinal velocity fluctuations.
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Fig. 5. Averaged aircraft turbulence spectra for vertical velocity fluctuations.

judged from the observed consistency of
repeated measurements than from any
theoretical variability based on a Gaussian
assumption.”

The two spectra displayed in Fig. 3 were
found to be quite typical of all spectra computed
for this period. The majority of all stable spectra
(for traverses made before 0800 PST) showed
logarithmic slopes considerably steeper than
—-$ for frequencies less than one cps (wave-
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lengths greater than 69 meters). All netural
spectra (for traverses after 0830 PST), on the
other hand, showed slopes close to ~§ for fre-
quencies between 8 and 0.25 cps.

In order to clarify the sequence in time, we
have arranged the individual spectra into time
groups and calculated averaged spectra for
each group. Fig. 4 shows the result for the
longitudinal velocity fluctuations. Each curve
is labeled with a time which is the average
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of the component observation times, and the
number in parentheses is the number of indi-
vidual spectra included in the group. The 0725
PST group includes all available stable cases
and the 0859 PST group includes all available
netural cases. The remaining 0808 PST group is
made up of two transitional spectra.

It can be seen that the averaged longitudinal
spectra are quite similar to the previously
displayed individual spectra. The aircraft noise
at 16 cps is more apparent on the averaged
0725 PST spectrum than on the 0655 PST case.
This seems to be associated with the fact that
the vibration of the nose boom, on which the
basic sensors were mounted, tended to be inter-
mittent in low turbulence situations (perhaps
excited by the turbulence to some extent),
and the 0655 PST spectrum was an example of
small boom vibration. As before, the logarithmic
slopes of the stable and neutral spectra are
close to ~3 and —3, respectively, for the same
frequency ranges as found in the individual
spectra. It should be particularly noted that the
spectral region of steepened slope is far removed,
relative to the filter bandwidth of one octave,
from the aireraft vibration band. The transi-
tional 0808 PST spectrum appears to be in the
process of establishing the inertial subrange
—£ slope.

In section 5 we used dissipation data based
essentially on the assumption that the inertial
subrange model was valid for frequencies of
2 cps and above. We cannot conclusively justify
this assumption since the stable spectra do
not clearly display a -3§ region. However, the
steepened buoyant subrange slope does not
begin until one cps and it is physically reason-
able that an inertial subrange would exist at
higher frequencies. Consequently, we shall
allow the dissipation calculations to stand as
reasonable estimates.

Fig. 5 shows the result of the same analysis
for the spectra of the independently measured
vertical velocity fluctuations. The conventions
are as before. The same general features are
evident as were noted for the longitudinal
spectra. The stable 0703 PST group and the
earlier of the two transitional groups (0802 PST)
both show a logarithmic slope between —1l (the
Bolgiano prediction), and -3 for frequencies
less than one cps. The 0849 PST neutral group,
on the other hand, shows good agreement with
the intertial subrange —3 slope. The transitional
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spectra are separated into two groups, 0802 PST
and 0809 PST, in order to illustrate the rapidity
with which the spectral regime changed. The
0809 PST spectrum already displays an exten-
sive —3 region.

As described above, the aircraft traverses
were alternately flown in the downwind and
crosswind directions. Separation of the spectra
into downwind and crosswind groups showed
no significant dependency on the traverse direc-
tion. The energy levels were approximately the
same and all of the features discussed above
were unchanged.

The variation in time of these spectra is
particularly significant to their interpretation.
To investigate the time dependency further, we
have plotted the spectral density at various
frequencies as a function of time. Fig. 6 shows
this analysis for 4 cps (wavelength of 17 meters).
The spectral density of the longitudinal fluctua-
tions, S,(f), and % times the spectral density
of the vertical velocity, S,(f), are shown. In
isotropic turbulence these functions would be
equal. Also shown are the 80 per cent con-
fidence limits discussed above.

This figure illustrates the dramatic increase
in the energy level of the turbulence which
occurred as the convective layer rose through
the traverse level. The increase was at least
two orders of magnitude. In general, the
spectral density of the vertical component
appears to be more irregular than the longi-
tudinal component at this frequency. The
increase in the energy level for the longitudinal
fluctuations occurs more smoothly.

Within the accuracy of the measurements,
these curves indicate that the turbulence at
this wavelength was approximately isotropic.
The period between 0730 PST and 0800 PST,
just before the arrival of the convective layer,
in which the longitudinal energy is consistently
larger than the vertical, may be a significant
exception. It should also be noticed that the
most rapid increase in turbulence energy occurs
just after 0800 PST. This is precisely the time
when a sudden change from a steepened slope
to the —3 slope was noted in the spectra pres-
ented above.

Fig. 7 shows the same analysis for the spectral
density at 0.25 cps {wavelength of 276 meters).
The same large increase in turbulence energy
can be seen. The spectral density of the vertical
component is even more irregular and pulse-

Tellus XXT (1969), 3
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Fig. 6 Time variation of spectral density of longitudinal and vertical velocity fluctuations at 4 cps, cor-

responding to a 17 meter turbulence wave length.

like than for 4 cps. Quite large, order of magni-
tude excursions above the level of the longi-
tudinal energy occur. This phenomenon may
be connected with the more rigorous sampling
requirements for this lower frequency, as indi-
cated by the wider 80 per cent confidence limits.
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However, these results are also consistent with
a physical model of turbulence energy arriving
from below in bursts of low frequency, verti-
cally oriented energy which then gradually
becomes more isotropic over a time period of
the order of 15 minutes.
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Fig. 7. Time variation of spectral density of longitudinal and vertical velocity fluctuations at 0.25 cps, cor-

responding to a 276 meter turbulence wave length.

Concluding remarks

In general, these results seem remarkably
coherent considering the aircraft instrumenta-
tion was a relatively modest effort. Probably
the turbulence spectra, considered alone, would
not seem particularly strong evidence con-

cerning the effect of stability on spectral form.
However, the close correlation with the sup-
porting meteorological data greatly strengthens
the case. We feel this analysis illustrates the
importance of giving careful consideration to
meteorological information when making and
analyzing aircraft turbulence measurements.
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CHEKTPBI TYPBYJIEHTHOCTU B YCTONYUBLIX U KOHBEKTUBHBIX
CJI0f1IX B CBOBOJAHON ATMOC®EPE

Nccaegyerca gpopma crneKTpoB TypOyjeHTHOCTH
B pasBuBalolleiica atmocdepHolt cucreme, co-
CTOAWIe M3 pPAcCTylllero KOHBEKTMBHOTO CJo0d,
HaJ KOTODPHIM HAXOAMUTCHA cloli maBepcuu. Brinu
NMpoBejleHH CAaMOJeTHHE WH3MEePeHHs OFHOMep-
HHX CHEKTPOB JJA NPOJOILHOM M BepTHKAJb-
HOIl KOMIOHEHT CKOpPOCTHM Ha BhicoTe 300 m HaR
cyXuM 03epoM B nycToiHe, CHeKTPH 00eNX KoM-
MOHEHT CKOPOCTH UMEIOT HHEPLUMOHHHI WHTEp-
BaJ, ¢3aKOH CTemeHM — 5/3», BHYTPH KOHBeEK-
TUBHOTO CJ0f B MHTepBaje Macmra6os oT 6,9
A0 276 m. BuyTpu ycroliuuBOro cioa AJA JIKH
BOJH, Gonbmmx 69 wm, cneKTpH 00eUX KOMIO-
HeHT NPUONMKAIOTCA K CTeNeHHOMY B3aKOHY C
nokasarejeM —3, Korophit OB mpeackasaH
AaA MHTepBana AeficrBua cua maasydectu Ily-
pom u Jlammn.

HccaenoBanue BPeMEHHOI'0 pARAa IJA CHEK-
TPaJbHON NJIOTHOCTH HA ONpPEJeJNIeHHBIX YacTo-

TaX YKaspiBaeT Ha CyIeCTBOBaHUe NpuOAN3H-
TeJbHO! M30TpONMM [JIA BTHX [AHHBIX, XOTA
BCTPeYaTCA MHOrga M Gojablive OTKIOHEHHA
OT M30TpONuUH, 0coOOEHHO AaA GOJbIIMX MACIITA-
60B BHYTpH cJIoA ycroiumBocTH. OnenuBaeTcH
0anmaHCc KHHeTHYeckoii aHepruu TypOyJIeHTHO-
CTH, PEe3YyJIbTATHI KOTOPOT'O CBUAETENbCTBYIOT B
Noab3y GU3NYeCKUX MOJAeseit NHTEPBAJIOB HHep-
UROHHOrC 1 AelicTBuA cua nuaasyuectu. Haitneno,
YTO BepPXHMH WHBEPCHOHHHN CIOH ABIAETCA
o0aacThio, KyJa 3HEPTrUA NPUTEKAeT CHUBY H
rJe OHa MOJABJIAETCA CHIAMU TIJIABYYECTH, CBA-
3aHHBIMM C IOTOKOM TeNjIa BHU3 B KOHBEK-
TUBHHI cioif. B oGnactu BOaH3N BepXHelt rpa-
HUIBI KOHBEKTHBHOIO CJIOA TCeHepauusa Typ-
OyJNeHTHOIl 2HEpruM CUJIAMM TJABYYECTH OKa-
3HIBAETCA PABHONW CKOPOCTH ee MUCCUNAINHU, KAK
5TO W NMpeANoJaraeTcd B TEOPUU MHEPLHUOHHOTO
MOJIMHTEpBaJa.
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