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ABSTRACT

Power spsctra and cospectra of the orthogonal velocity components
and temperature for twenty one-hour runs at 16 and 40 meters height (data
taken by DY, H.B., Cramer’s group at Round H{ll Field Station [M.I.T.],
South Dartmouth, Mass.) are analyzed, using a varisty of normalizations and
coordinate systems. The dependability of the data, particularly in the low
fraquency range under convective conditions, is considered.

Algebraic functions for power spectral dats in Monin-Obukhov simi-
lspity coordinateg are obtaingd empivically; graphical functions for the
game data, using R and (AT)*-normalizations, are obtained by rvegression
analyais. Both these sets of functions have stability as a parameter.
The standard deviation of the asimuth angle, O , was aelected from a
nuamber of possibilities, as the most practical parameter for expressing
siratification, Site roughness is deacribed by the standard deviation of
the azfmuth angle under neutyal conditions, G «

Using thrae separate criteria, the isotropic range in the atmospheric
surfacs layer is defined,

Ths obasrved energy spectral density functions are compaxad to
several theoretical func mﬁch the folgwing regsults: Kolmogoroff

ox Heisanberg spactra ( &(n) ¢ M~6/3 ) agree with the data within limics
of obssyvaticnal srror, in the isotropic range. Below the lower limit of
dizotzopy but at higher fraguencies than where there 1 nechanical enorgy
input, the Rraichnan epectra ( E(n) o 70°¥a ) is the closest to the
observad data. In the low frequency range, none of these spectra ave valid
since this zegion is dominated by stability dapandence and lower boundary
effects, axhibiting very little enargy under stsble conditions and a large
peak of very low frequeacy énergy umder unstsble conditions.
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A model i3 suggested viewing the U z-nomuud energy spectral
density functions as the consequence of mechanical site dependent roughness
energy input and convective stability dependent energy input and the subse-
quent inertial transfer of emergy to higher frequencies. Both machanical
roughness and the convective excitation ave expressed in terms of the
frequencies they involve.

Thesis Supervisor: Edward N. Lorenz, Sc.D.
Title: Professor of Meteorology
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L. TRIRCDUGTION

Actmospheric turbulence is generally fully developed, with Reyaolds
numbers of the order of 106. The usual situvation is that of flow over
&n esvodynamically zough lower boumdery with vertical shear of the
horizontal mean wind and buoyancy forces pregent. 7The wind and straci-
£ication are both stromg functions of the time of day and the symoptic
situation. In addition, they ave interdependent in s complicated manner.
At a particular site, the typs of rogime and intensity of turbulence are
highly dependant on the mean wind, 1ts shear and the stratificaticn. From
eite to site, these characteristics of turbulence are #lso dependent on
the effect of the lower boundary. This effect is variable, depending on
the particular turbulenc: regime that is dominant at the time. Another
intoresting feature of atmospheric turbulence is that it involves length
scales ranging from the planetary scale to scales so small that viscous
forces are dominant over inertial forces. In time units, the scales span
a range between weeks and very small fractions of & second. Figure 1
demonstyates this situation schematically. Except undexr very restricted
iaboratory conditions, a mathematical solution of the equations of motion
is out of the quastion. Before one can even maks judicicus simplifying
assumptions, it 1s necessary to lmow something about the spectral distyi-
bution of anergy sources and sinks, the range of iength scales that might
be expecied to oxhibit isotropic conditions, and the general shape of the
energy spectral density fumctions. One must slso know something about the
genersl behavior of the heat and momwentum fluzes and under what condicions
the assumption of horizontal homogeneity is reascnsble. The f£irst step,
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then, bacomes the observation of the velocity and tempersture fluctuations.
The data used in this research consists of fluctusticns of the oxrthogonal
velocity components and temperatura taken simultaneously by fast raséonse
equipment at the l6-meter and 40-meter levels. These measuremants were
made with the instruments located on a 40-meter tower surrounded by
reasonably flat terrain at the Round Hill Field Station (M.I.T.), South
Dartmouth, Mass. There dre twenty one-hour runs at each level spamning

a frequency range between n = .0014 and n ® .4 sec™}. PFrom these data,
power spactral and cospectral analyses of the orthogonal velocity component
and temporature fluctuations are obtained. A more complete description

of this data sample is given by Cramer, Record, Tillman and Vaughan
(1961), and Cramer, Record and Tillman (1962) and in Section Iv of this
report. This represeats a larger data sample, taken under carxefully
controlled experimantal conditions, then has previously been available.
Therafore it is believed desirable to supplement work of other investigators
because the results can be stated with grsater assurance and the effect of
stratification on the power spectral functions and on the heat and momentum
£luxas can be better defined. A partial inventory of previous measurements
and some analyses of these, includes the following:

1. Great Plains data, conoisting of approximately fifty runs of
ten minutes length at heights of 1 1/2, 3, 6 and 12 meters. Theca data are
prasented and analyzed by Lettau and Davidson (1957) end analyzed by
Takauchi (1961) and others.

2. Prairie Grass Data, consisting of approxzimately fifty runs of

tventy minutes in length at a height of 2 meters. Thase dataare presented
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by Haugsn (1959) and hae bees analyzed by Panofsky and Deland (1939),
Cramex (1960) and others.

3, Numarous runs of about one hour each in length have been taken
at the Brookhaven National Lsboratory, Upton, N.Y. The basic data are
5 sec. avarages of velocity components and include temperature fluctuation
data, taksn at heights of 23, 46 and 91 meters. These data have besn
analyzed by Panofsky end Deland (1959), Penofeky and McCormick (1954),
Panofsky (1962) and others.

4, There are e mmbar of analyses of smaller data samples., A fevw
of these are: (a) Monin (1962) analyzed w-component data for seven runs of
unknown record length at the l-meter level. (b) Takeuchi (1963) analyzed
two runs of 10 minutes duration aach at the l6-meter level. (c) Macready
(1953) analyzed five runs, varying in length from 10 minutes to one hour,
Blackadar and Pamofaky (1964) gave a veview of the status of reseaxch,
concerning atmoaspheric turbulence and diffusion, in the Soviet Union.

The Round Hill data ave of sufficiently long time duration (each
run 1s approximately one bour in lemgth) to evaluate the low frequency
convective range with considerable confidence and, at tha same time, the
rapid zosponse of the wind measuring instruments permits one to measure
frequencies high enongh to zeach the inartial sub-range for most runs.
Also, the 16 and 40-meter levels are high emough above ground level so that
vertical velocities of considerable size appeer in the larger turbulence
scales. So it was decided as necassaxy to evaluate these twenty one-hour
runs f£irst; then go on So consider vhat theoretical works seem to be moat
successful in explaining the behavior of the power spectral density functioms.



13

Thaovetical work, perzinent to atmospheric turbulouce, has mainly
beea in three areas:

1. Isotzopiec Turbulence. Work in this azea has been extonsive and
has led, with the aid of similarity assumptions of various forms, to
predictions about the emergy spectxal demnsity fumctions forx those gesles
of atmospheric motion thet axe isotropic. Batchelor (1933) and Lin and
Reid (1963) present & comprehensive description of this area of work.
Recently Kyaichnan (1958), (1959) has intzoduced modelling in the form of
his “direct interaction™ approximation first, and then operated mathema-
tically on the vesulting equations with the aid of the isotropic assumption.

2, Similarity Assumptions in the Anisotropic Case. This devalop-
ment i3 the work of Monin and Obukkov (1934). They assume that the vertical
heat and momentum fluxes are comstant in a sufficiently shallow suxface
lgyer. Using these assumptions sud dimensiocal amalysis, predictions ave
made sbout the shape of the vertical wind and temperature profiles; also
a meersof non-dimensionalizing power apectral demsity functions is suggested.

3. Solution of Bquations of Motion wnder very Reatricted Conditious,
assuming that the interaction of one perturbation quantity with another is
smell compared to the interaction of perturbation snd msan quantities. The
works of Deisalex (1961); (1962) are examples of this approach. Some very
specialized predictions sbuut the form of the energy spectral density as
a function of fraquency sre obtained,

For a detailed and rather ccmplete indication of the present state
of theoretical and observational knowledge in the area of atmospharie
turbuience, the following list of books and papers are recommended: Batchslor
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(1953), Lin and Reid (1963) aand Pasquill (1961), Chapter I. Tho basis of
the spectral and cospectral analyses of variance and covariance fumctions
was provided by Taylor (1936). For a continustion of the discussiom,
including treatment of the problem with vertical shear end stratification
present, soe: Frenkiel and Sheppard (1959), Hinze (1959) and Frenlkiel
(1962). with this knowledge of the nature of atwmospheric turbulence in
the surface layer and of the state of the art regarding both thaory and
observaticus, the problex cen ba more specifically stated as follows:
first,z large data sample should be used to learn move ebout the gemeral
characteristics of atwmosphsric turbulence. Then cne is in a position to
apply the present theoretical developments judiciously. For instance, if
1t were imown under what conditions and for what scales that atmospheric
turbulence is isotropic, then omns could make use of the present thaozetical
work in this avea. Also one would know what simplifyiné assumptions and
modelling are acceptable in treating the problem. Then tha plan of attack
indicated i3 to gather data; analyze ii; evaluate the avaiiable theoretical
results; and possibly atar: the whole cycle over again with some new
predictions.

1I. OBJECTIVES OF THE RESEARCH.
The objectivas of the vesearch are to anglyze and present the

exparimental datz from the twenty xums in 2 manney which is most convenient
for reaching theoratical and observational conelysions. In order to do this,
it will be necessary to uce several coordinate systems and non-dimensions-
iiging methods, to find the most appropriate technigues. An associated



pecblem i the necessity of selecting parameters to oxpress the sffeets of
atratification and lower boundary roughness on the energy spectral deasity
functions of the orthogonal velocity componente snd tempsrature. The
problem, spacifically, is to express the energy demsity functions as
functions of: f£requency, n; mesn wind speed at some height, 58; buoyaney
expressed as the gradient of potentisl temperastute, g% ; end surfacs
Foughness, 8., or scme other paramoter descriétivc of the lower boundary.
Although primavy emphasis ie on ghe powsr spectral data, some work, designed
to evaluate vertical heat and momsntum flumes, is done. Ths objective ie
to choose a minimm number of pavameters, which are well behaved, not too
difficult to evaluate, and which axe pertinent to the physics of the problem.
with i’:z incorporated in the non-dimemsionaliszing process, then there are
needed two parameters: ons to spacify the lower boundery effect and the
other to specify the strvatificetion. when this point i8 reached, one has
results which can serve two purposes. The results are of engineering
value, which yield estimates of pcwer spectral densities, momentum fluxcs
end hsat fluxes when the neceseary parameters can be evaluated. The second
end far move lmportant result, so far as this reseerch is concerned, is a
data sample organized in such a manner that theorstical results can be
critiqued. The primgey thosis cbjective can now be attained: that is to
chooge the theorias and models which show the most promise in explaining
observational results. The last objective is to develop a composite model,
vhich explaing the gemeral shape of the energy spsctral density functions
and their dependence on thermal stratification and lower boundary effects.
If these energy spectral density fumctions can ba determinad with
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reasoneble accuracy, then the dissipation rate of turbulent kinetic enexgy,
€ , can be determined, Enowledge of this dissipation rate of enexgy and

. its dependence on terrain and meteorological parametews 18 essential for
mmerical weather prediction of the larger scales of atmospheric motions.

It is also necessary for evaluating the equations of energy balance in

the surface layer, where émexgy exchanges are of prime importance. Estimutes
of energy spactral density functions are of basic importance in calculating
diffusion rates of contaminants in the atmosphere.

II1. A REVIEW OF PERTIMENT LITERATURE.
A. Brief historical review of yresearch in atwospheric turbulemce,
Three papexrs of G.1. Taylor provide a foundation for tha present
day mathamatical analysis of turbulent motions. In the first two of these

(Taylor, 19213 1935), Taylor recognized that the velocity in a f£fluid is

& continuous function of position and time. Taylor presented the hypo-
thesis that x = Ut, 1f the turbulent enorgy is small compared to the energy
of mean motion (x is the displacement, U i che mean velocity and t is the
time). He made another very important contribution to the study of turbu-
lent motion in his 1938 paper when he showed that the velocity corzsiation

function, U (X) U (TtX) , and the anergy spectral density fumctiom,
f" d‘ (E) are Fourier transforms of each other. Expressed in mathematical
symbols, this relationship may be stated as followss

<5 =
Y TTTTTE oy > tken =
Rij =, () i () = $ydo e =M de 2.1

R

~ ‘ s -t
- @ b o Te e



In 1941, Eolmogoreff intreduced the comcept of "universal equi-
librium"for sufficiont by high wvave mmbers and, with the aid of dimensicmal
arguments, he derived the form of the energy spectral density function in
this high wave nuxber xegion.

Batchelor (1953) in his book, "The Theory of Homogeneous Turbulémce”,
presented a comprehensive review of the mathematical theory of tuxbulence.
The treatment is mostly concernsd with isotropic turbulence. The same year
he [Batchelor (1953 A)] also showed the impoztsnce of the Richardson numberx
in evalucting the dynamic similarity of atmospheric motions.

Conmsncing with Macready (1933), measurements of velocity fluctua-
tions in the atmosphere became available for the firzst time for empirical
evaluation of the above theoretical predictions. This trend continued
with the Great Plains and Prairie Grass experimental programs. ¥For 8
morve coupletae inventory, see Section I and Seetion IIIC.

¥onin and Qbukhov (1954) proposed a similarity theory daesigned fox
predicting the detgils of turbulent motions in the boundary layer umder
anisotropic conditions. Many of the mope yecent papers (eee 3ection IIIC)
analyse the zecently taken data and thers is venswed interest in the works
of Rolmogoroff, Monin and Gbukhov., This is about the situstion at present

as lazgez and mowe satisfactory data samples become svailsbls.
Rreichnan (1958; 1959) has been doing importent theoretical work

by £irst modelling tho atmospheric motions, then operating with mathematical
éxactness on the simplified gyetem, Other recent theorstical work has
involvad the solution of “linearized" perturbatfon equaticns of motion.
Deissler (1961; 1962) and Belglano (1962) axe examples of this approach.



e

This section is a brief chxonology of the important happenings in
atmospheric turbulence studies for the scales of motion considered here.
Next, Section III B shows the contrasting approachss to this problem;
Section III C and the Appendix give brief resumes of many pertinent papers.

B. _Outline of Various Approaches to the Problem.

Due to the chaotic nature of atmospheric turbulence, one wuuld
usually be content to lnow some statistica of the flow after time, t, glven
data at time, t = 0, the valuea of the lmportant parameters and the boundary
conditions. A mmber of theoretical approaches have been suggssted. The
generally accapted equations of motion are

u; _ 0,
X, Non-divergent £low

p{P5E ey R O Fif = 5, +eo7 )
Navier-Stokes equation (3.3)

when buoyancy forces aro treated, the Boussinesq appromimation is quite
acceptable: e:@, , except when multiplying 8 giving:

qu; ) . O, . —q
A L S

where g, = (0, 0, g)

of = coefficient of thermal expansion

T’ = departure of temperature from the valus at which f’ “fe
The symbols used in this report have the same meening as in Batchelor’s
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imok unless they are otherwise duscribad.

Thio investigation of atmosphoric tusbulence is confined to ths
surface layer and the rxegions immediately adjacent thereto. It is therefosme
neceszary to discuss the depth of this layer. The depth is not only
varisble because of dependence on meteorological conditions but may also
be dafinad ia several ways. The definition of this layer has to be a pare
of each trestment and is not defined in goneral terms.

IThe following is 2 zeview of the varicus theoretical approaches to
the problem:

1. Solving as an initial valua problem, using a Taylor ssfiea.
’zf()% L) =X, &) H¢ ~£o)[9§ng (‘~fo)"é_’_z2_’_15’ l

l {, " (3.5)

By taking the divergenca of the Nevier-Stokes equation,

L pz == U
¢evr IX; Jx;

Using a Grem"s Fsmetion,

J-P{)??) - J ;2-[., 2 1'0.'5‘,' d...,l/
e 4 ‘;xcllgxd” ’X”*-X /

Next ( )_f =4, 18 evaluated. As (¢-4,) becomms larger, it is
necessary to evaluate higher order derivates in the series and hence to
Imow moye completely the initial velocity distribution function.

2, Using the equations of motion and deriving expressions iovolving
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product-meen values. If irdtisl comditions involve probability functicns,
then these eouations are expressions in joint-probability functions.

Réé(f) = 11.:0?7)7%' (X¥2) :-.fé;d'(l’)e"""zdk’ 3 d  dx dk, J/cs
(with suitable restrictions)
>
L ) -k Xy
i 2 Fuu ! ot 1y L (! - %, o
:hen%— .ﬁk[maﬁ u U Y 411‘9 [ j:? %‘t f+2}y’7eu(»‘)+))(3.s)

In ozder to evaluate second order product means (sasy a two point probabi-
lity function), it i necessary to lnow the third order product mesn torms;
end in order to evaluate the third oxder product mean terms, the fourth
order terms ave needed. 8o at this point, one can close the set of
equations only by assuming some evaluation of these higher oxder termms.
Sowe methods are:

(a) linear solution, where the third order terms ere set equal
to 28z0.

(b) physical transfer theorems; using the isotropic assumption, ons
takss tha Fourier transform of the Navier-Stokss equation to gat:

DEW

=% - Tik) — 2y k> Ek 5.6)

where E(k) is the spectral density of kinetic energy per unit wass and
T(k) i3 the defining scalar of the Fourier tramsform of the complicated
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non-linear texm. E(k) is slso the defining scalar of Q(E’ ) See Lin
and Reld (1963), p. 449, for a more complets description of these terms,
the longitudinal and transveree corralation fimctions and their relation
to each other through ths Von Kerman-Howarth equation. One makes the
equations of motion determinant by assuming T(k) to be expressible in terms
of E(k). |

(c) quasi-Gaussian sssumption: the fourth order texms are exprassed
as & function of the sacond-order terms (the value that a Gaussian proba-
bility fumction for the velocity would give), without setting the triple
correlation equal to zero.

3. Modify the equations of motion first by modelling primarily to
deal with the non-linear term, then operate on the resulting system with
nathenatical exactness., This is in reverse order to the precedure in
Section B and is the techmique employed by Kraichnan (1958; 1959). Some
of these mathods are presented mora fully in Section III C and the Appendix.
Some other authors, who commence by defining a model ave: Thompson (1963),
Priestiey (1959) and Lettau (1949).

4, Hopf's theory of tuxbulence (see p. 442-444 of the paper by
Lin end Reid). This methed starts with a lnown joint-probability distei-
bution functiom, F(if) » for the valocity, or its Pourier transform, (((JZ) o

'J"? > ‘-o-’
0D =f e * R di = &L H

(-]

’ m ”‘“"‘"""'“'7
- .‘.’-— o }n
Then express 0) = Z'_ n/} (< )

s where the coefficients in the

geries axe tha complete set of momants of ﬁ’ at a point. Pinally uwse the
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dynamical equations to get au enpraseion for (Rof) » This has not yet
been done for homogeneous turbulenca.

5. S&imilaricy solusions. In orxder to uae similavity, it is
necessary Lo srgue that the turbulence rogime must approach some unlversal
state, which is indspaandent of the initial conditions snd is only affected
by boundery conditions in a very restricted mennor. The objective is
to be able to dascribe the flow regime, using a lesser nusber of physical
paxameters than was needed to define the sclution prior to its approach
to the “"universal state®, The hypothesis of Kolmogoxoff (1941) is the
mest important axammple of the application of similsrity arguments to
atrcopheric tuzbulence. Heo states that at & sufficiently high Reynolds
mmber, a region of isctropic turbulence cen be spacified in texms of the
dissipation rate of kimstic enorgy, £, and the kinematic viscosity, 7. If
the Reynolds number ia sufficiently high (the uvsual stmospheric case), thsn
the "energy containing” end "dissipstive eddies” are wﬁﬁtcic%atly ssparated
in wave number space to assume that they act independsntly az;d arve separated
by an “inertial sub-range”, where £ is the only important pavameter, Uszing
thie and dimensional analysis, he devived an expression for the enexgy
spoctral density as e function of wave number {or f£requency) only. A

schematic of the atwospheric caege is shown by FPigure 2, where ths non-
dimensional spectyrsl dmie:}fr of emergy is plotted against non-dimsnsional

frequency. Log-log coondinaces are used for convenienca.
In the non-isotropic case, Monin and Obukhov (1954) zssumed that
the vertical heat flux end momentum flux are constant within a shallow

surface layer, From these quantities, using dimensional enalysis, a friction
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velocity, v*; a friction temparature, T*; and a atability lengih, L,
were formsd. Then using the non-dimensional quantity, z/L, conclusions
wore derived concerning the diabatic wind and tempsrature profile. The
dats used in this investigation are not well suited to a careful evaluaticn
of “profile theoreme®. The principal significance of this similarity
theorem is that it suggests the functions, V2 and T2 to non-dirensiona-
lize the power gpectra of velocity end temperature respectively. A more
detailed explanation of Monin-Cbulthov similarity is given in Section III C.

G. Resums of selected papers.

In ths following raoview of papers, tha selection was determined
by the requirement for an adequate description of vesearch activity in
each of the ssveral separate approaches to the problem, The papers are
grouped according to type of approach and only the wost pertinent onas
to this investigation are included in this section. Additional resumes
are included in thz Appendix, Section IX, and a fow others axe listed only
in the bibliography.

Although the atmospheric case is one amisotropy, it 48 shown
later that, under certain conditions, portions of the spectrum axe isogropic.
In order to dsrive en expression of the form: B(k) = £(k), it is necessasy
to make cartain assumptions about the physice of ths problem or about the
higher order product-mesan terms.

1. Transfer theories. A dascription is given by Batchalor (1953)
and Lin and Reid (1963) of several methods for evalusting the non-linecar
transfer term, T(k), in the equation:

FEK =T —-avk*Ek)
ot
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Probably the best lmown of these is the Heisenberg theory (Lin and
Reid [1963]), which states that tha mechanism governing ernergy transfer
between wave numbsrs iselmilar to the one governing viscous dissipation.
In mathematical texms,

~
K K *
L terdw! -—-apfae)L K*Eepn! ; 5. =K / 52‘, di’

The desired equation for E(k) is:

9 L—(z Ve = "'[)7 + Kh‘/ % dz’] /a K""E(k )de”,

If the _ £91low1ns trmfomum 9

Foo = E(K)f)[ﬁ/»xg 1 x=(=2t)4«

based on maintaining self-similarity during initial period decay, are
made, then Figure 13 of Lin and Reid (1963) shows the result. This zesulting
spectrum appears to be quite similar to that observed under known anisotropic
conditions (see Figure &1). If it is assumsd that the atmosphere is an
ensemble of these turbulence cells in verious states of decay, and that
this transformation is applied to each cell individually, then the space
average of the result in x - F(X) coordinates would be steady state.

2. Quasi-Gaussien gasumption., Sericus theorveticel difficulties
arise in using this assumption, as indicated by Oguxa (1962), therefora it
does not sesm worthwhile to consider this approach further.
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3. iinsar solutions. Two papewa by Deissler (1961; 1962) ave of
particulay interest in providing an emalysis of the effocits of shess of
the howizontal mean wind and buoyancy separatsly on the kinetic cnergy
spectmum of turbulent motion. The approach of Deissler (1962) is to
assume no wind 3ixaar and a constant stratification expressed by

8= é’ @)F . Tos following equation:

SE 13 UG pgui S, o (T =P

1s used to derive two point correlation functions such as 2y u ’ Fu' s
U T , atc. Deissler closed the set of equations by setting all tripie
correlation terms equal to zero and imposed initial conditioms at t = 0
of isotropy and no fluctuations of temperaturs. His conclusions ware:

(a) Ho steady state was reached

(b) Dissipation occurred mainly at high frequencies.

(c) Buoyant energy was fed into or removed from a large range
of frequencies and the effect was somewhat stromger at lowsr frequencies.

(d) The turbulence is anisotropic at low frequencies.
This paper represents o demonstration of the first approximation of the
effect of buoyancy on highly developed turbulence in the absence of shear
and without non-linear inertial transfer of energy. The "transfer® that
appears hare is merely the net result of buoysncy extracting emnergy a2t one
froquency and putting it in at another aud besrs no relation to the transfar
of energy directly between the degrees of freedom that is going on in the
real atmosphsra. Deissler®s 1961 paper is summariszed in the Appendixz.
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Thege two papers are instructive, even though the simplification of the
problsm in each case is savere.

The next paper, Rayleigh (1916) treats comvection in an unstably
stracified fluid. The modsl consists of two parallel flat plates of
infinite horizontal extent, separated by a distance, § . The formlation
used isg

(a) Equations of motion without coriolis term, with and without
viscosity.

(b) Non-divergent flow.

{c¢) Boussinesq approximation.

(d) A diffusion term in the thermodynamic aquation.

O0f particular intevest is ths identification of the modes of greatast
inztability. It is inferved that these modes are the ones most likely
to bs obsorved in the convective case, In the absence of viacosity,
graatest instability occurs when the wave number in the vertical is the

least. Then the horizontal wave number, ¥ QZiirps ' » 1o given by:
Poami= m2 +@’f‘f’- primarily & function of the dapth,3
> Fxtm*+ sacondarily a function of the stability,@

For a fized depth of fluid, the horizontal wave nwsher of maximm convective
ensxgy i3 oxpected to bs proportional to (3”3- o But, k, the thermal ¢iffu-
sivity, in this case 43 also depandent on ths turbulent intensity and would
meke the wave number of maximmn energy less strongly dependent than Q"), .

1f {=m, then )\ , the horizontal wave length of msximum instsbility,=2/2 &

(]
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4, Approackes which imvolve analysis after a modeil is definasd.
The most important papers ave Rraichuen (1958; 1939) end Kraletnan and
Spiegel (1962). 7The approach here is to modal the atmosphere im such a
vay that the equations of motion give a closed get of equations. The model
is the "direct intevacticn approximation” which replaces the non-linear gezm
in the squations of motion. This approximation states that, for three
Pourier components (p, q,r) giving the sides of a triengle in two dimen-
sional wave number space (forming a "triad”), the inertial txanafer of
energy can be determined by the direct transfer betwsen thesae componenta.
The "indirect transfers”, those interactions involving an intsrmediate
mode, ave naglected. This is justified by pointing out that as the region
and therefore ths mmber of pexmissible Pourisr components is increased,
the interaction between any three modes (triple correlations), becomes
smallez, but, there are meny more of these interactions, and thus the
total effect of the inertial terms remains important. Also, it is safer
to neglect the indirect interactions:. In the imertial sub-vrange, this
approximation gives:

Ew)c €2y -

In the Kraiciman theory, direct interactions are possible between "energy
containing” modes and those of vary high wave mumber, whexeas the Koimogorcfs
theory reliss on the "cascade” of energy on a more local scale betsmen
neighboring modes in k-space. Kralchnan suggests that, in the reglon of
wvave numbers below the inertial subrange, the direct interaction model moy
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be comperatively better then those depending on locsl transfer. This i3
the zegion vhere one can expect some interaction between the turbulent
cells and the advecting flow (flow of valatively much lower wave number).

Thompson (1963) used a model of convection between two parellel
infinite planes with thermal gradisnts in a thin boundsry laysr near esch
plate separatéd by a deap region whexe 99/3& O . He also imposed
statistical stationarity of heat, momentum and vorticity transfer. In
addition, he employsd non-divergence and the Boussinesq appromimation.
Thompson‘s results include the following:

(a) The thickness of the "boundary layex" is proportional to [?a]‘l/’t

, whare Ra {s the Rayleigh mumber = 3@&*{%9*/9*' used in
Thompson (1963).

(b) The thickness of the boundary layer is independent of the
total depth.

(c) The heat flux is proportional to(ATcmP )""3 f(;- A, P, k)

(d) The varience of temparature reaches a maximm at the top of
the boundary layer vhile the vertical velocity reaches a maximm in the
middle of the region. This model has much in common with Herring (1963)%s
results,

Lettau (1949) “genexalized” mixing length theory €0 include the
disbatic case by defining three parameters of turbulence:

()4 =t(z 2)

(b) v £ (geostropbj.c wind), ue /s %!é where u’ =‘€I§fé’

(c)w s u we'TJf s Walw

with thess thrvee psvameters (¢ 3 e s W ), a number of identities
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are written, which helps explain their msaning, These identities ara:
7 = ft;;al‘ =AM « B =plu*
wepteigg =4 3 ° # =

*

For isotropic turbulence, u: oW, the subscript, a indicates neutral
*

stability. Then ’C’._tp‘u: ") Mo =KEt+E) %%:f' X O

Lettan uses the heat flux, H, rather then J§/p, as the parameter of

stratification,

We-ch@h s A=ptle plur

A ie assumed to be the same for any air property.
For non~isotropic conditions, u* uﬂyo*. Lettau made the following

assumptionss
¥ * ¥
¥ . w*, W W =4

(b) The buoyant acceleration influencas directly only the vertical
2
turbulence paramaters, Then using w&f = vertical component of

A

turbulent accelerstion gives:

w*l-: %*L‘_ ;9

D e — —

£ I. ‘o o

with this basis, he defined,




af

Othey associated i,denti.tias aro;
f= bo o= wi ; A= Aa 3 H= & 0“?&
/ Pl ’ e /J,.x 2.
v 1% x) = (*x)

Next he defined, Y= h;&wz*?;) , glving 3 = x)"
Lettau describsd this system as follows: "y is defined proportional to the
heat flux and indapsndent of the gradient of potential temperature; x is
defined proportional to the gradient of potential temperature end independent
of the heat flux." This leads to the interesting result that y = “’%,«.x)z-
(see p.32 of Lotnu [1949]) which s reproduced as Figure 3 to show the
predicted behavior of the heat flux, H, This f£igure indicates that a
maximum of heat flux occurs at a moderately unstabie valus and that the
heat flux decreases as the atmosphere becomes more unstable. Thara is alac
& negative meximm of heat flux in the slightly stable atmsophara (see
Figure 20). .
5. Simllarity. Kolmogoroff (1941) postulated that, in the univessal
equilibrium’ range, the statistics of turbulence are definable as fimctions
of and (sea Section III B). From these, he formed a length scale,
n=(?/e)% ,ad a velocity scale, zr-=(d£j”"‘ . Then by dimensional
enalysis he showed EL)=u-*R G(kn) , where k {8 wave numbar
and ¢m a universal function of a dimensionless argument,£# . In the
inertial sub-venge, 7 is not important, thus E{k}ﬁﬁ(’@ only. Using
dimensional arguments cnce more, he concludad that &E(&) A € /3 &”6‘/'3

Monin and Cbukhov (1954) proposed a similarity theorem designed to
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apply under conditions of non-isotxopy in the surfece layer (again sse
S8ection 111 B). They assumed the following paremeters agre constant in
this layer:

(8) Jlo , buoyancy

®) $oop =uwT!, heat flux

) 2w’ » {/( =Yk , momentum £iux
Fron these, and using dimensional analysis, the following quantities
weze formed: .

(a) Friction temporature, 7%= -~ /Z‘?* w7’ , K= Von
Karmen constant.

(b) Stability length, L& ~— V*% § w'n’
These can be used to derive expressions for non-dimensional shoa: and
temperature gredient:

- s 2 dT =4 (
ke =g SR G R

If the exchange cosfficients for mameatum and heat are oqual, § = ¢, @ o
universal dimensionless function. Also, it isshown that ,/L = (ggl- Jz =

The difficulties arising from the nacessity cf evaluating the sbove expression
at g = 0, are avoided by Newnann (1961), who defined the Richaxdson by the
expression, Ri no(%"‘@ (2/[.,) .- o A series expansion of

é‘ (%/L) is chosen appropriate for the stability (or size of z/L) and
upon iategration, the following forms are obtained:

Viz) ::_E_‘“[‘FC?@—’@(%)] ‘é = height where v = 0
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£
ws Ty 70 = TF[E G ~f Bl , f =/ 400

¥ 2t , {6 =l (%)) +¢
A 2/
7<) £ = /07(%)+F L
=2 o " P
'24‘55 ", stalble ‘F(% Bl tC, f& K CRITILA &

.E ¢e~], unstble, £(%)=C (& )',/3.“_

Batchelor (1933 A) showed that if the boundary permits a similerity
transformaticn, then having the same Richardson number is a sufficient
condition for dynamic similarity. He pointed cut that & "bulk” rather
then & "local® value for the Richardson number, is the appropriate one.

The analysis of Panofsky and Deland (1959) is based on Prairie
Grass data. liormaelized apectral snalyses were given and there was also &
comparison of these data with similar Brookhaven data. They usad ’z'-g.-‘:-g‘)
versus n as coordinates (4 = u, v, w) and compared the energy spectxal
density of the three components under night (stable) and day (unstable)
conditions; the height dependence of the turbulent energy wes also examined.
More detailed enargy spectral density date are given in the papers immedig-
tely following.

Cramer (1960) analysed the Praivriec Grass data and presented these
plots;: (log 519_._.‘_,/ versus log 7| jand analyzed the stability dependence of

O
leg 3"‘-/()2/3 vERSUS /07 é’-
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ghe normalized energy speciwal densities. The stability was awpressed in
terms of the standard deviation of the asimsth angle (see his Figuwe 2).
He concluded that the u-spectral energy density (in the log-log coozdinetas
used above) appromimates a -4f/3 slope at high frequency.

Cramer, Recoxd, Tillman and Vaughan (1961) and Cramer, Racord and
Tillman (1962) gave a description of the experimental technique usad in
collecting tha Round Hill data and presented the power spactral and
cospactral data for the u, v, and w componente and temperature for fourteen
one-hour runs at the 16-meter level and aix one-hour runs at the 40 weter
level, They expressed their gesults in many forms; those most closely
associatad with the present investigation are shown in their Figures
6a, b; 7a,bs 8a,b end 9a, b, which ave based on: log %{ versus 103%
{=u, v, and w3 10857.6 mauslogg'. These figuves generally
support a slope of approximately -5[5 at high frequency and a stability
depandence at bw frequency similar to that shown by Cramer (1960).

In addition to an evaluation of Monin-Gbukhov and other profile
theorems, Takeuchi (1961) plotted the Great Plains dats in the following
non-mml coordinates, using six twenty minute guns:
logg%‘_ voraus 105%3 ; u = froquency, U = mean wind, 8, © energy
spectral density for 4 = u, v end w. (Sec his Figures 198, b, and ¢).

For two ten minute runs at 16 mters height, Takeuchi (1963) gave
the following plots: log ¥, versus log u, whers F, = varisuce of the

. A
asimuth angle(g S"/J 3—) » and also presented these in ths forms

—3
versus log 28 .
/o? ‘Lﬁ% £ 8 5
In genaeral, both of these works showed spectra approximating
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t:',?’l"‘gs at high frequencies and scab:!.lii;y depandance at lowsr freguencies.

Shiotani (1963) took data at 26 meters and obtained (after smoothing)
plots of S veksus # end Sl uorsus %+ He compared ;. end Su as a chsck
of local isotropy, which gave on the average nz/ U = .46 for the
lower limit of isotropy. His spactral density functions are very close to
c7z"73 at high frequsncy. 7ha amalysis involved 6-15 zuns.

Prisstley (1959 A) obtained nz/ll = .6 for the lower limit of
isotropy.

Gurvich (1960) odtained as the lower limit of isotyopy: nz/l = .4
for unstable case; ng/l = .7 for neutral; nz/U = 1.9 for the stable casa.

Monin (1962) pressnted data in support of his universal functiom,
dexived by similarity in 1954. He also gave a plot of the power spectra of
the temperature and w-components for six runs &g a function of the Richardson
number. His coordinates are:

onv%f VeRSusS /a] %?-' : foiv‘:__g{e vERSu s /07 7:')_3'

Thaesae coordinates are also used by Talleuch? and later in this research.
Panofslky (1962) treated the turbulent energy budget and the
vertical £lux of tuzbulent kinetic energy, using the 23, 46 and 9l-meter

levels for 9 runs. ‘The equation he considered is:

d€ o 70520 (1-RE) - %’ — L 7w _g
d 3}( f bES C 92

t

RE = flux form of the Richardson number.
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He showed that the vextical divergsuce of turbulent kivnetic energy is
important in unstable cases,

Obukhov (1953) evaluatsd the validity of the following “structure®
function forms (from similawity):

(M":B:}' )02,3 5 8, =¢, 5’/3 Evaluation gives €, 2 /. /
P 2/; - J—
@M= B, Bek U - el X T)*

X = eddy thormal diffusivity.
By using (- ad g and assuming @) = T*/o?% +C , he darived
BT-:CL'XZ'/’-‘@”/B 7#. Bis evaluation gives £, 2.4 ; his Figure 7 glvas
a plot of B, veRsus | Vop-th ¥

The sacond part of Chukhov®s paper 1s concerned with the distribucion
functions of tha oacillations. Ile graphed T° values versus tha probability
density of cccurrence; also he graphed 3tability versus

O;éuﬂ .
a7 (evaluated hetween 2, and 2, )

Some results are: (- = o34 (Ty .00 = T rovers’
fw X0 / -"T;,
and (ir = .00 V" (independent of height).
The standard deviation of the slevation angle and particularly ths
standard deviation of the azimuth angle ((j ) were dependent on stratificaion:
0’;, % 5° for unstable conditions; @ = 2,5° for stable conditions,
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IV. ATA COLLECTION AMD PROCESSING TECHNIQUES.

A, Detailed description of the measurements,
The weasurements were taksn at Round Hill Field Station (.1I.T.),

South Dartmouth, Msss. The tower on which the instrumsnts were mounted is
143 ft. in height. The area immediately surrounding the tower is coverad
with beach grass, trimmed to 5-10 cm. height. The adjacent land area is
covered with a mixture of grass, low shrubs and scme small cedar txess.
Buzzard’s Bay borders the area to the south and east; 1100 ft. to the west
is & wooded area and about. 3/4 mile weat of the tower is a north-south
oriented ridge with a maximum elevation of 88 ft.

In this data sample there are ixenty one-hour runs, taksn simulta-
necusly at 16 and 40 meters, of the fluctuaticns of the orthogonal velocity
components and temeprature, spanuing a frequency renge from N = 0014 to
Ne .4 sec"l. The time spacing between msasursments is lo2 sec. In addition
to the 60lag analysis, a 19 lag analysis was done for high fraquencies and
a 30 lag analysis (each data point is an average of 10 points, giving a
spacing of 12 sec.) was done for low frequancies. Powex spectral and
cospectrnl asnalyses for the thrae orthogonal velocity components and tempe-
rvature and tha possible combinstions of thase were oi;tainad by digital
computer analysis. Also total variance and co-varience statistics for
these sama elements are available, togethex with the vertical profile data
for the mesn wind and temperature associated with each run.

The fluctuations of wind were measured by heated bead thermistor
amenometers (spesd) and lightweipght mechanical bivanes; the temperature

fluctuations weve measured by the change of resistance in platimm wire probes.
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The output of each transducer is fed into an amplifiex-filter circuit. An
analog-to-digital emcoder takes the circuit ocutput and converts it to
binary number vepresentation. Finally, a programmer ssmples tha ancoder
output once per second (represented by a number between 1 and 256) and
prints the data on & punched paper tape. See Section IIT of Cramer, Record,
Tillmen and Vaughan (1961) for detsils of this data acquisition system.
In decoding, this inforwation is converted to decimal data, put on IEM.
punched cards ox magnotic tape and fed into a coumputer for spec.tral and
cospectral analysis.

1 £ the da 288,

Prior to spectyal and cospactral analysis, the wind epeed and bivane
megsurements are converted into oxthogonal velocity components, The follaring
procedure is used: commencing with & set of approximately 3600 data points,
consisting of a velocity, vi; an azimuth angle, Al and an elevation angle,
E,, these ave converted into fluctuations of each camponent shout its msan
value, It i3 necessary to define a virtual mean azimuth angle,

N .
o Tau™! Vi Cos (Ei -E*) Sum B¢

:f’ , M2 3éoo
v Cos(e; -€%) Cos A
=/

s Sm &
Y, S &
and & virtual mean elevation angla, £ e Tan! ;,23 ¢ “
| f‘lv" les £¢
o=/
Then the velocity component £luctuwations become:
w, =Y, - 0
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% %
V:t, = Vi coa(Ei -E) s:!.n(Ai -4)
%
W, @ vi ain(Bi - B)

f=k

% %,
N Ui,méviavicos(a-n)eooui-A)

endv, Tandw=0
The data is smoothed by a 60l point rumning mesn and this mean is
aubatracted from the unaveraged record, in ordar to vemove long pariod
£fluctuations and drifts in the mian value., This differenced data forms
the input to the computer. Variance spectra calculations follow procedures
described by Blaclman and Tukey (1958). First an auto-covariance function,

AL:La computad

gx‘_,_x [(;f:) ZX_,_ X, ]

Lt ¢=let Cltt

where N = total number of obsexrvations
L = the lag number
M = maxiwm nuwmbexr of lags
Then the following equations axe used to obtain smoothed power

specival estimates;

= KL (4. Bog L7 )
L et S A Ces T (LT
Xo TaM ° Y “ M ~

1 where [+ C’os is a cosine walghting factoz.
Xz_“ Itl'[ Zﬂ Cs KL”(/+(' )] /< K< M-y

N-i s KET( 14 ost_-a')]
X A * ﬂ °S M v
M :LM ey
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Thesa smoothed valuoes are in unilts of variance per unit frequency ingewvval,
AK = 2}‘3“,‘_ . The quentity, 4, is the time interval between observaticns
and equals about 1,2 sec.

Cospactral estimates are derived in e similar manner by replacing
x by in the equation for Al.’ For a description in complete detail,
vefor to Cramer, Record, Tillman and Vaughan (1961).

C. Data xelisbility.

In analyzing the lowest frequencies, the initlal data set is peducesd
tenfold by taking consecutive block avevages of each ten points. Thie xesuiis
in a new A& o£1286c; the maximm number of lags used is 30, Advantaga has
bean taken of symmetry ao that cosine functions up to periods of 720 sec .
can be evaluated, As showm by Panofsky and Brier (1938), the number of
degrees of freedom for a moving lag window is &.LV.;_,';”!?- , whexe N is
the total nuber of observations, m is the meximmen number of lags, and
8 is the spacing of data pointe., Then the degress of freedom, df, for
the 30 lag analysis (8 = 12sec.) is 19.5 and for 60 lag analysis (8 = 1.2 sec.)
is 99.5, Thare is an 80 pexr cent chance that the cbserved values, for 30

lag analysis, are between .62 and 1.4l times the true value (Tukey and
Blacknen [1958]).

FPor simplicity and also for desirsble smoothing the high~-frequency
spoctral and cospactral estimates ( 60 lag analysis) have been corbined
into the following list of wave number groups:
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B {vave nucher of original dete) K {adivated)

7«0 7.5

9 - 11 10

12 - 13 1305

16 - 20 18

21 - 27 24

23 - 36 2

37 - 47 42

43 -~ 60 54

In the digitally enalyzed time seriaes, thought has to be given to:
distortion of spectral data at ths high frequency end of the apectrum and
to errors in thae spectral demsity at n = 1/360 sew."1 and n = 1/720 sec™t
resulting from those fluctuations in the time series of periods longer
than 720 aec (maxicum period that the lag window can ases), which has not
been completely filtered out.

Aliasing at high frequencies is usuaslly relatively easy to iden-
tify dua to the qffect on the shaps of the energy spectral dmaity fusction.
At high frequency this fimction (in log-log coordinates) usually has a
uniform slope of about - 5/3, hence aliasing would give a nearly flat
horizontal graph. Then an abrupt tyansition from a - 5/3 slope to a much
less slope in going from lower to higher fxequencies is an indfication of
bigh frequency aliaeing.

Then only the low frequency end of the spectyum has to be consi-
dered further. The data-processing techniques hsve the effect of a band-
pass filter [see Chapter I of Pasquill (1962)]. This filtering action
is representad by the expressfon (variance seen by the system)

= (True variancae) Sg’mm' Sm ns $m im ]
L rae)*- (rns)? = GnTI* Fou) dn
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witexre F(n) e Fourxier transformad noxmalized covariance function,
§ = sampling interval, T* = maximm lag, and T © overall record length.
The natuve of this function is see in Wigure 4, below.

The low-frequency venge difficulty avises in determining where
the analyais distribuges that varience of periods in excess of 720 ssc.,
vwhich the system should not observe. Wiihout including the computational
work, an estimate of the “low frequency aliasing” was made by assuming a
spectral energy density function, E(n) & 717C  and taking ¢ & - 5/3 end
¢ =+ 1/3 as including the vange of E(n) functions at low frequency.

A mumerical integration was carriad out and the results ave listed below:

1. T = 720 gec.

(8) ¢ =~ 5/3, Trua value is 83 per cent of observed value.
(b) c =+ 1/3, True value i8 124 per cent of observed value.

2, T = 360 sec.
(a) ¢ ==~ 5/3, True value is 132 per cent of observed value.
(b) ce=+1/3, True value is 102 per cont of observed value,
There is some error in these, since a more exact evaluation would
apply to individual data points rather than the assumed amooth fimction.
In comparing the results above to the spread permitted by the 80 per cent
confidence limits, it is seen that a correcticn to the data at T = 360 and
720 sec., is not necessary.
For saveral reasons, it is very difficult to do anything about
increasing the reliability of tha data without taking sinmmltanscus time

sariocs measurements at soveral points or zesorting to measuremente over
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& apace network snd evaluating Xc(X 4) ”d(ﬁf ;*) . To
increase the nuwber of dogrees of freedom for a single time sexias at a point
one would alther have to shorten the span of the lag window and thus cut
down the maximum observeble pericd, or increazss the total length of record.
If record lengths of wore than an hour are used, then changss of the
motecrological parameters, U and 991;_2_ , may be axpscted and the
cbgervational result would be a combination of more thsan one turbulencs
rvegima, Also, at the longest time scales, Taylor®s hypothesis (x e o)

is less dependable., It appears there is no choice left but to measure

space corvelation functions of the fluctuations. Even then difficulty
arises becausae, although hozrizontal homogeneity may be a good assumption

for stable stratification and forced convective regimes, it is probably

2 poor one for free convective regimes (in the very low f£requency range).

One can imagine gemi~-pormanent “tharmals” over terrain features such s

bare surfaces next to wooded or water areas. Here horizontal fluxes and

the lack of horisontal homogeneity would be important. Despite all these
difficulties, if one had a homogeneous lower boundary, it seems that

the average valuz of the gpectral density of energy at a point would be

a reasonable firat estimata of its spatially sveraged value. Them the

low frequency obsaxvations here should be veasonazble, including the occurrenca
of a maximm of convective energy at low frequsncies, as shown in Figuzes

& - 15, 24, 25, 26 and 27. Most of these cbservations were taken under
noxthwest £low pattexns at Round 1ill, where the effect of sea proximity

on horizontal homogeneity is minimized., The 1ight wind cases with convection
and those having sea trajectorias, or trajectories parvaliel to the shoxe
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are more difficult to evaluute,

V. DESCRIPTIGN (F THE RESEARCH

The investigation proceeds in the following oxder:

1. BDefinition and explanntion of the neceasary derived
statistics.

2. Presontation of the pertinent statistics for the twanty
runs in tabular form.

3, A discussion of the choice of paremeters to empress the affects
of thermal stratification snd the lower boundary.

4. Presentation of the power apectral data in Monin-Cbulthov
similarity Mgmatea. S o

5. Presentation of the empirical results, including the idemti-
fication of the isotropic range:

6. A comparison of these empirical results with those cbtained
by other investigators.

7. A comparison of smpirical xesults with those predicted by
theory and a selaction of those thaories which are in bast agreement with
the apalyzed data.

8. A suggested model for emergy spectral density functions.

Be _Definition of derived turbulence statistica.
The follotring 13 & list of some of the derived statistics used

in the data analysis. Additional statistics are either defined in the
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'FORM OF THE DEPENDENCE OF NON- DIMENSIONAL ENERGY
NAL FREQUENCY AND STABILITY. ERGY SPECT

F16. §1 GENERAL FUNCTIONAL
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tableg and figures where they appsar or in ths resumes of the papers of
Saction III and the Appendix:,

1. 8Standard deviation of the azimmth ansla,oz wheye 'l’am?'ﬂz"‘ (‘3;‘;(:..
and (p¥2as S,[p*  for emall angles.
2, Vertical gradient of potential temperature, ?g
3. Richardeon number, %g. 5 s computed for several layere
(2Vf3e)
in an effort to ses if & single representative “bulk” value really existe.

Y.
4 Fricticn veloeity, V¥ =(- u’ w’ )%

5. Friction temperature, T¥= -—K—é-*m / s where
k = the von Karman constant, 43

3. Similarity stability pavameter, /L, wheve L = K:g;ﬁ
These and many more general atatistics are tebulated by zun in Tables 3-7,
Tables 1 and 2 ave samples of the caleulation procedure used in putting
the power spectral estimates into the following similarity coovdinates:

1 .S_L.‘? log 2% , where and
o8 T vexsus 030 ’ iy, v  J
and
log 5%9 versus log 1% , where T = cemperature and
2% g

81 and sT are power spsctrel density estimates. 8ee Figures §-15 for the
deta in this coozdinate system. Thesa ave the same coordinates as used by
Takouchi (1961) and Monin (1962).

€. Choice of paramsiers describing effécts of styatification and

the lower boundazy.
Figume 3 shows the genexal form of the power spectral deansity
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sunctions {in non~dimensicual log-log ceordinates) for both aimilarity
and U Enomlimi:im. Figuves 8-15 and 24 and 25 show the data in these
coordinate systems., In qualitative terms, it can be geen that theye ave
threa opeciral raglons.

1. A high-freguency vegion of falxly uniform slope, where the
nogmalised spactral demaity = £(n) only. 7This is called the mechanical
and isotropic xange.

2. A low-frequency rezion, where the novmalized spectral density
is an incregsingly strong function of stratification with decreasing
freguency.

3. A traosition vegion between these two.

At a particular site (implying constant moughness or lower boundary effect),
omehss the empiricel problem of expressing § 59 the energy spectral density,
as a fimction of U ,» 0, and stratification. This function 1s complicated
by the interdependence of ﬁz and the stratification. At this point it

48 necessaxy to choose descriptive pavameters vepresentative of the
stability and roughness.

Batchslor {1953 A) indicated the appropriateness of the Richaydeon
oumber in specifying the effect of stracification on turbulence but, as
seen in Tebles 3-6, thie number is quite varisble with height and is
aioo difficult to evaluste with sufficient accuracy.

The stability pavemeter, /L, has the dissdvantage of requiriug

that the gross statistics, u’w’ and w'?’, be kmown, The approach adopted
in the present wozk 1o to use the moye casily measured quantities in
éemmmng the power epectral functions and the gross statistics. Although
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it is necessary to use the momentum end heat flux values lster, it is
desivable to kesp their use to 2 minimum so that the ezrors in the power
apectral density functions, occurring as a result of errors in these
£lux values can be icaifteé.

The gradient of potentisl temwperature can be used, if care is
taken in evaluating it. Most of the thermal gradient occurs near the
surface below a height of & meters, thus, the levels betwesn which g{
is messured, axe critical. Additionally, in an unstable atmosphere,
enall differences in thermal gradient may indicate large differences in
the gcale and intonsicy of turbulence.

The standard devistion of the asimuth angle, Oy, is a sensitive
paremater of stability, as showm by Cramer (1957; 1960), Tskeuchi (1963),
Shiotani (1963) and Incue (1959). Incue found an empiricel reiation
betwaen OA’ and stability for the Prairie Grase date; a value of 6.5
degraes was found for near neutral stratification. The guantity, OA“;
is a very weak function of height, 2, and is nearly independent of z in
very unstable conditions. Using data from about sixty rums, Figure 6 shows
the relation betwaeno; snd agé-z' » ¥for very unstable conditions, GX
is a botter indicator of the relative differcuce in turbulence scalee
and intensities than is 39,5% » Undex vory steble conditions, when the
Scales are small and the regime is more locslized, 295, may be a better
measure of the stratification (iu the ebsence of £iltering), because the
value of ox i3 sensitive to the affiects of long weves not divectly related
to turbulence. Using Figure 6, a modified stadility psremster, (§@ »*
cen be defined. In the modevately stable and very stable ragion, Qﬁ

(9% -i*) 3 in the near neutral and unstable region (using the "strmg
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wind” curve), (@852 )% couid be the ?ﬁ cbtained by placing Oy on

the strong wind curve and xeading the sbscissa. This function i deaigned
to incorporste the best behavior o each (UX and 99/9;5- ) paremater in

their respective regions of supsriority. A mdﬁ.fiedo; can just as

easily be obtained, using the same cusvaes, and is more convenient to

uso. The evalustion difficulties of P95z ave aiso felt in the Richardsca
mebar calculations, aggravated by the taking of a ratio of two small

and not accurately determined quantities, (9 > ad My
sopesiaily under nsutral and unotsble conditions and at a distance from

the lower boundary. It is just undor these condf: ions that the Richaxdson
numbar is so critical ia defining the regime, On & purely empirical basis,
the stability is defined a3 Uu/g, ., wheze(Jj 18 the standard deviation,
of the azimpth engle under neutyral conditions. The quantity, q;, is ghen
used as the descziption of the roughness or lower boundsry effect. By
defining G:,z ’-‘Lwﬂf,f‘(‘r\) dn , the lower boundary effect is expressed
in tevms of the froquemcies it excites oz, 0:,2'( J/x) gives the roughness
in torms of length scales, This assumes that Taylor®s hypothesis is valid
in the "mechanical® range (Panofsky, Rao and Cramer [1958]). The quantity,

(.’;Z, should cmphasize the lazger roughmess elements and varies from 2-3
dsgrees for & very smooth site or eea surface to 15-20 degrees fw very
rough sites, such as hilly, wooded aresa. 7This varigbility is coupazed

to che three ordars of magnitude or move veristion for the friction length,
542 83 shom by Sutton (1949), p. 103. 4leo U is not a8 semsitive as

3 to small changes in the lower boundazy (ses Cramer {1960] and Obukhov
[1958}). From the followlng identities,
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= Tonrz 3 o;,l‘.-.-ya#e) V- arance = / 5;,(?1)431 (5.1)
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it is seen that,

3 |

| 00 o
zln) = ?3%?) and 0,7,1‘-' é—,_ﬁ ?.,(r)cf n = /o:); S,,(nnme/:ed ) J(Z'(_ji)

(5.2)
which is equal to the area under the curve of the semi-log plot.

The quantity, q‘;‘z" ; is approximately the watio of the v- component
enexgy to the kinetic energy of the mean flow and 0‘,1;2" gives this xatio
under neutral conditions, Then (p* gives this ratio from site to site
and supplies an estimate, under neutral conditions, of the v-component
variance in terms of ﬁz .

If n & 1, where 1 is knowa to be in the inertial sub~range,

Ey =o(£%n£‘$/3 (see Pasquill and Panofsky [1963] for an evaluation
of thie constant of proportionality), and £ = [ .E_é{’ff_%] ¥ .
1£ the level of tusbulent kinstic enorgy is stesdy, 2 % ¥, .. , them

£ = %’ o +e“2 wT 2 e , vhero & = tasbulent Ienotic
enexgy per unit mass zummed over the componants and st the same quenzity
ot fxequency, no_f . And if g wT’;” and ;j%(wfﬁ.’) are asgumed
amall, except under unctable condition when they tend to counterbalance
each other (Taylor [1961], and Panofsky [1962]), then:
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£=(J§;,_,

This permits one to ostablish the velaticn between the dissipation vate, £ J
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and the stress, (it is suggested that 0’;,1‘ cculd be expressed in terms
of two functions, one that is astability dependent and one that is only
frequency dependent, A somswhat different approech is taken in the
following paregraph.

Busingar (1961) considored the vesulting spectrum if turbulence
were isotvopically introduced at two discrets frequencies (& low frequency
for convective energy and a high freguency for mechanical energy) and then
“cascaded” to higher frequencies as described by the Kolmogoroff hypotheais.
A generalization of this idea is used below:

Lot &x‘ ) be an increment of energy introduced at frequency, n,.

If a “pover law" of some form for the encrgy spectral demsity function is
obtained from assumptions ebout the inertial energy transfer, then an
increment of emergy, intvoduced at n,, producea an increment of energy, 377 )
aca,whs.chzs!(y) 5?77)(%/,,4 , for § 214

=0 sy for §J <1,
wheze ¢ = + 3/2 for the Rraichnan model and ¢ = + 5/3 for the Kolrwogoroff

hypothesis. The total emsrgy at n 3 is

E('nd) = Z Eeny )(Z )° (5.3)

ce‘.'.é

f(n‘) may be thought of as a source strength and (’”5/77', )C ¢can be considerad
as an influence function B ny ralative to n,. Let B, be g value for E,
where £ 18 in the ineztial sub-zange. Then define

Ny
= f g(w‘}(%})cc/n‘.
el

(5:.4)
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In practice, the integration over the ns_"e may be over a very
rostricted range if one particular rouglness element is dominant. Next
define the total energy

f f(m)(” /7; )Jn‘ /u

(5.3)
alld ) ‘ J,

The relation betwesn I, and I, 1s difficult to handle, especially under
convective conditions. These difficulties can be avoided if the roughness
effoct is thought of in terms of ena2rgy introduction; this idea suggests
convective “excitation” as a variable roughness. These ideas are formally

expressed as:

L) = gh)/&"' » mechanical roughness
(5.6)
49{77,%9%) = ‘06'//5> , couvective excitation
/U ¢
me ) = [ Renol) oo /ﬂ(», COLE
orc ‘J (5.7)
and N ' (5.8)
B2= ), by

This discussion is expaunded in Section V§ and more is said about
this model. R(n) and A(7,99);) are the fractional portion of the mean
€nergy, i'I2 s extracted at each Pourier component and 4is associated with aa
actual phyaical length scale of the elements of the lower boundary roughness.




Tables 1 and 2 show the calculations needed to put power spactral
density data iato this cooxdinate system, Figures 8 - 15 give the plotted
result of putting this twenty run data sample into the Monin-CGbulkhov simi-
larity coordinates, These data are amalyzed in Section V B 1, and elsevhere
under empirical results., Although other investigators have used this
coordinata system, it is believed that the quality and size of the present
data sample permit a much more corprehensive evalugtion than has previously
been possible. The data introduced here is the basis of the results to
follow.

BE. R .

The results avre given in several diffsrent forms end then are
compared. Each of these forms 1s a means of evaluating the energy spectzal
density functions, if the meteorological pavameterz of mwan wind and st¥a-
tification are givec and the gmtrical values of roughness and 2z are
known. The first approach is to express the non-dimensional energy spectyval
density, S'U:‘; or %)7— as a function of #, U a OF (55 f'

n and 2, where the coozdinates are those of Figures 8 - 15 and as schemati-
cally reprasam:ed in Pigure 3,

1. Algebraic expreasions for enexgy spectral dmait.y functions in
similarity coordinates.

The approach here is to expross thase functions as algebraic
equations; then to use thase equations to reproduce curves for the speatzal
densitles, S; -:F(o;, )N) , for a given velocity component or tewperature
at a given level for & glven site. The next step :lé to use any one of a

variety of ways to eatimate u'w® and woTY (see the next section), assuxing
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that they are not avsilable, to return to dimensicnal coordinates and thus ko
give the desized engineszing estimate.

As shown In Pigure 5, if the high frequency depemndence of § N is
expressed as a function of 0‘1, there 18 an asymptotic approach to &
uniform slope at high frequencies and a suggested asymptotic approach to
a different uniform slope at low frequencies, with a relatively emooth
evangition and a single maximum in betwesn these regions. It will be
chown later that this is en over simplification. However this approach
provides vesults, altbough 1t does not contribute much enlightement.
After experimenting with a numbar of functions, the following function
wes found to pexform this "metch” of low to high frequencies in the
desired manner:

= an F
. = )
[S‘-] Now - /+ &£ (@)e
DINENSIONAL nd 7

where F 13 a linear function of (é..g)*

and 0-'%-3 is also used es a stability parasmeter.

a §; et n = 1.0 for the neutral case and serves to position the oxdi~-
nate, 8;, at high £requency.

n actually stands for %i here

b is the alope value at high frequoncy

¢ i8 determined by the value of 5, at a azlected low fraquency, say n = 0L
b plus d is the slopa of 8, as n approaches 2ero.

e is determined by the low frequency atability dependence of 31

F is determined by the high frequency stability dependence of 8.
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These conctamts wewe then detemined, using the dsta in Figures 3 -~ 15.
Then using selected values of (g = 4, 5, 8, 10, 12 ad 18 degxess,
vhers 5 = 10 degrees is the neutral cace, and using the corxxvesponding
values of (9%;,)*, the vesults are shown in Piguves 16 snd 17 and by
the slgebraic expression in pazt B of the Appendix.

Tha wost sericus deficlency of these empirical functions seems
to be in the tvansition (bemen’-’tj'?—‘ = .02 and .07) in wnstable cases.
Here, it looks as i.f a separation occurs between the wechanically and
the coaveciively intyoduced terbulence, GCompave Figures & - 15 with
Pigurss 16, 17, 24 and 25. 3If cne could tolerats a 50per cent axror,
then for a large part of the higher f£reguency scsle (7"?/[} > ol 3, the
same function can be used for either 16 or 40 matezs. This can be seen
either £rom Figuves 8 - 15, 16 and 17 or the aigcbraic expressions. Addi-
tiomally, under near-neutral and unstablio conditions, 8 and sv are
Intezchongeable with less than a 50 per cent exvor. Ia this region,
there are about one hundred degrees of fyeedom in the data, so that 90
por cent of the time, the true valua should be within 15 - 20 per ceni of
the obsexved value. This difference between the 16 and 40-meter cuxves
is apparently significent and the use of the more simplified functions

would be a matter of accuracy requirements. In orxder to return to dimom-

sional quantities, the straess,Z7 ., and the heat flux, W} st be used,
2., Variocus methods of estimating stxess sad heat £lwx,

See part C of the Appendix for a number of mathods of determining
the strase and heat fluz whick are suggested by recent papers.

A8 an alternative to these methods, the stress and heat £lux daia
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Zor sbout sixty wung, have besn plotted and analysed., Tho resulis ave
presented in Figures 18, 19, 20 and 21. This method would require a new
set of f£igures for each sige; if the functional veletionships of the
£lunes to the site parsmeters are waell bshgved, these figures may be
quite predictsble, after the accumulation of more data on the site
varighility and its effects. In Figure 21, the .05 labels of divergence
of heat £flux betwaen 16 and 40 meters could be relabelled as cooling
vates of approximately ten degrees cemntigrade per houx,

3. Regression anglysis of power spectya.

The power spectzal data for the twy:y runs in eirdlarity coordi-

to8 waxe multiplied by Y_gg or by &va’;i as appropilate. The

quantity, (&), 1s measured betwgen the surface and 16 or 40 metsrs a3
requized. Then at each of twelve solocted frequencies (ns/U = .007, .01,
015, .02, 03, .04, .07, .1, .2, 5, and 1.0), & regression graph of 0'53'
VERSUS g.‘z-;: oR g‘lA-%; for each velocity component and temparature at
each level was made, A esimple curve, usually a straight line, wzs chosen
by aye to best represent the data. See Table 8 and Figures 22 and 23.
Next, for each velocity component and temparature for sach of the twelve

fraguencies, a value of ﬁ'} Ko = S:Qdfiﬁ_o..u or .g..’:).!.ﬁe.___..z‘f"u
26,90 Z(AT)I‘) o

was read, from the regreseion cuxves for each of aix stabilities ( AS &, 5,
8, 10, 12, 18) and vecorded as shiown in Teble 9, From the derived dats of
Table 9, for each velocity component and temperature at aeach leval, log &
oz log ;?T vS., log ng/U was plotted, giving two figures of the enargy
spectral density of the component fluctuations with stability as o paramster.
See Pigures 24 - 27, These same data ere also shoum in appropriate semi-log
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F16.19A: l6M. STRESS AND 40M, STRESS AS FUNCTIONS OF THE MEAN WIND
SPEED AT 16M. AND THE TEMP. DIFFERENCE BETWEEN TNE SURFACE AND 8HM.
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FI6.30;: HEAT FLUX AS A FUNCTION OF 4[5, {
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Fl6.&1: HEAT FLUX AT 16M. AND FLUX DIVERGENCE IN 16
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Fl6.aas 3AHPL.F OF REGRESSION GRAPNS FOR INDIVIDUAL FREQUENCIES (6 oF 96), V-COMm , 16M.
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Fi6.24: ENERGY SPECTRAL DENSITY AS A FUNCTION OF STABILITY, O8TAINED BY REGRESSION .

A u.~cor1P (LONGITUDINAL) AT /6M. B, U cone A‘r4on.
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F16.251ENERGY SPECTRAL DENSITY AS A FUNCTION OF STABILITY, OBTAINED 8Y REGRESSION.

A W-COMP. (VERTICAL) AT 1M
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TABLES’ UXNORMALIZED ENERGY SPECTRAL DENSITY VALUES FDR_S'E'[EIZTED i

FREQUENCIES(n+/G). (SAMPLE IOF'8 )
' V-COMP : ¥ U/z
!
'RUN ,Q 1) BE o X,=.007 x,=.01 Xy .o:s-x4 .02 X,=.025 x,=.03
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o 4o 033 .0177 062/ <018 .07
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cooxdinates, 7 £ ok 7 Eﬁ* versus /07 Zla% in Flguzes 26 and 27.

The data in Pigures 22 - 29 show o nuxber of imporiant features, Fyom

Figures 29 and 30, despite considerable scatter in the graphs of ‘.?,, vegsus
0;:" at a particular £requency, some geneval relationships ave avident.
Two ragions seem to appear: (a) for runs moxe stable than (p = 7, the
graph of «fu is a rapidly increasing function of o;:,z‘ s (b) for runs with

0;> 7, the graph of £ e leas strongly dependent on % . At low
frequencies, the slope is less strongly dependent on > and bacomss
indepandent of Up> in going to hdgher frequencies. With very great

' stability ('G5< ), the 5y, values becous fnsigniffoantly small, These
graphs suggest two diffexent regimes of turbulence with the twansition
vegion near (p = 7 or (%f f,\-,.oloc/m » Figures 6 and 18 also support
some discontinuity in other functions as well, in that wxeglon. In the
cago of gy » with g £ 7, theze is no significant energy until %'? > .03
at 16 m, oy for Zkg D .04 at 40 m.. Otherwise, the behavior of X is
wuch 1ike that of 5% . -Sur/¢ ohows the same two regions with the zone
of transition in the vicinity of Up = 7 end its behavior is quite similax
to %’u . The stable regiom (Vg < 7) shows a very strong depandence of
&,,; jo  om 6},2' , possibly 3,_,,, i =°—[0;;z]l+é . In the
wnotable reglon, the graph of S 1c  is lass dependent on (2 than
ie g . but shows the ssme deczeasing dependence on a;," with increaasing
frequency, chavacteristic of the gu and 'gv functions. gw‘, 4o is
gimilsr to Sw; (b €xcept that no significant emergy is sesn in the steble
seglon wtll 7%/5 > .04, The Sy behavior is most 1ike that of Sw .

As shown in Figures 24, 25, 28 and 29, the > and (AT)% nozaali-
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FIG.28: COMPARISON OF ENERGY SPECTRAL DENSITY FUNCTIONS AT 16 AND 40M.
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zations ave successful at high frequencias for (, > 7, except for &47 go o
All functions show the incressing depandence on stability in going toward
lower frequencies, At the highest frequenciss, & -5/3 slope will £it well but
toward lower frequencies, the slope takes a less sbsolute value, which is
nearly uniform over a congiderable f£requency range for the ﬁ,_ ’ ??v s and
5 functions. A comparison of Figuves 28 and 29 shows that, at high
frequancigs, the normalized gpectral density function is nearly the same
for &),(, s 57,(,,,0 ’ fw,é and ’o‘a,tlo « Also :gr,(g and é?w;«f-o
are in close agreement, although the normaiization is not as good at 40m.
Figures 24-27 ghow a huge peak of low-freguency “convective® eaewgy,
with unsteble stratification, which appears to be sepavate from the higher-
frequency maxlmmm, which 48 less stability-dependent and apparently associzted
with mechanical energy input., Individual runs show this behsvior moze
clearly and it is significent that this feature is retained, after the amount
of smoothing of the data which is inherent to this analysis method., Tie
semi-log plots, Figures 26 and 27, give the enezgy compazison more graphiecgily.
Merve is said about these two separate areas of suggested energy input latey.
Tha main purposa of these figures grouped under Section V B 3 is to exhidit
the genexal effect of the ccmbination of £zeguency and etability on ncorma-

lizged power spectral demsity functions.
4. Diacussion of nommalizing techniques.

Seven zuns, selected for thelr diveraity in wind speed and stabi-
licy, ave raplotted in the coordinates indicated below. These runs are:
Ren 31, (p = 12.7°, U, = 3.6m./s0c; kun 34, (= 18.2°, U, = 4.7m/s0c;
Bum 35, 0p = 3.4°, ﬁl& = 4,0m./sacy Run 40, (o= 4.7°, ﬁlé e 3,70/sec;
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Run 668, Tp = 5.4°, ".26 = &.3mfgec; Bun 678, = 8.4°, 516 = 6.2m/sec;
- S}L. .
Ja =14.4°, Uig = 9.6m/sec. The coocydinates ave log %;.-t-':(“zi)
versus log T, where § = kinetic energy epactral density and { = u, v3

Bun 678,

j = 16;m, 40m; 6(2) = mean wind at 2 meters; T = tima in seconds (aee
Figure 20). -

These same runs are also presented in the form log % versus
log %?J vhere 1 = u, v, and j & 16m, 40 m, (see Pigure 31).

The last set to be presented heva is ?1&;,' versus log T.;
T = poriod in gseconds, L = u, v, v, Toawp.; j = 16,40m., giving eight figurcs;
(s8¢ Pigures 32 -~ 39).

Two systems used by Cramer (1960) are of particular interest because
of thoir success in "normalising” a vaviety of yuns. 7These are (a) use
of 83 for novmalizaticn of spectral density values and (b) log 3.;_5_3;
versus log g" . v

The puxpose of exgmining varicus cocordinate systems here is to ses
which 43 best suited to desczibe the functional behavior of the spectral
dansity functions im terms of physically welevant quantities. A summary

of ths six systems to ba compared is:

= g
{a) Similarity cooxdinates, log 34,_9.’ or log *Sr-;;, versus log 7-1.'?-
2 U&?— %7’ o
{Figuree 8 - 13). -
{5) Kormalization by i")z or {AT )2, log g’-’.—g,, or log Sj:_Q 5. Vexsus

24T

N
C

log nzfl, (Figures 24 and 25,

() 8smi-log plot of (b}, ."7.§_§- or 7_’_’5_?' versus log nalﬁ, {(Figures
20* = 2810*

25 gnd 27),

(8) log 5.’:.,. versus log T, (Figure 30.)
245



g5

“ser e n €~

i0

—aenr e ® ¥

10

o b U8 o] dden

)

_«..l

: >
T ¢ . o

T -~ . :
e rog T L-mng . IM-
- [on il 30w X X3 ; MK Qi >, e

z bisamranelui sof *Abal ' : haE L NS ST .
A. . WHU.YH.' e SRR dliett ] K - ﬁuzo?ww:;!, = . &
o e 'T.V‘Wl‘..l . |.|.va' : bt uw‘l <[: Ve -”
M EA ~ o i ' " v h m P SIDRIER TR s 84
: LT T-i&. e A E T ) S N | -
3 .o * - A : ] i
< L

)

.. . - A
, h L « ¢ R
R . - R N e : .. . s o
° LIN W‘T, .r.ﬁ.&.—uﬁmﬂuy N o L . L Ll e 3
T .. ._O¢me [UEUUE SR brobs omg o ’ ' X
wH,r-L.ﬂ, TTIOTIIIL Il ’ ‘e e S K '“L IR t ,.,’.,.r co e . .v&rﬁ“ﬂq ”
- bl - ' L A -
R sttt | B TSSO Suvul ot Sl oyt sipias et o t Feede s - s i LTS 1
R Th g ey o S SR SRS « e Sy st 1 SESEEMCE {pso : 2o :
tet s v ¢ B edl s F €2 '_:r' v r o2 o v.vb.m,“ B nva,. 18 wniﬂxvﬂ Joqrt.;.ﬂﬁw.w .i41¢ o H
gy S 3 eeie s v & 1§ S v § eviss ¥ £ 2 g
] ] ) ° - 3 3
* 3
+ * -

S . B e AL
w-.,iuiwnﬁl e

b

«
4
PR

v

¥
e 1 pebe———

-+

-t

SN TIN Ly RS

0

i
e
“a

‘{_
[
P

'*:;;mon (sacs)

A. U-COMP. AT I16M.

S O AEVIETIAN

~

<~ PERIOD(S8c.)
7
[l

v

F16.30: ENERGY SPECTRAL DENSITY FOR A SELECTION OF DIVERSIFIZD RUNS AS
A FUNCTION OF PERIOD ; NORMALI ZATION IS WITH RESPEC TO O2AT aM.LEVEL.

oor v

.
ho:E




96

AS F16.30, BUT USING COORDIN ATES i“' vs

+

e

U-COMP. AT 16M.
W

A.

xBRR

F16.31 1 SAME DATA

i
13

m
|
1
Wi
ld. =] i
oY
uuﬁ.
LA ]
Ibi’
ok
b Q-
3 §°
- f.‘“
[ -
n—wa..._
> i
g
=3
2

0

2.

V-COMP. AT 40M.

- TS

e

-

j..»
-

5y
otk

~COMP. AT 40M,°

yas

2 F

ey

L: 3

-




97

FI16. 321 POWER SPECTRA. FOR 9 RUNS |N COORDINATES 18, , V8. L0G T,
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F16.33: POWER SPECTRA FOR 9RUNS /N COORDINATES nSyic VS. LOE T
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F16. 34 : POWER SPECTRA FOR 9RUNS IN COORDINATES n Sw,i6VS LOE T
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F16.36: POWER SPECTRA FOR 9 RUNS IN COORDINATES NnSu90 VS. LOG T,
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F1G.37: POWER SPECTRA FOR 9RUNS IN COORDINATES mSvo VS. LOG T.
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F16.38: POWER SPECTRA FOR JRUNS IN COORDINATES mnSw,40 VS. LOG T.
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{2} log %_2, vexsus log nsfl, (Figure 31).
{(£) NS varsus log T, (Pigures 32 - 39)

Siudlariiy ccordinates, (a) although not the most successﬁl for
“high frequency normalizacion”, are probably the best behaved for a wide
verioty of suns, inciuding the vary stable ones, as indicated by the
capability of daxiving algebralc and graphic expressions for the spectral
density functions in these coordinates. In the high £requemncy range, the
* and (AT)% normalisations are the most successful in reducing all the
runs to a oingle function, for high frequencies, %, ={(0*)  only,
sxcept for runs more stable then (5 = 77 This system is very successful
at separvating the frequency range where & ’{2(5 *) only or the
“mechenical vange® from the f£requency range vhere '&' = j’( 79, primarily
or the “convective range®. Anothar consideration of practical importance
is thas, in the case of & o ar )% normalization, one noeds to know only
the T ox (47") to zeturn to dimensional quantities. Whereas fa the simi-
larity coordinates, the oviginully more relisble estimate of the nom-
dimensional quentity must be multiplied by v = or T % (which depend on
6w’ and wOT'); these quantities tmst either be estimated from figures
and graphs or by means of formmlas (see Sections V E 2 and VIII Q) In
summary, it is difficult to say which of these methods provides better of
estinates the dimemsional demsities. The gemi-log system, (c) has the
advantage of showing the total normaiized energy as the avea under the
curve. In (d) end (@) the ﬁ?z) normalization was used in an effort to
£ind & level for the mean wind that would permit the very stable runs to

have the same ncrmalized value at high freguencies as the more unstable
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g, In use, uty® wae scen to be too small a quantity and the Ligh
fvequency normalization wes overdone for the stable cases. Howevar,

use of the mean wind at obsexvation height led to a quantity in the
denominstor for the stable case that was too laxge. 8ince the vertical
wind profile has more shear in stable than in unstable ceses, an inter-
madiate level not far Srom the surfaca is suggestad. BEven this technique
is not very successful for vary stable cases, eepecially at 40 meters.

In thess cases, the turbulence may be very localized and not fully
daveloped and therefore not definable in this framework. An associated
puoblenm may arise in using DZ;" ) oz simliler normelization when one tries
to generalicze the conclusions to apply to other sites, because the level
of best normalization may be site dependent. The 2z of best normalization
ray be the effectivae level of the most important rouglness elements, such
28 bushes, trees, buildings, etc. Hence, ths enargy of the mean flow

at that level would be physically most pertinent in evaluating the
rwechanically introduced turbulent energy. In general, the coordinates

of (d) weve more successful than (e) in reducing high frequency range
varience among the runs. In coordinates (d) the system wes quite successful
(the best of the 1ist) for Qu and gv at 16 meters but were less successful
at 40 meters. The cocvdinate system (e) was fair at 16 meters but rather
poor at 40 weters. Coordinate system (£) gives the total energy as the
arxea under the cuxve, By using T = poriod in seconds, rather than a
“reduced” or non/dimensional frequency, one may study the low £requency
peaks of convectiva enargy. Taylorfs hypothesis is less reliable for these
large scales of motion and the period in dimsnsionsal time units should be
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more velevant to the oucrgy processes of this region, which are mainly
thatwodynamical. Also, these coovdinates give an emergy comparison in
egbsolute wnits, For deriving functional relstions cutside the convective
rogion, these cooxdinates are probably inferior to the other syatems.

5. Lower bound of isotropy in the surfece layer.

Knowledge of tha extent of this rangs is essential in applying
isotropic theory to atmogpharic motion. Theye are thees ways this
vange can be {dentified, using Round Hill data. They ave:

(a) A comparigon of the spectral density of energy of the thrse
velocity componants with that expected undsr isotropic conditions. In
Chapter III of his book, Batchelor (1953) showed that, as a consequence of
dafining an isoiropic 2-point tensor and imposing the conditions of (1)
incompreseibilicy and (2) U5 =X =4 % #;  , the following
equation 15 obtained: g = £ 4+ 1/2 v£?, wheve £ = longitudinal velocity
correlation coefficient, g = transverse velocity correlation coefficient,
¥ = distance between points used in observing the correlation coefficients;
£° denotes the dexivative of the function, £, with respect to its argument,
. Then the cosine transform of g = £ + 1/2 r£° 18 taken, where the ccsine
tzensfoxm, F{n) = l;,/ﬁél%@-) Cos 2er nrdn «

Then F(n%mwsz 4/0%(},5 Arnrdn ,Lq!/;‘/L gf Cos Drnndn

~ d o5 2rmA ) -

= 4foo?im0csénn&dm- +[4. i/LJz,.(i(”os ‘)nn.ni..ﬁc//z{?aé&(k(' s20ma)dh
n

o

The ssecond taorm on the Tight equals zero because of the restrictions on

£{®=) in oxder to make the use of the Pouvier transform valid.
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In the isotvopic reglon, the Kolmogoroff hypothesia gives F(n) g cen"‘%
mnd the Kraichnan hypothesis gives P(n) A 5 e‘bn—s (o

Then for the Kolmogoroff hypothesis: _,3/ P /3

F@eans = % C‘"'S/B “”/26573)(:” %= ?/6(374 = %FH)AOUC'

And for the Kraiclmax; model: , - - 3/2‘.. 57 ?")
JCY S ’{bu’é--”/zb{“ A) 7 ‘“%_ T T Thens:

S0 88 a consequence of the isotropic condition, IL'Z = (1% =4y %
the spoctral energy density of the longitudinal cowponent 18 3/4 or 4/5
of the spactral energy demsity of the transverse component. In order to
examine this propaxty, fourteen of the twenty zune were selaected, 8ixn
zuas were eliminated from consideration because of suspected high frequency
aliasing at the highest frequency data points. The ratic of the energy
density of the v and w components relstive to that of the u component is

computed and plotted as a function of nz/U, They aze ?y = *Sg‘!'%; ))
2

R = %%?: ) o Both levels for six of the fourteen runs are shown in
Pigure 4G. Values of B, and Rw of 1.33 or 1.20 would be considerad e
verificaticn of the theovatical results., At the very highest frequencies,
Rv ang % consistently average above 1.0 and certainly quite close to the

desired values of 1.2 to 1.33%, The w-component enexgy 18 so strongly
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coniyolied by the height gkove ground that 9,5 dzops vexy quickly with
increasing eddy sise. At the highest £reguencies, these data seem to be
in agreement with the theovetical wasulis. Close fnspection of Figure 40
abows that, once the turbulence starts to become anisotropic, it does eo
very quickly. Table 10 (i of 3 sheets) gives these isotropic retios to
be used_in.locacing the lowest n#/U value where the atwospheric turbulence
is vearly isotropic. The following rather arbitrary criterion is used:
the nz/U value where either transverse compoment cnergy value f£alls to
lecs than 80 pexr cemnt of the lengitudinel value, in going from high to low

frequencies, These values of nz/U for each run at each lovel were calcu-

lated and are 1isted in Table 11 mder the colum: Womr V"> M o/>
{colum 2),

(b) Location of the point whexe the slope of the spectral demeity
function ve. froquency (in log-leg coordinates) ceases to he -5/3 as
predicted hy the Rolmogoroff hypothesis. This point was located for each
zun and the results gra catered in Teble 11, colum 3 for the u~component
caexgy function end in column 4 for the v-component. This point is not
eazy to locate because, in most runs, there is a gradual transition from
a slope of -53/3 at high freguency to a lesser slope at intermediate
£requencies,

(¢) Use of the cospectrum and quadrature estimates of the variocus
pairs of fluctvation quantities (ww, uv, vw, vT and wl).

In the presence of gradients of the mean wind and potential tempe-
rature, these fluxes would have f£indte values even for isotropic turbulence.
However, it ia zcasonsble to expect, in examining the coherence (flux or
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covariance plus the quadrature temm) as a fuaction of freguancy, tuat the
values of the fluxes under isotropic conditions aze minimal and that noa
.*..Sotropic fluxes would be larger. The quadrature term actually becomes
2370 (lumley [1964)]). 8o a tesi for isotropic conditions, which requires
the coherence to be not significantly different from zero, msy bs unnecessa-
zily strict, but it is cesier to apply. In this case it gives good agreement
with the other cxiteria, though it has the capsbility of introducing a biss
toward high frequency of the lower limlit of isotropy. Then the proceduzre is
to locate the lower limi¢ of Lsotropy as the 2o whers the colarance (ses
Panofaky and Brier [1958]) for e explanatin of this term) does not éiffer
eignificantly from zevo in going from low toward higher frequencies.
Panofeky and Brier (1938) also give the formula, @ = {i-p 3F= where p
is the probability of obtaining & coherence as high as @ when the txue
coherenca 1s zero, and where df is degress of £reedom (see Table IZbeiow).
Then for 60 lag analysis, @ = .15 was arbitrarily selected becausa that
value could occur 10 per cent of the time when the true cohezence is zero.
Then the sniterion becomas: the lower limit of isotropy is located at the
point, in going from low to higher frequencies, where the cocherenca fslls
to a valuc less than .15 and stays below thet value for higher frequencies.
41l aix of thege cocherences hava been calculated and three of them aze shown
in Tables 13, 14 and 15, below. Tables for vT, vw and uv coharence ara no:
‘shown since these combinations did not ylold values significantly different
from zerc, Then uw, wF, and uT coherences wore used to determine the nz/T
values desired and ave listed in columns 5, 6 and 7 of Table 11, balow.
Finally the three methods of locating the lower limit of isotropy
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TABLE 15: COHERENCE VALUES FOR U, T FLUCTUATIONS AS A FUNCTION

-OF PERIOD.
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waze combined to give a “weighted consensus® value. This consemsus value
is one third depondent on oach of the three methods ox: 1/3 dependent on
colum 2; 1/6 dependent on columms 3 and 4 each; snd 1/9 dependent on
colums 5, 6 and 7 each. The results are listed in colum 9. Considering
the atability as 1isted {n Table 3, these results show that the lower limit
of isotropy is strongly dependent on the atratification. At 16 meters,
ne/0 = 1,0 for the very stable casss, .5 of .6 £or the moderately stable
cases, and .2 to .3 for neutral and wnstable cases. At 40 meters, the
nz/U ostability dependence is similar to that at 16 meters and somevhat
geeater in magnitude, warying between 1.5 and .3, This 18 discussed by
cramer (1959), Priestley (1939), Panofsky and Deland (1939) and othere.

6. Form of the gpestra at inteymediate frequencies.

As mentioned earlier, most yuns have san extensive region at
intermediate fraquemcias, immediately adjacent to the lower limit of
isotropy, whore the slope is uniform (or vory slowly decveasing toward
lower frequencies) and less steep than the -5/3 valus of Kolmogoroff theory,
which secms to be valid at higher frequencies.

For each run, at cach level, starting at the lower limit of isotropy
as indicated in Section V B 3, the extant and value of this uniform slops
vas weasured and is recovded in Table 11, colums 12, 13, 14 and 15, The
lover limit of this umiform slope is also atability dependent in about the
same mannex a8 the lower limit of isotropy. This is shown in Table 16,
which gives average values for this lower limit for su and ’v at the two
levels for several classes of atratification. In general, this lower limic
decreases with decreasing stability and is larger, for all atabilities, at
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43 meters than et 16 moters. The neutvel case is not significontly -
digerent from the unstsble case. Por the most steble runs, & -5/3

slope may not appear and there is some doubt that an imertial sub-rauge
occurs., This 16 especially txue for the v-component at 40 meters. Cohe-
rence ealculations for wl, and wy for Runs 35 and 36 also suggast this,
becauée even at the highest frequencies, the coherence values arxe still
in the vicinity of .15 rathey than following the usual pattera of dropping
te very low values.

The value of this slope is also vary important, theoretically,
(see Rraichnan 19583 1959). Table 17 gives average values of this slope
fox 8, and §, at both levels and for the same stratification groupings
used in Table 16,

The effect of stability on this slops is more prcnounced for §,
then for 8, and aleo more proncunced at 40 meters than at 16 meters. A
glope of 1.4 43 an accepteble value for the slope of Bn’m (except vexy
etable cases), su, 40 in noutral end unstable cases and ‘v,lé in unggable
cases.

7. Porxm of spectra at low freguencies.

For unstable muns, there is usually a large peak of energy st low
£xeguency fox 8, and 8,0 Oun the high frequency side of this peak, thers
usually occurs & vegion of fairly uniform slope (very steep). The dsts
foxr the axtent and slope of this reglon is listed in Table 11 under the
columns headed: “convective sub-venge®. The average values of these sicpes
ave; 2,31 for su,:l.s' 2.13 for su,izo’ 2.09 for sv,lé’ 1.79 for sv,éo and an
cvarall average is 2.09. The occurvence of these large slopes may be due to
the fact that the energy density at the lavgest scales is being augmented
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more vepldly by convective emergy introduction then it is belng degcreased
by ensrgy trensfer to higher frequencies. Becsusa the time scale of eddies
inereaces with inereassd iinear scale, it mey be that the system doas not
estoblish an eneygy belence batween input and fnertial transfer of energy
for tuess largest scales befoze tha meteorological parematers ﬁz and g—g
have changed.

8. A compariscn of zesults with those of other investigatoxs.

{(a) The results of the ragression anslyais of Section V E 3,
using 0> normalizstion and empressed in log-log end semi-log coordinates,
are now compared with the results cbtained by Cramer (1960), Panofsky and
Delend (1959) end Cramer, Record, Tillman and Vaughan (1962), There is
sgreement among these analyses on the general shape of the endrgy gpectral
densities for the various veleocity components as & function of frequeuncy
end, algo, on the successful noxmalization in the high frequancy range.

(b) These same data, exspréssed in similarity coordinates, arve
compared to the resulte shown by Talteuchi (1961) in his £igures 18b,
19a, b and by Monin (1962) in his Figures &4, 5 and 7 and by Tukeuchi (1963)
in hic Piguzes 4a, b, Takeuchi (1961) uses the non-dimensional, =/L,
(vherxe L is the suability length) to exprees stratification and his spectral

¢rmsitios ape calculated from data taken at the 2«-meter lavel. Monin (1962)
used the Richardson number &nd his measurements are at Rhe l-mecer level.

Tobsuchi (1963) used U5 end the l6-moter level, which is the same as the
anglysis here. Again thore 1s good agreement on the general shape of the
spoctyal density functions and also an approzimation to a -53/3 slope at

high fwequencies even though there are considerable differences in youghness
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@nd cbeervation height. Howaver, as might be ezpected, the curve shapes
at the lowest froquencies differ from the present zesult, Takeuchi (1961)
did not shew a moviewm for the non-dimensional erergy spectyal densities
(in log-log coordinates) at the lowest frequencies, which doss show up
hepe. The more sexious disag:emént, however, 48 in the high frequency
range. In this pegion, Monin (1962) and Takeuchi (1961) show that the
non~dimensional energy density, 1%%: , decreases with increasing stebl-
lity, which 1s the opposite zesult that isshown in this vesesxch. Takeuchd.
(1963) used non-dimsnsional coordinates, log %;E% versus log nz/U, vhere
FA o -g{ in his Figures éa, b. U(2) is the me(::): wind at the 2 meter level,
Ee also obtained, in the high frequency range, a decrease of this non-
dimensional spectral density with increased stability, in agreement with
the other two papers and again at variance with these regults. An emple-
nation of tihis disagreement is the following: din the £ivst two pepers,
Takeuchi (1961) and Monin (1962), the spectral densities are normalized,
using values of the gross statistics W' and x”’z (derived from W)
enssured at the 1 and 2 metexr levels. At these levels, very little
contribution to the coveriance comes fram the large eddies compared to what
is chsexved at 16m. akd 40m. Thesa large eddies sre very otability sensitiva
- gufficiently 8o to yeverse the spectral damsity functional dependence on
stability, when the gross statistics are measured at the 16 and 40 mecer
icvel, a3 is done with these data. Tekeuchi (1963) uses log g%% versus
log us/l. Since S, U’F4 , this is about the same as log e s

>)

which 48 just normalisation by 32 at the 2 meter level. When these vegults

are compared with Figure 31, they axe found to be moze in agrecment.
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{2} In comparing thse totsl fluctustion energy of sach cowponent
a8 & funption of hedght (comparing 16 and 40 mstey levels) with the
findings of Penofsky and Deland (1959), there ware situations where the
agvoement was dubicus (cee the data of Table 7 and pages 50-58, Advancee
in Gecphysics, vol.6).

~1. wecomponent (vertical)

The data used in ¢hie investigation show: &) in umstadle conditions:
turbulant energy inersacez with height, b) in modsrately stable conditions:
iitzle ¢nergy change with neight, ¢) in very stable conditions, runs 35 and
36 ¢ enoygy decrease with height. Panofsky and Deland (1939) cbtained a
alow increasd with height of energy for the umsteble case but obtained a
decrsase with height in “ateble’cases. Appsrently their “stable” or night
time ca2as correspend to the “very stable" classification used here.

-2, v-component (transverse)

Thie investigation shows the lateral turbulent energy is relatively
constent with height in convective cases, in agresment with Psnofsky and
Doland (1959) however, there is an actual inczease in the energy with
height for stable and very stebie conditicns, which is epparently in
disagreanint with their findings. Agreement can be achievad only 1f it
is £irat assumad that their “steble® classification corxesponds to the
very stable Runs 35 aud 36. Also, since the enexgy level is very low, it
may b2 more affected by loug-wave non-turbulent fluctuations (fractional
contribution £o tho total varience) than would be the csse in the higher
enczgy levels asacciated with lessozr stabilities. If tho onergy is £ilterecd
by & 80l-point rumning mean (approximately 720 eees.), then the remaining
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high £vequency eneypy really does decrease with height.

~3, uegomponent (longitudinal)

This investigation shows little variation of the longltudinal total
flectuation energy with height for either stratification, but agrees with
Panofoky and Deland (1939) in the stable case (decroase with height), if
the sems filtering 43 used 28 for the v-component. This f£ilteving should
be aceeptable in the very steble cases, since spectral enslyses suggest
very little turbulent energy at the longer time scales.

(d) Reconcilistion of a diversity of results for the lowexr limit
of isotropy in terms of nzfU.

A partial list of previcus findings is: Guwvich (1960) shows
(1) nz/l = .4 for wmstablo conditions, (2) nz/U = .7 for neutval conditions,
(3) ne/l = 1.9 for stable conditions. Shiotani (1963) cbzerved nz/U = .46
at 26m. (u and w-component comparison). Priestley (19594), p.97, gives
02/ 2.6 measured at 1.5 maters. Also gee p. 98, Adv. in Geophysics,
vol. 6, for several zesults at contrasting levels and stabilities varying
betwesa nz/l = .4 for unstsble conditions at 29 m. to as/U 2 1.1 for low
levels and light winda (prasumably stable conditions). As shovm in Table i1,
the weighted consensus value for nz/U increases elightly from 16 to 40 meters;
the increase is more marked, the greater the stability. If one takes into
consideration (1) voughness variability in these cbservational results,

(2) variebility in obsezvation height, though this effect i{s not large,
(3) ths defining criteria used, and (%) the variability of stratification,
then no sericus disagresment seems to be present. The results of this
investigation are quite similer to those of Guzvich (1960), but the vaiues
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for the neutral and unstcble ceses are about ns/U = .3.

(e) Cramar (1960) concluded that for the higher freguencies, which
includes the wniform slope and isotropic zegions, for the u-component:
{1) for levels near the voughness length, say 1 metex, the slope in log-log
coordinaces is ~ 1,05 (2) at intermediate levels, say 10-90 meters, the
slope 1s near -4/3 and (3) sbove 90 meters the slope 1s nearer -5/3. Algo
Gramer; Record and Tillmen (1962), using Round Hill data, computed an
average value of this higher frequency uniform slcpe, including the 8
84 sw at 16 and 40 maters and obtainaed a value of -1.5 for this average
olope. Toble 17, if averaged with the slopes above the isotropy point,
aze in agresment with these values listed above. Table 17 breaks the
slope values down into groupings to show the offect of stebility and height
on the 8lope for both the u and v~components.

1. Below, %8 a review of theovetical predictions sbout the behavier
of B{k) for the high £requency range to include the inartial sub-range and
the uniform alope region below the lower limlt of isotropy.

Pigure 41 glves the R(k) fimction in log-log coordinates axpectsd
1£: (a) Rolmogoroff’s theory ie valid, (b) Kraichnan®s theory is valid,
(=) Helsenberg®s transfer theory is valid, (d) Bolgiano"'s‘bmyancy aub-éadge
oxists, and (e) [1] [2] (3] ave three observed spectra, representing stsbie,
unstable and neutyal zuns. Lin and Reld (1963) show thet, in the inertial
sub-range, the lelsepberg’s transfor theory gives the 2sme result as KolmogerofS's
theory. Cusve ¢ in Piguve 4L [taken from Lin and Reld (1963), Figurs 13]
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weuld vesult fxom the Heisenberg®s theory assuming initial period similavity
in addition to scme other assumptions. No pratense is made that these
varicus curves are ckactly placed zelative to ecach other; the lower limit
of isotropy 18 used a5 2 guide in positioning them, but because of the many
unevaluated constants involved in the functions, their scaling relative

to the sbscisea may be bad. Even with these undesireable features, it is
believed that considerebla physical inasight ie revesled by this compariaon.
The curves ave arbitrarily plzced coincident at the lower limit of isotropy
mezely as an aid in evaluating the relative functiocnal behavior of E(k).
Rraichean®s theory, cuxve b, seems to behsve better below the lower iimit
of isotyopy than Kolmogoroff®s cheory. Bolow this point, the assumption of
independence of the widely separated (in k-space) Pourier components, may
become suffichntly in ecrror to couse a significent deviation from the

k"s’ 3 forecast. liowever the “divect interaction approximation” of Rraichnen’s
vy approximate the actual physics at much lowsr frequencies, although it

eigo is baged on the isotropic ascumption. On the high weve mumbor side of
the lower limit of isotropy, thase Fourier components may well act rathsr
indepsndently so that the Kolmogoroff hypothesis gives tha correct spectrum.
In this research, no fregquencies are measured which arve high enough to show
the validity of Heisenberg’s theory in the déissipation range where B(k) = ok,
8tewart, Grent and Moilliet (1962) have mede measurements of turbulence in
uster which pexmit an evalustion of the theoreticel functions in this range.
Cuzve d is for Bolgiano®s gpectra (see Rolgisno (1962) Section IX A). This
gives:

B®) K3 forx < lower limie of isotropy
B K3 gork > lover limie of tsotvopy
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curves ¢ {11 [2] and (3] ave self explanatory. One notes the closencss of
the various functicons to one another over a large renge of the spectra

that can be evaluated £rom the dats In this zegearch, There 18 considerabie
suspicion that tha smell differences in slopes may not be statistically
significant and even for a data sample of this size, one may pot have high
coufidence in onos ebility to distinguish which function most closely fits
the data. Howsver, down to the lower limit of the uniform slope region,
there seems to be a best cholce, which is very close to the obsexved spoctra
end is acceptably consistent theoratically. This choice 13: use Kolwmogoroff’s
or Helsenberg®s theory in the isotyopic region and Rra:l.chnanés theosy in the
uniform slope vegion 80 long as one remsine above the regions of “mechanical
input of enmergy”. Away £zom energy scurce regions and in not too steble
stratification, the spectzum in the umiform slope region is very closa to
Reaichnan’s forecast of K % (see Table 17).

Bolglano (1962) and Daisslar (1962) have both considered the first
ovder effects of buoyancy om turbulence (neglecting the triple correlation
torms). The w-component onergy is most dixectly affected by buoyancy
end also by the distance to the lower boundary. Batchelor (1953) pointced
out that the effect of “pressuve forces" is to tend to distribute energy
equslly amomg the components, hence provide a sourcs or sink for the gotal
ezevgy of the components, E(k), thvough the w-component, see Deisslezr (1962}
Figure 26 (using Prandtl number = ,7). Although the buoyancy effect is-
gcmevhat styongex at low frequencies, s very wide range of frequencles ave
affectad by this energy drein {or addition). In the cage of emergy edditior,
this 412 not to ba confused with the input associated with convective coil
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developnent.

Then, for the isotropic and uniform slope frequensy regions,
the previously discussed Eolmoporvoff-Kraichnan combination spectxum seems
to be very close to tho cbsezved fumectional depondence of E(n) on frequency,
uaing 8, and 3v as approximstions to the total emergy in the intermediste
£requency range,

2, lLow frequency region below the uniform slope vegion (see Table 17).

In this vegion, the snergy spectral density fumctions sre increasingly
dependent on stratification ae the frequency decreasss. The preseuce of
the lower boundary also becomas increasingly important, particularly through
its influcuce on the §, epectra, This 1s also the reglon where Taylor®s
hypotheois, x = Ut, is questiomsble. There is yet amother complication:
since the time scale of an cddy increases as its lineer scale incyesses,
there is the possibility that the energy level of these largest coavectlve
edddes 15 not in oquilibrium with the meteorological parameters (U , 2952 );
this would infer varying values of energy even for the same mateorological
psrameters, Bven with these difficulties, it seems profitshle to examine
& liat of theoretical predictions ghout convection and see if these data
gupport these predictions.

(a) the primary effect of instability on cell size of maximm ensrgy

weuld be through the ezpavsion of the depth of the “boumdary layer® (compa-
rable to cell size) in which convection 1s occurring (see Rayleigh [1916)).

This is not the same boundasy layer used by Priecstiaey (1959) or Monin and
Gbukthov (1954). Their definition refers to that layer (usually less than
30 meters deep) in which there are no heat f£luz or momentum flux divergence.
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“his is not so fozr the layer wefexred to by Reyleigh. The "boundary

iayex” heo also beoen thought of as the layer of unifozm mixing; this

mey be very shallow for steble cases or as deesp as the distance to the bases
of cumsius clouds in unstable cases. Thompson (1963) and Herring (1963)
are referrving to the shallow layer, in convective cases, which contains
most of the temperature gradient. Ono can only infer that, with greater
insigbility, the “boundary leyer” would be deeper and hence the mechwmum
energy would shift to longer waves, whose charvacteristic life times would
be longer, Then, neglecting wind shear (assuming fzree comvection), ous
would look for a direct relation botween 994, aud the period of maximum
aexgy spectral density {sec Figure 43) glving log Tmaz energy
sod log T .. Vexsus 9%2 s vheve T 18 the period assoviated with the
neximm point of the aF(n) function). The data sample is amall (vestricted

vezsus Up

to £xece conveetive cases) and Figure 43 does not seem to define a relation.
gea p. £1-42, Cramer, Record and Tillman (1962), where a relation in the
expected sense i3 indicated. Moxe reseavch is needed on this point. A;so
the assumptlon that a dopth of the cow ection can be inferred from %é?%
rwey be a bad one, Certainly (5 would ba a safer pavameter., Since it is
vzlated to the scale of turbulence bHut %—t could chenge much more rapldiy
than adjustments in the boundexy layer depth could be made.

(b) Prieatley (1959) dealt with convective models and made predietiiona
about the heat flux (see also Section IIT C for a brief summary ox Priestl«y’s

=

pradictions and sce Table 3 for the B calculations). These ere plotted
iz Pigure 42 giving u*vs, ‘Ri] but the range of { Ri Ii.s insufficiont to

establish any good functional ralaticn and the results are inconclusive
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{thore i3 alvays the difficulty of evaluating R4 when it i3 small).
Priestlay also suggested that for RL < -.03, the hest flux should be
proportional to z%. Table 18 gives resulis for 40 meters in faix

agreament with this (sssuming the W'3',, values are corvect). Also
caleulations wore mede assuming a z /3 law for the hest flux with vesults
that ave at least &s geod. From his model of exicynmetric plumes, rricsuey .
also made thoe prediction that the haat £lux becomes positive (upraxd) before
the stratification reaches deczeases to neutral conditions, The data in
Figure 20 appears to support this prediction. nm Prof. James Austin
suggeated that the one hour length of record, used for obtaining an average
gross statistic for W'El can introduce a bias in the following menner, If
the average stratification for a one hour yun appears to be neutral but
zeally contained a cowbination of stable and unstgble conditions, then the
total heat flux would be positive, since the absolute value of the heat

flux under unstable conditicns is larger than for the same amount of stable
stratification (as shown in Fig:rg 20). All the near noutral runs were
checked with the following wesults: the two xuns (67 C and 3i), which were
near neutral for the entiys period, d4id give WPI'4R2 0. Ouze rum, (15), which
wea umstable at the beginning and slightly stable at the end, gave a positive
heat £luk, Several runs having g%z% 0, had a positive heat flux, but all
of these had unsteble stratification nearer the lower boundary. From an
inventory of all the runs, no run could be found that was really slightly
stable or neutral throughout, that had a positive heat flux, so Prof. Austin’s
less complicated explanation is preferable. Despite a lack of good evidence
to support it here, there is atill reascn to helieve that Priestley’s axi-
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symmetric pluws model way be awseful ome. The non-dimsnsional heat £lux,
13*, fron his similavity assumptions, may not have wozked out in theso
calculations because of the twoublesome Ri calculations,

{c) 8ece Sectioms III € for a byief discussion of Thompson (1963)
gad also a discussion of Herring (1963) in 8ection IX A.

These two papers have in common similay geometry, the use of noun-
divexgance, the stoady state and the Bouscinesq approximation; theizr othex
assumptions are quite diffevent but the resuits ars in good agreament. OCuly
the results to which the data is pextinent, ave listed bélou:

~1 %f,go s except negative near the boundary. A boundary lsyer
was shown by Herring and was assuned by Thompeon.

-2, The tempezature varisnce reaches 2 maximm at the top of this
iayer (Thompson).

-3, The vertical velocity (and supposadly the vertical velocity
variance, ;?2) yeaches 2 maximm deep in the intaerior of the fluid ragion
ukore G2 (Thompscn), See Pigure 44 for the best that this date
sample cen do in evaluating the sbove theoretical vesults. With values only
at 8 = 0, 16 and 40 maters for the w- and T-variance, considerable latitude
is available in drawing the vertical profile. Even so, the simplest analysis
foz the w-variance would indicate the maximm 18 £ar reamoved fxom the lower
bowmdaxy. Drewing the profile of temperature variance is not so stwaight-
forwarxd, The tempersture profiles indicate the top of the boundaxy layer
to be near 8 metera and several of the yuns can be drawn to "force" a
maximum of T-variance at this level, but it looks like batter enalysis i.f
a maximm is indicated near the 30 meter level. In genaral, this is
considerablie suppozt for the theoretical predictions of Thompson and Hewving,
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indicating that useful information can be obtained from judiciocus modelling
and also that pear the lower boundary, the transfers of vaxious properties
may be statiatically "stationaxy”.

() Lettau (1949) made predictions sbout the hest flux as a
function of %?; {(see Figuve 3 and also the discussion in 8ection III C).
1f the adjustment to Pigure 20, suggested in Section V F 2b above, was
made (putting W'T' = 0 at % = 0), then there is good agreement between
theory anddsta. Lettsu®s intyoduction of the third parameter, w*, seema
to give a model quite adapteble to the data.

(® & summary of the theory-data comparison for the low £requency
ranga suggests tha following conclusions:

-1, There is some evidénce to indicate that the pexiod for the
mazimm of nF(n) can be voughly estimated from the stsbility (if Qp is
usad) - the greater the instabllity, the longer the period of the energy
maxime) .

-2, The use of the wodel of convection between parallel plates,
with ths assumptions indicated in Section(c) sbove, give good agreement
with tha statistics, though this data sample is not well suited for testing
in the low frequency range.

-3, It is believed that Priestley’s model of axisymmetric plume
type convection is a good cae near the lower boundary, despite the lack
of statistical support here.

~4, Lettau®s derived heat flux function is in good agreement with
data and his use of three pavameters, é: ﬂ’i.‘)éo); u*, and w*, may be adequate
to describe much of the physics of turbulence in a styatified atmosphere
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near the surfaca,

the surface layer.
The uext step is to coxbine the praceding conclusions in a modsl

vhich gives good forecsscs for the encrgy spectral density functions and
which is physically ressoncble. This was begum in Section Ve, with ghe
definitions of the woughness parameter , R(n),and the convective excitation
A(n, 99z ) as axpressed in Equatfon 5-6. Then R(n) plus A(n, 9953)
iategrated over all n would give the vatic of turbulent to mean flow kinetie
energy, asswing theV introduced enorgy is proportional to 52 at some level

%, which is the affacaiva height of the most important roughness olaments.

In enszgy ‘production” (erudely approximated by u'w® %’-’-"; ), it can be seen
that the w-fluctuations play a dominant wole. Then the problem can be
looked at from the viewpoint of the results of the “mechanical and convective
excitation of the w-component. So the emergy intvoduction at frequency, n, is

Ew =02 {2@) +ﬁ(»,%§)f

where R(n) becomes & function of 23 only for very stable conditions, and
Al 24 )  is vory mall under stable conditions, In the evaluation of
aguations 5.4 and 5.5, ¢ equals + 5/3 in tlhe isotropic range and equals + 3/2
below the lower limlt of isotropy. Then Figure 45b. shows the rasulting
onorgy spectral demsity function “produced” by a simplified escitation pattern
Figurve 43a. Comparison with individual runs, indicates that the penepal slops
shown in Plgure 45b is a reasonshle one,
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Vi, GURIARY A CONCLUSIONS.

A. The non-dimensional energy spectral density fumctions for
v, v, v and T have besn preseanted in several coordinate gystems with
stratification as 8 pavamoter. The standard deviation of the azimmth
engle, 0p, , was chosen a5 the pavamster for stability which had the
wost desivreble characteristics. Associated with this paremeter choice,
then, is the choice of (), (standard deviation of azimuth angle for neutral
conditions) a8 the desived way of degeribing lower boundaxy roughness, An
expression, (W;& )*, for stratification (or its equivalent (p value) is
suggested a5 a way to incorporate the better features of the fmctional
behavior of UA at meutval and unstabls conditfons end of 93 under stsble
conditions.

B. The lower 1limit of isotvopy is determined, as & function of
stability and height above ground (g@ee Table 11), This limit was taken
&s & coneensus average of the 1limits given by : 1. tho lower linmit of
the k"‘gi functions for 8, and 5, 2. the velue of nz/UG where the energy
cf the components is no loager within 80 per cent of each othey and 3. the
valua of nz/U where the uw, wT and uT coherence falls balow .15 (values lowar
than this could occux 10 pex cent of the time whan the true coherence ia
Z4T0) . .

C. From the plots of non-dimensionalized enexgy spectral demsity,
three adjacent raglons of the spectyum appaar:

1. ZIsotropic or high frequency region where E(n) o4 M
whera the f)g-and ¢ ‘r)g-nomlization is effective excapt in very stable
cages (Jp 7). The low frequancy , Z?ba'

—5'/3 and

; limit of this reglou at the
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16-metar level varies between 1.0 for very stable zums to .2 for neutral
and unstable runs, At 40 metexs the lower limits vary between 1.5 and .3
(sce Table 11).

2. An intermediate frequency rvegion of wniform slope whare
ﬁz - and ( 7:)z - nowymalizations are still fairly good except in vary
stable cases. In this region, spectral density depsndence on stability
appears but is not serious. &) oL N~C uhere ¢ 1s between 1.0 and 1.5
~ and 1is somawhat stability and heigit shove ground dependent (ses Tables 16
and 17). Toward lower frequencias, the effect of stability 1s increasing
end the slope valua is decreasing slowly, unless the run is very umstable.
See Table 16, showing the range of the lower limit of the wifomm slope
region, varying between '%3-‘ =o3  for very stable 40-meter cases to
.03 for neutral and unstable cases at 16 meters.

3. The low frequency convective vange, where the effect of stabi-
1ity on the enerpy spectral density functions is domimant and increasingly
strong in going towsrd lower fraquencies. Ho normalizations work in this
region. A large peak of very low frequency energy, somswhat saparated
from the higher fraquencies, appaars in the coavective cases, the lateral
(v) component is most graphically sensitive to stability in this vange,
because the bngitudinsl (u) cemponaﬁt contains wore mechanically introduced
enargy and tha w-component energy is greatly modified by the height above
ground. Thic raglon includes the region to the low frequensy side of the
lower 1limit of the umiform slope xeglon.

D. Using both %= or ( T)>- normalization and Monin-Obukhov
similarity coordinates, the energy spectral density functions axe presentad
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{both grapho and algebzaic fumctions) as a function of (3 , 8 modified
aiebility paremeter, and ars shown In Figures & ~ 15, 24 and 25 and

in Secticn IX B. Dua to the behavior of the disbatic wind profile,

i - novmslisation was tried with z = 2 metars with the idea that this
level would be near the “effective height" of the most i{mportant roughness
olemenis, 1If the wind speed at this level is a phyaieally significant
quantity, then 52 normaiization wight help in the very atgbla ©ases.
Actually it vas only psztially successful (sce f£iguve 31) snd either the
two metar level is still too high or this is mu h tco ¢rude a way to handle
the effects of stratification. ‘

B | Comparisons of these expirical resules with those of othey
investigators, do not show any unreconcilezble differences. This data
sszmple, howevar, due to its size and diversity of stability conditions,
pernits more to be sald ebout the stability dependence of: 1, the energy
spectral density fumctions, 2, thelx functional depandeunce on z, 3. the
iccation of the lowar iimit of isotropy and, 4. the uniform slope region.

F. A comparisca of tha empirical results with those pradicted
by theory, gives soma very useful information:

1. Above the lower limit of isotropy, the Kolmogoroff or Heisemberg

<7
predictions of EQY KW %

2, In the uniform slope region just below the lower limit of
isotropy, the Eraiclmen theory of E(n) ol % as closer to the cbserved

is in excellent agreement with the data.

slope average of between ~1.3 and -1.4, but then the isotropic assumption
is no lenger valid and this vegion 1s much closer to the energy sources aud
enorgy contsining eddies,

3« Sea Figure 41 for a comparison of varicus theoretical and
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choerved enorgy apectral demsity fumetions. Over much of the observable
Prequency range howe, thess funetions aze so close together, that it i
baxé to say that the difference between them is statistically significant.

The combination of the Kyaichnan and Kolmogoroff theories gives
the best agreement,

4, In the low frequency convective region, very many difficulties
arise, and daspite chservational care and statistical significance of the
data, fewr inferences can be safely made. Some of these troubles are:

(a) these measuvements are Eulevian and Teylor®s hypothesis
(z = Ut) may be only partislly valid in this region. Theraefore conclusicns
iavolving spatial distributions and length scsles are not safa.

* (b) horizontal homogensity cannot be sssumed in comvective situaticns.

(c) the characteristic time scale of 2 turbulence cell increases
with its linear scale, therefore, these large eddies may not reach equili-
brlum foz-a -particular environment befors synoptic and diurnal changes
(shown by T and g ) of the paremeters have occurzed. Despite these
difficulties an attempt was made to compare these low £requency vesults to
theowatical predictions applicsble to the convective cass, Without
convection thevre is littie low frequency emergy. In most cases, this
comparison yielded nothing statistically dependable., Howsver, thexe
gre three wresults which sesm worih stating.

-1, thore was some evidence to suggest that the maximsn of energy
wns agsocliated with lower frequencies, the greater the instability.

-2, the use of vertical profiles, although they ccntain only

3 points, of temperature variance and w-variance and temperaturs give
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sgvecment with the enpsctations of Herving end Thompson. They infexy
& wemascinmm £ar vremoved from the lower boundaxy end a tewmperaturs varisnce
waximam near the top of the “boundary layex™,

~3. use of Lottsu’s three parameters fpz tuzbulence in the
stratified atmosphere, gives good rxesults for heat flux predictions,

G. A model is suggested using the conclusions above aud the modal
introduced by Businger (1961). This model contains 8 description of the
roughmess R(n) such that the effect of site variability can be accounted
for (sea Sections VC. and VG.). Titis model relates roughness, R(n) and
AN, %g ), energy introduction f(n) ; total emergy at a frequency, E(n);
total energy, B; (p and Uy in what is believed to be & consistent manner.
Sactions VC. and VG. glve more details.

VII. SUGGESTED FURTHER RESEARCH

A, The model of Section VG. suggests the nacessity of invostigating
the effect of site varisbility by comparing energy spectral density date
from sites of contrasting roughness, This would show if the generalized
Businger model i3 really a good one or nok.

B. Collect and evaluate data especially designed to measuxe the

engxgy and the verxtical fluxes of heat and momentum in the very low frequency
ccavective range, Thie would have to be done by determi ing the velocity

cerrelation funciions from a apatial net of measuring points and simulta-
n¢ous weasurements, This experiment would also have to be designed to eva-
luate the seriocusness of the lack of horizontal homogeneity duwing couvection.
Fyom this type of data, one might also hope to answer the question of how
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iow froquency it is possible o moasure, before having ¢o worry sbout
tho “balance” of the turbuleat system with its envivemnment,

¢. If this very low £requancy couvective range behavior were
wall underastood near the lower boundary, then the next steps would be
to investigate how this regime “matches” iuto the atmospheric circulations
at the gradient wind level and their relation, if any, to convective cloud
scales, REqually important is the connection, 1£ any, of these large con-
vective addies with the still lavger terrain induced local ¢irculations.
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AFTEADIX

A. RESUMES OF PAPERS (econtinuation of Ssction IIIsj.

Dodssler (1961), trxeated the problem of the effect of vertical
shear of the horizontal meen wind irn the absence of buoyancy. The approagh
was the treating of a single effect, the writing of two-point corrvelation
functions and the cloaing of the set. by .neglecting the tzipls corxalation
terms. In this case the wind sghear was assumed uniforwm and horizontal
homogeneity was imposed. One of his vesults was: with increasing shear,
the mozlmum of energy densisy shifts toward lowez frequencies and is lavger
in magnitude.

Bolgianoe (1959).(1962) zlso dealt with the problem of anisotzopic
turbulenca, using a wmodel of steady state turbulence in a stably stratified
atmosphere, composed of axisymmtzic celis. 1In the perturbation equations
of motion, conly f£izst order texms are vetained and the following enaxgy
eguation is chtained:

— —— , i . o 10/ ol -
2 (g =7 3F = % i fh e [
,,

p = pressure [ static density; @ = potential deasity. Operatious om

this equation finally yields his Figuve 2 (ses Figuve 41) as the importent
vesult. Thie steepening of the slope in log E(k) vs log k plot for the
scable atmosphere, just on the low frequency side of the inertial sub-range
was not cheerved in this reseswch but then the test certainly is not idesl

bezcause of the effect of the lower boundary, particularly on the w-component.
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Bolglano (1963) did show supporting evidence for hisc theovetical spectrum
uodng bigh elaevation data.

iamiey (196%) cbtojned a theoretical vesult similaz to this, but
with less constraint on the “inewtial transfer' of energy.

Priestliey (1959) dealt with convective regimes extensively. In
Chapter 4, he differentiated between £xee and forced coavective regimes
and points cut thet although Ig{ J-r’ ] ox éﬁ ] degreases with height,
its effect on the turbulence inerenses. With obamational evidence to
suppozt it, he propoesed s model of convection in the surface layer of
azisymmatric plumes of pemeteative convection. He used this model ¢o
explain cthe occurrence of anm upward heat £flux in the neutral and slightly
stable atmospheres., By using similaxity, an aseemed Geussian distyibution
of velocity profiles aeczoss thesae cells and dimsnsional argumsnta, he
obtained e nuwber of interssting predictions, some of which are compared
to oheezvaticns. A partisl 1list of theae counclusions are:

i. for foreed convastion (RL ) - .03)

(&) lapse rate, 39@& oK 2~/

®) H*= &R, />

H*(dettaicton) = §C; (5/ 5 )% (9%hz) V= 2*

il = heat £iux, k = Von Karman gonstant

Riag- (%%%%L, or in the fluxz form, = é%‘g;;z/—a'?

2. for froe couwvection (Ri - .03)
@) [P0z | « 273

(b) B = eonstent

@ Tyt e’? ;T %2

- I/a
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Be offered a8 an ¢xplanstion of the n* = £(R1): “st considerable wind speeds,
mmhanﬁ.éany ganerazed tuzdulence is sufficient to parform the heat transies,
but at higher levels it 2s losz. At some poing, free convection must take
ovez¥. The form of this convection is the axisymmetwic plumes. Also ses
Buainger (1953), who dealt with a means of determining when free or forced
convection will occur,

See 18.5 and 18.6 of Hess (1959), for a presentation of the Prandtl
mizing lemgth theozry, which leads to the logaritimic wind profile by letting
the mixing length, 1 = kz and defining the friction veloeity, u = |77

Taylor (1960) exomined the Monin-Obukhov similarity experimentally
and suggested a vaive for YoK" in the evaluation of the universal function:
() =H»ol% +(3(%)% -+ 1In the free convective case, he concluded that
the functions given by similarity and by Priestlay (1939) ave acceptably
accurate and he thon evalsated the constants.

Mecready (1953) used data taken from £ive runs, varying in length
from 10 min. £0 1 hour and undar diversified meteorological conditions, and
ghowed that st sufficiently high frequencies, the Kolmogoroff hypothesia
govae the correct fungtion: E(R) ol £ % K et o 8(x) = ]—-CE 2/3):.. 43
for the spatial longitudinal corxelation (z = Ut is assumed).

In Lettau and Davidson (1957), Lettau gave an extensive boundary
ieysr thecsy, straessing non-dimensional characteristics to describe the
velations betyaen wind shear, stratification, and momentum and heat exchanges,

B. LIST OF ALGEERAIC EXPRESSIONS FOR THE ORTHOGONMAL CCMPONENTS AND TEMPE-
RATURE POWER SPECTRA TN SIMILARITY COORDINATES.



82e Section VB l. for a genevsl description of these functions. Thess
are Pigures 16 and 17 4n slgebralc foxm. In each case there will be 2 note
suzeh a8 : “P 48 intwoduced Detween n = .01 and 02”, This means thet st
B = .01, F equals 1.0 and at n # .02 it has the frll valus shown for F

and betweon 1 = 01 and n = ,02, F incresses or decreasces lineavly alomg the

iog scaie from 1,0 to the high frequency value showm for F. The expressions

ave:

N <& <0 N D0

-573 *-5/3
Su,/é = :3n_F s Sy = <32 F -
/4~ 5)(10 (g',‘q )2.

SXo~* /
I+ "'72"7. (Z&)L ;1 2

o2 2 oz —
= /4, & s O/0
/.0 52-2‘40

2

-
- o L)

(Z,?,_g)*' should be used gwr}/wlere 7601' ge&

— e ewe e e e S — e e e e e S

n<L.of n >.ol
7 3
Sugo = 237 F s Sugo= 237 "’/3F B
I+ 12880°%, 75, 12 /? ;,,, 12X/0°
n* (079) = (0.‘; ke

_ 96 0 5
f-=1 30 /‘9}-) 2% - - 010 introduced /u/ween

9@‘ i@ vl « 010 n=.0¢ JnJ N=.2 .
P

"ifﬁog% ,
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Foy Stoble and near meutral eonditions :
Sps;¢,= .371-3/31(:_“_ . F:/f-;lo‘%g ) QMQ > 010

e "
2xi0° 3 g7, \3
/f'*_?_?_;_ (%) = /.0, ofherwise >

/h?‘f'oJM(’lJ })u/ween nc. 04 &ha/ n=00

For onstoble oonditions ¢

nS.ol N <0/
-5/ -7
8‘})]‘:‘.«3” 3 . SI/IG = .371 3
I+ .5’x10"-( Trvyz 4 |+ sx/o Ty 2
n 7 ( )

— — —— — — — — — t—— —

For stable am’ neov' neuff‘d/ dond, #/ons :
Oyso= sdnbE . F=l+208

) .
1+ /0 Q(2’.."")" introduced hetween n=.04 and n= /40

For MWS}ab/e t’onc/n"/o):S 2 »
Syao = R il ] _F—*— 141022
I+ QX/O (q“ )2, ’ ‘hf’OJuCC({ Aﬂ{wge;, 773'-0/ Jn(( 7):'04.

— — — —— — — PR e

S re = .371-/-3;'—' . F- 11592 , 8 > .olo
4
1+ 4 S‘?X_‘_SIO ((7;,) =l.o, o‘/‘fe'f'wfse )

nn’*foJucec( /m-fween 71-.0.5 am{ nsl. 0

Tor stable and near meutral eond Frons

N>e.0l y n <.ol
Supgo = I LE L Spgem 3SWDE
A2y ((7* > ,+/ Tiv )™

AT . (&

= /4 I.S'Q? 20 > 010 ;%%roe/aceq( /:e/weln
o=’ ot —
ol and =10

=/+ /0?—3 )offerwo:suz
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Foy uns#able Conditions s
dame 95 Sus; go, Stable, exee/g-/' use (07\’/07; )9'

- -—

Tor sfab/e. oono/n‘:ons s F -—/+60§§ ig > _0l0
- «037~53 -
Sremlg)lé - 37 F > "/;O) oharwise )

2.8 ¥/0"¢
]+ (W")"‘ yntroduced /Milwet’n =02

’37
Tp
ond n1=/.0

For unstable conditions »
« 03 77‘5/3

S'rem/o, 16 = —
I+ 4 X/O“Z(E:N }1‘
.

The nevtrel Case Aas no meanmj n Sm,/an-/u
-f)‘amewor'k.

— — — - — —
—— —— — -~ — ——

For 54&6/6 cond itions : F=i 305‘;% ?
9 4 = '0‘/'77'/’9/: ; ﬁ’l#?'m/tu‘#c/ /A(‘/«)(?n n=.o’
n 7A

For unshhble Goncli'v/l'dhﬁ:
.0371‘/'31;“ F=.6 -Fo*r ol! *’Dé/ég )

) .
)+ /Z'X/O.~4 imtroduced hetweero
P 2
7 =.02 ond n=.2.

Sremf y9o =

STemP, 4o IS tHhe sSame f’or T > 107,
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€. VARIOUS METUODS OF ESTIMATING STRESS AND HEAT FLUX®
It is nocesssty to determine u'w’ snd w°T°® in order to get
dependghle dimensional energy spectral demsity values, fyom similavity
coordinates. Here are soms vecent methods:
Pasquill (1963) gave thiee methods for evaluating the eddy diffu-
sivity “K", through which one could compute the stress by using 7°=K g%"
His methods avre; T
1. The "high frequency” msthod uses:
8(k) = cawak'%and g:% g—_—g + Moasure $(k) and compute T~
2. “fotal ensrgy" mathod.
w-variance, 0;?'=L§,:(m4n s Re g2 , T= K;—’%
3. low f£requency method.

Mean square displacoment of pa:ticlea, * o2KT (assuned Gauseian
distribution) T = time, & large value, [ ]w » then solve for
K, knowing Ty as before.

Panofsky (1963). From Monin-Cbukhov similarity, the following
guantities are used:

Kon~dimansional shear, —3¢ u*' DV (f)(-Z/L s where k = Voo
Eozmen constant. He has not used Fn {momantum) = xa (heat) and thus defined
L =, Kﬂ”&( and modified the wniverssl function to be:

-2/
vE)= [ /“-__Q_" &) /g
]
&
- u* _ /- P&
s e [’oﬂa) [, =]
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A number of expressiocns for 43 can be usad and then knowing %, one
can solve foy u'&r-: "V/P « 8ome of theae functions are:
1. Monin-Cbukhov “log plus linear® profile depived f£rom:
PE) =% %, +66&)*
2., FKeyps function:
4’4"/ g @%d f}()az/ , (this function wes used and the stress
caleulations are shown in Teble 3)
3. Webb function: §= |+ 4.5°(F) 1), for (~%,) < 0317
o . 3(~ ) _ o3 ¥,) #3
for =3 > o317 ?
Solutious for Z’, when z, is not known, are also discussed.
Takeuchd and Yokoyama (1963) praesented a more ganeralized form of
the same approach. Ia place of 1 = kz (valid at noutral stebility), they
used 1 = kaf (2/L). The vesult is 4)‘7...)/'1’2/& ¢3—_F-“f=o » wheve

f = gonstant, )
Near neutral £ = /= 0 (9L) * & )*

seabte,  £= 50 (%) (L) (L) ?

wstable, £ = —207() - 55 (34, )7
AL neutyal £ =1, 1 = ks, giving the Keyps function. The more generalized
form should be better under stable conditions than the Keyps function, but
it was not used becaguse of the presence of two émmm, T~ and U‘ s whnich
wust be determined fyom the data.

Taylor (1961) suggested evaluating the “structure function® in the
inereial sub-zange: P (n) = @(X) - u( x+;t,):( 2, Y3, 3/

Dy = [Tto “TUx+n)[2 o X e-"8,23 . fere 1’.—.—/6(5{_)".
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He then assumed 9%;‘. " = 0 and negelected the vertical divergence of
kinetic energy to get: £ = -5 Tv Ju -fé:_? « HNest he ggsumed horizontal,
howogeneity end wrote a cmezvaﬁon equats.oa £ot internal energy to get:
Ha& +ge g(w)'T’*“*] peT+;\ ( 1773) \(97’) 2.

vhere H = heat flux. Nexmt, he showed that ena dominent term is H 5@

and used these values to solve for 7~ . Also he gave a second more

- 2/
empirical wethod: aaDuIA)A% ,baM))L ° y
Ee ’{;&3”' ,as —573Cop b€ >,
39/5;_—
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