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FOREWORD

The work presented in this report is a result of in-house efforts
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Kirtland AFB, NM under Project 317J (Advanced Radiation Technology Program).
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to the inappropriateness of the frozen flow hypothesis. The
model 1s recommended for laser propagation calculations which
depend on large scale sizes.
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I. ZI1ITRODUCTION

There has been increasing interest in the past ten years in .ﬁ
the atmospheric degradation of a laser wavefront. Atmospheric
turbulence poses limitations on pointing, tracking, imaging

and communication. Researchers have attacked the problem from

two viewpoints by studying the turbulence itself and by making

direct measurements of beam degradation. Both apprcaches are

needed, however the turbulence studies are the more basic.

Nearly all of the propagation theory derives from the spatial

spectrum of microtemperature, as temperature turbulence almost

entirely governs refractive-index fluctuat‘ons in the visible

to infrared wavelengths. If the theoretical spectrum were .
incorrect, the theories would require modification. This |
report will concern itself with measurements of microtemperature
fluctuations with an emphasis on the low wavenumber, input

range of turbulence.

The first indication of a problem with the spatial spectrum
was in measurements[1l] of the phase djifference power spectrum

of a spherical wave at 10.6u wavelength. The data, taken at

~v

the Rome Alr Development Center, demonstrated more power in the
low frequencies than was predicted by theory[2]. Even wnen the
theory is modified to account for a fluctuating wind direction,
the agreement is still not good. (See figure 1.) This led us

to suspect the bases for the theory, since we were confident in
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Pigure 1, Experimental and theoretical phass difference power

spectrum measured by Huber and Urtz[1]. Prequency f in this
and subsequent plotg is in Hz, (1] meney
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the mecasurement and the processing. The bases are: the Rytov

approximation in the solution of the wave equation, the spatial

refractive-index spectrum and the frozen-=flow hypothesis. The

Rvtov aporcximation should hold equally well in the low and high

frequencies and furthermore 1is not suspect in the calculations

N7 TR ',,r W,

of phase quantities. Slnce the microtemperature closely governs

the refractive-index fluctuations, we conducted a series of

RS R RN Ve S

experiments to verify the von Karman spatial spectrum and the

: frozen-flow hypcthesis for low frequenciles.

£ T2 input range of the spatial spectrum is governed by the

[ TS JDUN

mechanisms of turbulence generation and a beginning cascade

process. Thus local terrain inhomogeneities are expected to '

A A AR I B

influence the results. The aforemaontioned experiments were run
under nearly ideal conditions at two sites: the Verona. New

York test site of the Rome Air Development Center (RADC),

R N N T L O

Griffiss AFB and the laser test range of Air Force Weapons
Laporatory (AFWL), Kirtland AFB, New Mexico. By ideal we mean

; 7 ’
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moderately high winds at mid-day, clear skies and high turbu-

lence strengths. Since the spatial structure function of

LV Tl IR

temperature i3 directly related, through a Fourier transform,

]

’ ?

i to the spatial spectrum and does not depend on the frozen-flow

} hypothesis, we will use the structure function as a check on the
validity of the von Karman spectrum. We will see that the von

r Karman spectrum is not the best model for the data and so an :

WY A TERIP DA RN g T TR RSN o e AL e
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empirical spectrum is developed. The model is then pfoperly
integrated to give the temporal spectrum which in turn 1is
compared with data. At that point the residual error can only
be attributed to the frozen-flow hypothesis. We will see that
the hypcthesis yorks remarkably well in the inpaut range
frequencies. Although a specific spectrum is proposed, the
mathematics will be kept suf’iciently general so that it can
be extended to analyses of non-Kolmogorov turbulence or to

different wavenumber dependencies.
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II. THEORY ’&

Classical Spectra

We bezin by briefly reviewing the history of the von
Karman spectrum and the frozen flow hypothesis. The most basic
form of the temperature spatial spectrum was developed in three
papers by Kolmcgorov[3] and via an independent method by

Obukhov{ 4] and applies only to the inertial subrange:

-13/ 3 =1 -1
OT (K) N oK AO << Kk << AO . (1)

The scale lengths Ao and Ao define the limits of the inertial
subrange and are defined as the internal and external scales

by Panchev[5]. Tatarskiil6] uses the symbols L, and L
respectively as inner and outer scales. The inner and internal
scales are identical but there is a sinmple multiplicative
relation between the external and outer scales. The two

lengths will be explicitly defined after some further develop-

ment.
=~ 8 -
Von Karman suggested[7,8,9]a form for the velocity
-1
) spectrum for k << lo vhich was later revised to the temperature
spectirum[5] (Panchev's sections 4.5, 6.2 and 6.7):
- 2 2 2 7 =-11/6
| op (x) = 0.0330 Cp° [x”™ + (1.071/A.)* ] (2)
where the numerical coefficients are 0.0330 = and
187T(1/3
K
5
3 —




1.071 = (2/?_— y/z. The introduction of the constant 0.0330
CT seemgrtg be the idea of Tatarskii[6] to reduce the
coefficient to a single strength of turbulence parameter C;.
The temperature structure constant CT is defined from the
inertial subrange form of the structure function:

Dp (r) = Cp'r *7° Ag<< r << (3)
The introduction of the 1.071 coupled with A, is attributable
to Reinhardt and Collins[2] to make the definition of A, more

meaningful. In fact the outer scale L, is related to A, by

Ly, = A /1.071 (4)
in order to make the outer scale definition agree with the

generally accepted cne given by Strohbehn(10].

To account for the internal scale effect at the dissipative
range, Golitsin[11] (reviewed by Panchev[5]) in 1960 suggested
a Gaussian roll-off

‘l/’exp[-(n/xu )] (5)

®p () ~ x
where xy= 5.92/1o in our current language is the internal scale
wavenumber. Strohbehn appears to be the first to make the

obvicus connection between (2) and (5) to get

¢, (k) = 0.0330 c; (x* + L;’)'lx/‘exp[-(x/xm)z] (6)

Equation (6) is what is referred to in the laser propagation

literature as the modified von Karman spectrum. Since for the

most part this report is only concerned with input and inertial




range effects, we will concentrate on the valdity of the von

Karman spectruwna(2).

We are now in a position to define internal and external

scales A, and A . The Internal scale is the separation r

at the intersection of Dy (r<< A, ) and Dy (A, <<T << AJ).
This is consistent with Tatarskii[6] section 1.13. At this

ﬁ point Tatarskii also clarifies the definition of A, with
respect tn the Kolmogorov microscales. The external scale is
never clearly defined by Tatarskii, but in essence Panchev[5]
ﬁ . uses the precise definition that Ao is the separation r

at the intersection of DT (r<< Ao) and DT (Ao<< r).

Taylor's hypothesis([12] was the frozen-flow assumption

4
J A

that the turbulence is simply being transported by a fixed

¥

-
R

i point and is not changing. It says that the spatial and
temporal spectra, after the proper scaling with the transport

r : velocity v, are identical. Panofsky, Cramer and Rao{13] state

Sl L PCY TR e WY

e v ewhe
~a

the hypothesis is "valid close tc the ground" for lag

distances up to 90 m provided o_/v 2 ;, where o: i1s the

wind speed variance. This translates to equivalency of

} spectra for temporal frequencies f % v/570. We do not know
what is meant by "valid" or "close to the ground." Furthermore
the ov/v criterion does not seem adequately restrictive. We do

r expect the hypothesis to hold in the inertial subrange for

fairly homogeneous terrain.
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Theoretical Relations Based on von Karman's Spectrum

The first derivations are for the statistical description
of the temperature fluctuations and are based on the von
Karman spectrum(2). No internal scale effects are included.
The calculations and representative plots are for the spatial
structure function and these temporal spectra: temperature at
a single probe and temperature difference at a probe pair. The
cross-spectrum and coherency are then written in terms of the

singie-T and delta-T spectra.
The temperature structure function is defined as
Dp(r) = ((T(?l)-T(yz))’) (7
where the brackets indicate an ensemble average and "ll*t-yzll-

Homogeneity and isotropy are assumed from the start. From
Tatarskii{6], section 1.13, the structure function is written

in terms of the three-dimensional spectrum:

DT(r) = 8:!: {1-sinc(xr)] OT(K}ﬁzdc. (8)
After integration of (2) in (8)

Dy(r)= c,’rr’/’tl.O‘oGB(r/Lo)"/’-o.62029(r/L°)"/’K_1/’(r/Lo)]
(9)

where the numerical valueg are

~ !
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1.0468 = 2/ /(3r(5/6)) and
0.62029 = 25/3/x /(3r(5/6)T(1/3)).

The two asymptotes which are important are
DT(P<<AO) = C; r2/s (10)

and  D(A <<r) = ch Aoz/’. (11)

Obviously tre intersection of DT(f:<A°) and bp{Ag<<r) is at

r=A,. It was the prior knowledgelof this infersection

that caused the insertion of 1.071 in the spectrum(2). To
demonstrate the shape of the structure function, DT(r)/DT(w)

is plotted versus r/L, in figure 2. This ncrmalized structure -
function is identical to 1-C(r) where C(r) is the autocorrela-

tion coefficient of temperature.

Since authors use different definitions of spectra--some

£ RN

one-sided, some bllateral, some with an extra 27 factor--we
will start by writing the spectrum to be used here in terms

of the temporal covariance R(t) in order to define F(f):

R(t) = I: F(f) cos (2xf1) df. (12)

Rl BT TN '*w‘wmq
i S

Tatarskii[6] in section 1.20 uses a two-sided spectrum W(w)
which 1s related to F by

F(f) = 4x wW(2xf). (13)
In that same section Tatarsklii relates the temporal and spatial

spectra:
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0.01 . .

0.01 0.1 r/Iao 1. 10.

Pigure 2, Theoretical nnrmaliged temperature structure function
based on the von Karman spectrum,
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F(f) = Br?v=! Szwf/v o (k) xdx. (14)

carrying out the straightforward mathematics we find

Fp(t) = 0.07308 3 v?/?[r2+r}375/¢ (15)
where rl =v is a hreak frequency and the numerical
2nL
o

coefficient is 0.07308 = 2/[(2n)‘/33r(1/3)]. Pigure 3 is a

plot of a ncrmalized FT(f) versus f/f,.

Th2 temperature -~ difference spectrum FAT is now calculated
in a manner somewhat paralleling the phase-difference
calculations of Reinhardt ard Collins[2] and of Clifford[14].

Inverting equation(12):

Fap (f;3)=2£: dt cos(2xf1) RAT(t;B) (16)
where B is the vecter separation of the two probes. After

using some ga2ometry and the frozen-flow hypothesis. we obtain

N oA, N
Rky(t;B) = -Dp(Vr) + %'DT(9+Vt) ¢ %'DT‘B-VT)' (17)
If we assume tha temperature field is homogeneous and

isotropic and that the arngle between 3 and v is 0, then

RAT(t;P)a-DT (vr)e ; Dp (/Tr+vTcos8)? +(vtsind)?) +
i DT(/(r-vrccs§5’$!VtsIE§5'), (18)

2
where r'||3||- Inserzing equation (8) into (18) into (16)

and interchanging the order of 1lntegration:

1

—— - —y -




FAT(f;P)=8ﬂ I: dx oqp(x)x? JZ dwcos 2nfT

[2sinc(kvTt)-sinc(kAr+vicosO)“+{vrsino)*)

-since(x/({r-vicos®)*+(vtsine)“)]. (19)
Having done the t-integration, we obtain

12’,3.1,(1‘;1'):16«2\1-l f:‘f dxoT(x)r

/v
[1-cos(2nfrv™!cos0)J (rsine/k?~(2nf/v) ") ]. (20)

After substitution of the von Karman spectrum(2) and after

replacing u?+l= g%;i‘
ey T 2.=1 -s/3
FAT(f,r) §-r—(—]7§7 CTV (Z‘Nf/V)

!: du “[“2+1*(f,/f)’]-"/‘[1-cos(r cos_g_) Jo(g sin 6 “ﬂ
2

(21)
where
= v
1, = = (22)
and f, = -2-‘-;; (23)

are the characteristic frequencies. After final integration

of (21):
Fpp(s)=3.1272 Cir®/ *v-'e|g:§;2 [l—cos %’93—9) (1—Gggl)‘;
2

/
where 1‘3(3)3‘}(%5 ‘ﬂ-i%.%T K{.(B): (25)
£3127(fsin6 y\ 2 (26
g2 = [1+(.f.1.) ](T.j:_.r.)_) . )
G(0)=0 (27)

and the numerical coefficient 1s 3.1272=24x/(9T(1/3)).

12




The function KV(B) is the modified Ba:ssel function of the

second kind, vth order{15]. Figure 4 is a plot of the

normalized FAT(f) versus f/f, for f,/(1=Ly/r=10. The

resonances in the high frequencies f>f2 occur for © near 0

or n since similar turbulence 1s seen at both sensors when the

wind is blowing along the sensors. Since the time lag of

such a flow is rv-lcos®, tre minimums in the spectrum occur

at fy=Nvr 'se<0, where N is an integer. In the real

atmosphere, however, the wind speed and direction are not

the fixed values required by fy. The small variations that

normally occur in v and © are sufficient to wash out the P

thecretical resonances. For example when 0=0 and f>>f2, the .
l-cos( )al. It is interesting to consider the two regions

X el kv

which have simple power-iaw dependencizss for O=n/2:

Fpp(£<<Fyf;)=5.829 cZ r3/3y-! (28)

N

and

Fpp(f3fy<<f) = 0.14616 vz/’céf"/’. (29)

v !

Hence the difference spectrum approaches the constant given

by (28) as f+0, and has the high frequency dependence (29)

T e e B RN A s

which °s exactly twice the inertial range dependence of FT i

given by (15) for f>>f1:

Pyp(f),fp¢<f) = 2F (£, <<f). (30)




In a similar fashion there are three regions when 0=0 or w:

= 2 s/3,~1 : 2
Fyp(£<<f , £ )=3.1272 Cq Lo>/°v™0 g (£/1 )7, (31)

. / - 1
Fyq(f <ctecs )=3.1272 c& r*/3v7! ¢ (e/8,)02, (32)
= 2 o573,~1 -5/ f
and P p(f <<r)=3.1272 f r¥/2v71 2(e/5 )7 3sin2(2?:) (33)

Hence the power law dependencies are f?, £1/3 and £75/* 1n the
three ranges. If the wind veloclty 1s sufficiently fluctuating

1
that sin?( ) be replaced by its average,7 , then

F (s £ <<f)}0.14616 vz/’c; £=s/3 (34)
which is the same as equation (29).

. The remaining spectra--the cross-spectrum and the
coherency~-are easily calculated from the single-T and the

delta-T spectra. The cross-spectrum F is complex in

T T
172
general and has as its real part the cospectrum CT T and as
1 2
its imaginary part the quadrature QT T
1 2

1 2

[RUORE Y

~

The coefficient of coherency is a sort of "spectral correlation
function” and is in general complex:
f
FTxTz( )
o0, 0 Ao (36
172 T T2
The phase of the cross-spectrum and the phase of the coefficient
of coherency are identical:
14
( -
A AXA—_\. * . . - Dot -— -~




@Tsz(f)=tan"(QTxTz(f)/CTsz(f))- (37)

The phase relates any temporal shift of one signal T1 with
respect to a second Tz. The modulus of the coefficient of
coherency, termed here simply as the coherency, is a measure of
how one signal relates to another as a function of frequency. A
perfect relation is unity and no similar trend at that frecguency
is zero; thus

0< | KTxTzli 1. (38)
If the reader desires a further reference to these quantities,

he might see Robinson[16].

The previous paragraph was a general treatment of the cross-
spectrum and coefficient of coherency for two signals Tl and Tz
which in the present context are temm~ratures measured at two
probes. We will return to these quantities in the data sections.
However, the theoretical individual spectra are assumed equal,

so the cospectrum (plotted in figure 5) is

3
CTxTz(f) = Fp(f)-7 Fpplf). (39)
The phase is formed easily from geometrical considerations as
N
; cosb f<f;csc9
a(r)% 2 " {0a)
0 fyf,csco,

The theoretical coherency (figure 6) is then

¥ f
|Kg g, (£)]= (1 -_éT_(_))sece. (40b)
1T2 2F (1)
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Pigure 3. Normalized temperature spectrum based on von Karman's
spectxum,




102 v 1 L L ™
101 |
100 }
- S
10 Qmrr/2
8=n/4
f=r/18
|
75(0)
10-7- fz/f1=1Oo
108 * ‘ * 4 .
-2 -1 0 1 2 3 4
log(f/f1)

Pigure 4, Temperature difference spectrum based on von Karman's
spectrum, For demonstrational purposes fz/f1=10.

¢




10

10

10

10~}

F3311T2(f)*

Fy(0)
1 1
| ]
-
} 10”7}
]
} -et 'S
| 107, 3 4
log(f/f,)
Figure 5. Temperature cospectrum based on von Karman's
r spectrum.
18
|
r
l o o -

T
t

A




10

10

10-1f

- aun

v

[age)

| a8

~a !

0 _p -1 0 1
log(2/t,)

Pigure 6, Theoretical temperature coherency based on von
Karman's spectrum.

S




III. DATA ACQUISITION SYSTEM ’J

The Recording Scheme

The purpose of the data acquisition and processing system
is to provide temporal and spatial statistical information on

the turbulent temperature of the atmcsphere. The overall system

is diagrammed in figure 7. Common meteorological observables
which are recorded include wind speed, wind direction, baro-
metric pressure and the gross temperature from a dew-point
system. A description of all the sensors will follow. Nine
microthermal probes are oriented in a geometrical progression
on a horizontal boom positionable two to eight meters above
the ground. This makes a total of thirteen signals which were
recorded digitally on a narrow bandwidth system and on analog
tape for subsequent wide bandwidth processing. The digital
unit 1s the Analog-Digital Data System model 100m Data Logger,
with a 12 bit analog-to-digital converter. The sample rate

is 400 Hz divided by the number of channels currently in use.

For the 13 channels, the rate is about 21 Hz. This narrow

gy !

bandwidth system Is used for obtaining those statistical
quantities which are not sensitive to aliasing: especially
probability densities, variances, spatial cross-covariances

and higher-moments. Por spectral information on tiiz turbulence,
all thirteen signals are recorded in parallel on analog tape.
e Ampex FR1200 tape recorder has at 3 3/4 ips a bandwidth of

20
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DC to 1250 Hz (-2 db) and the tapes used have bandwidths
superior to that. Later two channels at a time are converted
from analog-to-digital on a 12-bit PDP-8 computer. Because

the possibilityof aliasing will be significant to the subse-
quent Fourlier analysis, a low-pass filter is inserted in each
channel prior to conversion. The -3db point of the Krohn-

Hite model 3322 filters 1s set to the Nyquist frequency, one-
half the sample rate, and the roll-off is that of a four-pole
Butterworth filter, -80db/decade. Sample rates from 400 to

700 Hz are chosen depending on the expected noise level. The
measured Krohn-Hite power response is plotted in figure 8 .
for a cut-off frequency of 200 Hz. To estimate the response

at higher cut-off frequencies, you merely slide the curve to the

right until the -3db point is at the desired frequency.

Digital Processing

The digital tapes from the ADDS unit and from the PDP-8
are processed in two separate software packages on a Honeywell

635/645 computer. Cne program computes the cross-covariance

’

matrix of the thirteen signals by operating on the tapes from
the ADDS unit. Matrices are generated for averaging times
typically ranging from 10 to 30 minutes. The microtemperatur2
elements of the matrix are then converted into a plot of
1-C(r) where C(r) is the spatial correlation. Such a plot 1is
identical to DT(r)/DT(w), found theoretically for the von
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Pigure 8, Power responses of aliasing filters (2 channels),
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Karman spectrum in the previous section. In the end an average
1-C(r) plot is generated for the entire mission. Overall
averaging times vary and will be indicated in the mission
summaries yet to come. This program also calculates Cé
according to its definition (7) and calculates A, as the
separation r where the extrapolated inertial subrange of 1-C(r)

intersects the unity line.

The second program operates on the tapes from the PDP-8
computer and provides wide bandwidth power spectral densities.
The six spectra were Qescribed in the previous section: the
individual spectra of the two temperatures, the difference
spectrum, the modulus and phase of the cross-spectrum and the
coherency. The signals are first transformed via a fast discrete
Fourier algorithm for frequencies from fny/20h8 to fny» where
fny is the Nyquist frequency. Namely 4096 data points per
channel are transformed at one time. The data are then
digitally low-pass filtered by a four-pole Butterworth with
a cut-off of rny/su. The low-frequency part of the spectrum
is then obtained by transforming the remaining signal which
has been decimated, keeping only one point in sixty-four.

The low and high frequency spectra undergo constant percentage
bandwidth averaging so that on a logarithmic frequency scale,

the spectral estimates appear to have a nearly constant

separation. Sixty-four high frequency spectra are averaged

24
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to correspond, in averaging time, tc a single low-frequency 1?

spectrum. Finally several such spectra are averaged to

represent an entire mission. The final averaging time can be
computed as N-20u8~6u/fny, where N is the number of spectra
averaged together. Since varying numbers of spectral estimates
are averaged to give a final value, the confidence 1limits are

a function of frejuency as well as N. Following Blackman and
Tukey’17], we assume the spectral estimates follow a chi-
squared distribution. Tables in Blackman and Tukey cr in
Abramowitz and Stegun[15] can be used to generate upper and
lower confidence 1imits. The confidence 1imits for our .
spectra never exceeded twice the value at the high side or 1/2
the vaiue at the low side and the error bar size decreased

rapidly with increasing frequency.

Commercially Available Sensors

The standard meteorological sensors used are: (a) Packard-
Beli wind speed indicator in a "staggered six" configuration,

model 52.3 with a model 50.1 transmitter; (b) Packard-Bell

TY IS YRR

R e T
Y

wind direction indicator "quick-one" model 53.1 with a model
50.2 transmitter; (c) Sostman pressure transducer model
2014-28/32HA-1 with a model 1230 signal converter and (d)
Cambridge Systems Inc. dewpoint system model 110-S-M. These

systems generate low-frequency signals and are not expected to

correlate with the fast-response temperature measurements.




Microthermal Sensors

While there are commercial systems available,the fast-
response microthermal sensors and amplifier circuilts are
constructed in the laboratory because of significantly lower
costs and a better understanding of what the instrument consists
of. The sensors and ampiifiers are based on a design of Ochs
at NOAA[18]. The sensors themselves are simply a short plece
of Wollaston process silver on platinum wire which has been
ecched with HNO3 to give an active element 2mm long and about
2.5 in diameter. Prior to etching, the wires are connected
with cold solder to the supports. While our supports are
specially constructed, an old light bulb base works well and
gives a convenient way to swap sensors. The small platinum
wires sense temperature changes via resistive changes. The
wire is simply placed as one leg of a Wheatstone bridge and the
imbalance voltage is a function of resistance. Since only
about 450ua current is drawn through the wires, they are
effectively cold-wire probes as long as the wind velocity

exceeds about 0.5 m/sec.

Ochs[18] uses sensors which arr 0.5y in diameter, and they
have 2 rwsponse time of about 200usec Zn still air or about
70-80usec in winds of 2 to 5 m/sec. Measurements of the

response time of a 2.5u wire were made by Ochs[19] as 300usec

in still air and 300usec in winds of about 5 m/sec.

~
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Wyngaard{20] corroborates these values with measurements of ™
the response time of a sensor used in the RADC experiments,
finding about 800usec in still air. The values are for

"dirty" sensors, ones which have been used for a day or so.

"Clean" sensors, freshly made, may have response times at
least one-half the aforementioned values. By response time
we mean the time it takes the output voltage of the bridge
to go to 63.2% of its final value after the sensor sees a
step change in temperature. Since the response is exponential,
the sensor acts as its own low pass filter with a power response
of

[1+ (2nrT)2]7? (41)
where T is the response time. This 1s plotted in figure 8
for T=300 and 900usec. The length of the sensor determines
the minlimum spatial scale that the probe can respond to. As
our probes are 2mm in length we can expect accurate measurements
of statial structure functions for scales down to about 6mm and
spectral measurements to about f=v/(270.006). Unfortunately

precise observations of the internal scale will not be possible

~ ¢

since we expect A Y5mm.

To summarize the effects of various low~pass filters st

the high frequency end of the spectra we have: (a) the cutoff

S 4 kol e B R - WA maria

of the aliasing filter which 1s so sharp as to not have an

effect below o.7rny; {b) the 300usec response time of the
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sensor which gives a -3db point at 530Hz and has essentially
no effect below about 170Hz; (c) the physical cut-off of the
turbulence in the dissipative range which 1s approximately
Gaussian with a e~ ! point cf f=v/(27},) and (d) the length of
the sensor which has an unknown effect in averaging scale
sizes on the order of 2mm and smaller but probably has a cut-
off frequency around f=v/(210.002). If all this does not
sufficiently muddle the high end of the spect.rum for the
reader, he may also correctly suspect that at this point the
spectrum is about to go into the noise. At the low end of the
spectrum there isc a single high-pass fllter to remove the
effects of diurnal temperature changes which are not low
frequency turbulence effects. The 100sec time constant of

that simple RC filter gives a -3db point at 1.6x107 3Hz.

The bridge/amplifier schematic diagram is given as figure
9 and the component list is table 1. After the sensors have
been constructed, their reslistance is measured and scaled to
0°C. The Calender-Van Dusen scaling equation as given by
Rosemount Bulletin 1341([21] applies to pure annealed, strain-

free platinum wire in the temperature range -183<T<630°C:

§§§§% = 1 + a[T+&(1=T/100)(T/100) + 8(1-T/100)(T/100)%]
(42)
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TABLE 1: COMPONEKT LIST FOR BRIDGE/AMPLIFIEP CIRCUIT

CODE QUANTITY } VALUE ITEM

Al 1 - AD208H Op. Amp.

A2 1 - ADSO4LH 7235H Op. Amp.

Cl 1l 5Coufd 15 WVDC Mallory MTV 500 DW15 Capacitor

c2 2 200ufd |25 WVDC Sprague TE-1213, Capacitor
30D207G025DH2

C3 1 390uufd [ 5% Elmenco Mica TFA391G031 Capacitor

cl 1 220uufd | *5% Elmenco Mica 7FC221G03 Capacitor

c5 1 10pufd +5% Elmenco liica 6CD100K0O3 Capacitor

30.1K 1% TI Resistor MC65C

g
=
o)
n

Ry 1 2.TUK +1% TI Resistor MC65C
R1 3 1 Meg $1% TI Resistor MC65C
Rz 3 1X +1% TI Resistor MC65C
R, 1 10K 1% TL Resistor MC65C
{ Rp 1 2009 Amphenol Potentiometer 994SL201
p - 2 - Amphenol Connector 7 Pin #197
- 2 - IC Socket Cinch-Jones 8-ICS
L° Rg(T) |1 spool - Wire 0.1 mil Diam Platinum Silver
} Couted, 5747/Ft, 20°C, #403,
Sigmund Cohn Corp, Mt. Vernon, NY
L - 1l ~- Power Supply Zeltex ZM1550
) - 1 - Subminiature Switch, Switcheraft
JMT-121
\ 30
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where g = G.00593
6 = 1.49
B = 0.110 for T<0 and 8=0.00 for T>0.

The sensor indicated by Rs is installed as one leg of the
bridge and the potentiometer Rp is adjusted such that the
output voltage is nearly zero. The gain equation of the entire

bridge/ amplifier system is calculated for better than 1% error

as
Eout(T) _EG R (0) o (146/100) (43)
=T 2Rp¥Ry
where T1 = temperature (°C) when bridge is nulled,
E = bridge bias voltage (-15vt)
R, = bias resistance (2.74K)
R, = resistances in two legs of bridge(30.1K)
and G = voltage gain of amplifier (-1.1x10%).

Substituting in these values:

Equt(T) _ B (0)
5.1

(44)

T-'I‘1

where RS(O) is in ohms and Eout/(T-Tl) is in vt/9C. Hence a
sensor resistance of 54.12 will yield a 1lvt/°C gain of the
system. To convert the actual output voltage to temperature

changes, multipiy E,,. by 54.1/Rg(0).
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Amplifier Drift Test

Since we will be presenting spectral densities into the
low frequencies, below lHz, we are concerned with electronic
component drift in the bridge/amplifier circuit. To
empirically check the nolse level of the system, we placed
a miecrothermal probe in a bath of 2 qt. oll. Except for the
oil bath, the system was run normally. The oil temperature
had been allowed to stabilize tc the ground temperature before
the mission. A second sensor was placed in air approximately
two meters above the sensor in oil in order to provide the
turbulence statistics. The spectral data ottained from these
two sensors on 28 Jun 73 are presented in figure 10. Total
mission time was 20 min. Even for this low turbulence day
when C2 = 0.004 °c2m~2/3, the nolse level is at least 20db
below the signal spectrum, except at the highest frequencies.
The low frequency power is attributed to amplifier drift and
oil temperature variations. The series of spikes around 2 to
5 Yz came from the recorder heads. This problem has since
been corrected. The remainder of the power is the composite
noise of the bridge, amplifier, coaxial cable, tape recorder
ampliflers and analog tape. The conclusion is that drift and

other noise <ources do not significantly influence the data.
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IV. DATA COMPARED WITH VON KARMAN'S MODEL !ﬁ

We now investigate the data of a typical data collecting

mission at Griffiss AFB to show the regions of agreement and
disagreement with the theoretical curves cof section II which
were based on the von Karman spectrum. The Verona test site
near Griffiss is where the predominance of data is taken.
Verona is in the center of the Mohawk Valley: essentially flat
terrain. The local terrain is best shown in a site sketch,
fig.re 2la. Prevailing winds are typically around 285° or
about 135°. Mission 210873(21 Aug 73) was run at mid-day
during the most unstable conditions of turbulence with a N
clear sky and moderate winds. The conditions of the mission
are best displayed in the mission summary, figure 11b. This
will be the standard format for other missions to be presented.
The four pliots are mean wind speea Vv and its standard
deviation gy, mean wind direction o and its standard deviation
) with respect to the line of sensors, the external scale

Ay, and the temperature structure constant squared C%, all

versus time during the mission. The standard deviations

~r

are shown as X's on the same plots as the mean values.

The parameters needed to develop the theoretical curves
are also presented 1in figure 1llb. These theoretical curves

and the spectral and spatial data are presented in figures 12a
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Mission summary 210873

Cloud Cover 20%,
Altitede 5000£ft,

Visibility 3Omi.

Barometric Pressure 1003 mb
Temperature 22%

Ground Conditions: Dry
Sensor Height 2,26m

Grass Height .07m

v=2,25m/sec
3v;0.617m/sec
-6.355 Y 608‘0 ™ 97rad

C2=0,086°¢2 5™

r=0,289m -

Note: cg in a mission

summary is on a log plot.
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through 12f. 1In figure 12a the averaged normalized structure
function is plotted versus separation r for 0.04<r<€ém. 1In the
large separations, when r¥0.6m, the data noticably deviate
from the theoretical curve. This means there is a better
correlation between the temperatures on probes in the vicinity
of the erternal scale than is predicted. When translated into
optical propagation terms this means a wider cohe?eqce function
than previously predicted. The data further 1ndica£e that a
modified curve is needed which would depart from the inertial
subrange at a smaller separation and have a more gradual knee
in approaching the unity asymptote. In the least the data
demonstrate the turbulence was Kolmogorov, with an r2/?

dependence in the inertial range.

The spectra in figures 12b through 12f are fcr two sensors
selected such that their separation, r = 0.289m, is the
inertial range. Figure 12b is a plot of the power spectra of
the individual temperature signals. Apparently the two sensors
statistically saw essentially the same fluctuations. The

theoretical curve there shows a discrepancy in the low

~a> !

frequenclies for r¥r1. This could have been predicted by figure
12a since large separations correspond to low frequencies.
Agreement in the inertial subrange 1s excellent and adequately

shows the Kolmogorov power law, £/, In the frequencies

10<f<100Hz there is slightly more power than an inertial
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Figure 17a, Normaligzed structure function data from missiou
210873 ana theoretical curve based on von Karman's spectrum.
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subrange allows “or. This can only be in the turbulence
itself and 1is presently inexplicitable except to the extent
that this region of the spectrum is influenced by the internal

scale.

The temperature difference spectrum for mission 210873 is
in figure 12c¢ and there the excess low frequency power is no
longer attributable to an error in the von Karman s»atial
spectrum. 1In fact a difference measure for GXn/Z should be a
fairly smooth flat curve below f=f2. The sensor pair is not
sensitive to changes in the distribution of turbulent eddy
sizes for scales significantly longer than the separation.
Rather, the excess power seen in the data is attributable to an
inappropriateness of the frozen flow hypccthesis. The value of
Oy/v for this mission is 0.27 , so it is not surprising that
the hypothesis is not working well for scale sizes longer than

18m in the difference spectrum.

Figure 12d-e 1s the cross-spectrum, obtained directly from
the raw data and not from the difference spectrum. For those
frequencies below fs, where the difference spectrum is
significantly below the individual spectra, the cross-spectrum
approximately equals the individual spectra. For the
frequencies above f2 the turbulent eddies appear independent

at the two sensors and so the cross-spectrum goes into the

the noise quickly. Theoreticallv the phase is given by (lLda).

The spread in the data above fa3Hz 1is due to a lack of
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averaging a sufficlent amount of data.

Finally, figure 12f 15 the coherency. The coherency and its
associated phase angle in the previous graph show how much
alire the two signals are and are excellent tools in in-~uring
the preocessing i1s done correctly in the high freguencies. For
scale sizes longer than the separatlon the ccherency is near
unity, but for scale sizes increasingly smaller than the
separzation, the coherency decreases until it reaches the noise.
It is interesting that the noise above 10Hz on the two channels
has a relatively high coherency. Thus the noise is coming
from the same scurce, possibly the tape recorder heads or the

znalog tane.

In summary there 1s obviously some inaccuracy in the

o

von Karman spatial spectrum for wave numbers in the input
range. The errors were transiated into discrepancies between

theary and data in the structure function for r*Aoand in the

(RS RSP g

spectra for f?fl. The foilowing section will develop an
empirical model for the spatial spectrum which better matches

the data. Since one mission is not sufficient data to

RN NP SR S S

3
4

establish such a model, we will then show how the new theory

compares with the data of three other missions at two

radically different sites and at three altitudes.
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V. EMPIRICAL MODELING

At present we do not know how much of the excess low
frequency power 1s attributable to the use of von Karman's
spectrum and how much to the invalidity of Taylor's hypothesis.
Since the structure function 1s purely a spatial measurement
not depending on frozen flow and since it 1s related directly
to the spatial spectrum through (8), it will be the basis for
the development of a new model for the spatial spectrum. The
model will be then treated as was the von Karman form in that
the temporal spectra will be derived and compared with the

data.

General Form of the Model

We assume the form of tne spatial spectrum 1s

om(c) = e[(xLy)? + (xLy)317P, (45)
where once again the internal scale effects are ignored. The
coefficient c will soon related to Ci and to L,. This eouation
reduces to the von Karman form when q=2, s=0, p=11/6 and
¢=0.0330 CZ L!!/3. The condition for finite power is that

(o]
DT(w), which is twice the temperature variance, be finite:

Dp(e) = Bwf: OT(K)szx<w. (46)
This is satisfied if sp<3<qp, which in turn implies the
power law dependence -sp in the low wavenumbers is always

greater than the high frequency dependence -qp. This insures
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a knee in the curve in the vicinity of xmLo". After
substituting (45) into (46) we get

Dplee) = gﬂs 1 ﬁ%}%ﬂ) qggéé). (47)

o g-s Ir'(p)

We will not attempt to adjust ¢ so that DT(w) is not a
function of s,p and q. Rather c¢ is set by the inertial
subrange form of DT(r). Since DT(r<<L°) does not dependé on the
low wavenumber shape of ¢T and since the total power is
finite, we can calculate DT (r<<Lc) by temporarily assuming a

form much simpler than (45):

oT(x) = c[xL°+1]‘qp. (48)
After substituting (48) into (8) we obtain a confluent
hypergeometric function which is then expanded about r=0.

Keeping only the lowest order term:

" = p -3 -pq 2
DT(.<<L°) ¢ rPq L,~PH8n2.

escln(2-pq)] _2y/2" y
T(pal) sin [r (pq-2)/27 (39)

Even though this is a direct result of using (48), this

-

equation applies for all pq>3. When pq is an integer,

[

L'Hospital's rule must be used to evaluate (49). In keeping
with the accepted difinition of C% in (10), we let C%* be the

constant of proportionality in the inertial subrange:

-y

DT(r<<L°)=C%2rpq”. (50)
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A comparison of (49) with (50) reveals
Cc*2

o= -?; L’ r(pa-1)sinl7(2-pq)Jescnlpg-2)/2]. (51)
T

Arnother important quantity which is derived from the
general spectrum is the external scale length Ao. In the case
of a modifled von Karman spectrum Ao=1.071Lo. Once again, the
external scale is the value of r where DT(r<<L0)/DT(w)=1. Vie

evaluate Ay from eguations (47) and (49):

3-5b\t (3p-3 -
g ypa-3 F(3=ER)r(2=2) ripa-1)
I

(q-s)aT(p)
sin[n(2-pg)lesc{n(pg-2)/2]. (52)
As for the general tewmporal spectrum, we c¢in Jerive the
iow and high frequency ssymptotes. By substituting (45} into

(14) we fina for gp>2, 0<sp<2 and f<<fy:

ol 2-SP\ piGD=2 £\27%P

sz - . H 23 [

o rrp(f) 1 _‘Q-S ) ((L—s ) - ‘xf;) (53)
Gnic a-s F(p) 2-sp

and for 2<gp and f>>fl:

\d 2 — -
Vo  Fm(f) » _1 (g“)z ba | {54)
gnic pg-2 \f3

The requirement that sp<2 only applies to eguation (53).
Certainly the power is still finite for 2<sp<3, although now

£im Fp(f)+=. A general form for the difference spectrum
£+0

FAT(f) is quite difficult to obtain analytically, however we
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know that

Fap(f1s <<f) = 2Fp(f,<<f). (55)

2 1

Introduction of a Rolmogorov Inertizl Range

For the remainder of this paper the power law cdependence
!n the inertial subrange will be Kolmogorcv. ‘That is,
qp=11/3. Hence

¢=0.0330 CZ L 13/, (56)

\n

We are more concerned with the power spectra at low frequencies
and the structure function at large separations than with
small differences in the inertial range. The normalized

spatial spectrui_ééT(x) versus xL_ is plotted ir figures 1l3a,

o]
13b and 13c¢ for g=1, gq=¢ and q=4 respectively. The curves
demonstrate that q adjusts the rate of transition irom the
input range to the inertial range. The higher o's give 2 more

abrupt transition. The valve of s used changes the power law,

-sp, in the low wavenumbers.

Numerical integration is required to generate DT(r) for
any q an! sp, the two governing parameters. Since DT(w) is
given by equation (47), we need only to plot Dq(r)/Dp()
versus r/Lo, and this is done in figures lda-c with the same
parameters as in figures 13a-c. The best fit of these curves
to the data of mission 210873 is found by overlaying that data

and by siiding the experimental curve along the abscissa.
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Figure 13a. Model temperature spatial spectrum for g=i,
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Figure 14a, Normalized temperature structure function for the

model when g=1,
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Figure 14b, Normaliged temperature structure functiion for the
model when q=2.
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Figure 14c, Normalized temperaturs structure function for the
model when qu=4,
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It is rather apparent that the q=1 curves have too gradual qﬁ

a transition between the inertial and the input ranges and that

the g=4 curves are too abrupt. The parameters gq=2 and sp=11/6
seem to give the optimum match. In figure 15 the structure
function data of mission 210873 is overlayed on that optimum
curve. Least squares fitting to obtain the absolute best
parameters is not attempted because there will be some

variation in the data from mission to mission.

The next step in developing the model is the calculation of
the single-T power spectrum. Although we have chosen specific
parameters to represent the final spectrum, we will still
investigate the shapes of FT(f) for the same g, s and p as in
figures 13a-~c and lka-c. Figures l6a-c are the corresponding
normalized spectra %%%% FT(f) vers:s normalized frequency f/fl.
The effect of power in the spatial spectrum below x=27f/v is
ignored because of the lower limit of the integral (1l4). Thus
there is noct as pronounced a difference between the temporal
spectra as there was with the spatial. There 1s suificient
low frequency power however tc follow the single-T spectral g
data of mission 210873. Figure 17 shows that comparison, and
it is apparent how the parametric values q=2 and s=1 have caused

a more gradual break into the low frequency asymptote.

To round out the comparison between the new model and the

data of mission 210873, we present the temperature-difference
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Figure 15, Normalized temperature structure function data of
mission 210873 and theory based on model, =2, p=11/6, s=1,
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spectra in figure 18. The measured average orientation angle

8 of 55.6° is used. There is very little noticeable difference
between these curves and those in figure 4 which were for the
von Karman spectrum. This is as expected since spatial

spectrum changes below x=L "'

are not noticed by a orobe
separation r<<Lo. The remaining error must be due to the use

of Taylor's hypothesis.

Shkarovsky's Model

In a paper on the generalized spatial spectrum,
Shkarcvsky[22] develops a spectrum which has two powver lav
dependencies, such as used here. It was not the basis for
the current analyses since it lacks a parameter to adjust the
shape of the transition region. #fter developing the proper-

ties of this familiar spectrum:

Vi (k) = [14(x/xq) 21702, (57)

he multiplies two such spectra which have K1<<K’:
VO)=[1+(e/x I217H/ 2 (e (ese )23 (BT (58)

In the very lowest wavenumbers this model approaches unity,
a property which is not necessary. We eliminate that low

wavenumber asymptote by letting K>>K ¢

V(K)=clK—u[l+(K/Kz)2J(u-u‘)/2.
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The two parameters are p and p”, the power law dependencies in
the low and high frequency regions, respectively. We can
introduce a third parameter t to adjust the transition region:

Vik)=e kPLa4(e/k )P RTHINE (60)

This can now be compared with the model of this paper, equation

(45), rewritten as

(k)= czx-sp[n(.cLo)q’s]-P. (61)

The comparison of (60) with (61) is obvious:

K2=L°“, c =c,

t=q-s

L =qp

u=sp and

p=(u”-u)/t

s=ut/(u”-u)

q=u~ t/(u"-u). (62)
If we take the optimum parameters q=2, s=1 and p=11/6 as being
correct, then u=11/6, p°=11/3 and t=1. Unfortunately,
Shkarovsky's model has t fixed at 2 so his model is not
reducible to the optimum form. Alternatively if we assume his

t=2 is correct and furthermore use u“=11/3 and p=11/6 then

p=11/12, q=4 and s=2. The q=4 tells us that the knee of his

curve is conslderably more abrupt than found acceptable.
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VI. COMPARISON OF MODELS WITH OTHER DATA

Since one mission at one site is not sufficient to develop
a generalized model, other data will now be compared with the
ne« theory to show an equslly good fit. The missions are:
200373 at Kirtland AFB where sensors were at 20m and 33m above
uniform terrain, and 040973 and 011073 at Griffiss AFB under

ideal conditions similar to 210873.

Mission 200373

To see if local terrain governed the low frequency behavior
of the spectra at Griffiss, data taken at Kirtland AFB were
processed for spectral information only. Two sensor pairs
were positioned at 20m and 33m above ground on a stable tower.
The tower is near the center of a shallow canyon 1.6km wide
and with walls 43.m and 27.m above the base of the tower.

There is sparse desert vegetation - low brush and juniper trees.
The canyon floor is hard dirt and is rocky. Winds are
typically up or down canyon and the ratio oy/v is typically

low. Whereas the nine sensors at Griffiss are on a long

‘vn

manually rotatable boom, the sensor palrs at Kirtland are on
windvanes which track direction variations at about 0.5 Hz with
a threshold speed of 0.5 m/sec. The mission summary is

in figure 19 for only the 33m altitude.

To save space in the spectral plots, e>ch page will
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Figure 19,
Mission Summary 290373
(Values for 33m altitude)
Cloud Cover

45KFT Scattered

25KFT Scattered
Visibility 30mi.
Barometric Pressure 811 mb
Dew Point 4.4°C
Temperature 15.6°C

Ground Conditionss Dry
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3=90° (wind-vane mounted)
89-0.25rad (wind itself)
Ao=37.7m

c;=4.09x1o"2 0g2 y=a/3

~, Y




represent a single spectrum for both altitudes. However, the
theoretical curves will apply only to the 33m altitude data.
In short these curves, figures 20a-f, offer no surprises but
corroborate the use of the new model. The temperature-differ-
ence spectrum in figure 20¢ still has the uvo-turn in the data

below the external scale frequency fl.

Mission 040973

Unfortunately the Kirtland mission could rot include a
measurement of the structure function, so t. get further back-
up spatially, anotner mission was run at Griffiss AFB for
structure function data only. The mission summary in figure
21 shows that occasionally the wind came along the line of
sensors. Those sections of data were not averaged into the
overall structure function and in the summary are marked with
astericks. The normalized structure function, measured with
only seven sensors operative, 1s plotted in figure 22. The
fit ¢f the data to the modeled curve is certainly commensurate

with the fit of mission 210873.

Mission 011073

The most nearly ideal mission is saved for last. This
mission at Griffiss nad low wind sveed and direction variances
and thus we expect the frozzn-flow hypothesis to work well.

The summary, figure 23, shows this. The structure function
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FPigure 20a, Single probe spectral data for mission 200373,
Kirtland AFB, 20m altitude, and a theoretical curve based
on the proposed model,
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Pigure 204, Medulus of the temperature cross-spectrum, data

and theory basad on the proposed model,
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Figure 20e., Phase component of the cross-spectral data., The

deviation of these data from zero for f£24 Hz demonstrates a
slight misalignment of the probes on the wind vane,
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Mission Summary 040973

Cloud Cover 0%

Visibility 3Omi.

Barometric Pressure 1005 mb
Dew Point 19,7°C
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Ground Conditions: Dry
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FPigure 22, Normalized temperature structure function data and
theoretical curve based on the proposed model. Mission 040973
at Griffiss AFB,
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and spectral data in figures 24a-f need little elaboration

as they show the same behavior as previously presented missions.
One new aspect 1is that the difference spectrum below the
external-scale frequency shows an excellent fit to the
theoretical curve. This 1s a result of low values of o, /v

and ce.
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and theoretical »2ve based on the proposed model, Mission
011073, Griffiss A¥B,
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Figure 24b, Single probe temprerature spectral data and theore-
tical curve based on the propused model. Mission 011075 at
Griffiss AFB.
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VII. SUMMARY OF EQUATIONS FOR THE NEW MODEL

This section summarizes the equations for the new

parameters q=2, s=1, p=11/6. The new spatial spectrum is

op(k) = 0.0330 CZ (k2+x/Lg)"117¢. {63)
The structure function is calculated by substitution of (63)
into (8):
-2/3 -5/3
=pr2 wi/3 r y? r
Dp(r)=Cé r [1.1078(53) -4.6173(F-)
1 -2 r
In U(E r 3, 1 i;)] (64)
Dp(r<<L,)=C} rZ/’,
= 2/3p2
Dp(Lo<<r)=1.1078 L */%cE, ”
- r
and Dp(r<<L )/Dp(Ly<<r) = 0.9027(33) .
The function U(a,b,c) is a confluent hypergeometric function[15].
The external scale A, in terms of Lo is
Ao = 1.1660 L_ (65)
and is not much different from Ay = 1.071L, for the von

—————

Karman spectrum.

The single-T power spectrum does not have as neat a form

as the structure function and is best obtaired by numerical

integration of (63) in (14). Formally it may be represented as

Pq(£)=0.07307 Ck v3/2 £7%/ F (11/6, 5/3; 8/3; -1 /1)
(66)

\vl




where 2Fl(a,b;c;z) is the hypergeometric function{l5]. The
two asymptotes for FT(r) are
lim Fp(£)=13.919 €% vT'L,®/?[1-1.1232(r /£)"'/¢]  (67)
f+o

and

1im Fp(£)=0.07307 c& v2/3 =343, (68)

{0
The ineitial subrange dependence (68) is precisely the same
as the dependence for the von Karman spectrum (15), as it mus®:

be.

The temperature-difference spectrum can only be obtained
by numerical integration of (63) in (20). The two asymptotes
f<<f1, f2 and f>>fl, f’2 are calculable. When f‘>>I‘l the
modified portion of the spatial spectrum has been ignocred and
the form derived from the von Karman spectrum is applicatle.
This is equation (24) except now in (26) 8 is given by
(fsine)/fz. The asymptote for small f where also 6#0 and
rsind <<Ly is found via Erdelyi et al[23], transform pair 10 on
page 23:

1t Fyp(£)=5.8276 v='c4 (rsino)®/?

f+o rsing\!/3
[}-l.ous (—%;9—) ] (69)

This assures us that the new modifications to the theory do

'\—r .

not account for a excess low frequency power in the difference

spectrum, since thirc is identical to (24} for the same

conditions.
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VIII. CONCLUSIONS

In this paper we have developed an empirical model for the
spatial temperature spectrum. The spatial spectrum was not

measured directly, rather the spatial structure functior., which

is related via a Fourier transform to the spectrum, was
measured. A spectral model was pronosed and the parameters
varied until a best fit to the structure funcztion data was
obtained. The best model was then transformed to the temporal
spectrum using the frozen fiow hypothesis and again good
agreement. was found. The only residual srror traceable to
inappropriateness of frozen flow was in the difference spectrum
and even that error was reduccd when the variances of wind

direction and speed lessened.

Four data-gathering missions were run at the Kirtland AFB
and Griffiss AFB laser propagat sites, both on rather
uniform terrain. Even for substantially different conditions

at these two sites, tmne data fit the new model well. An

~v

inspection of the structure function data at Griffiss revealed
no noticable dependerce of curve shape or external scale on
wind direction wi'l» respect to the sensor line. Presently
there 1is no proper experiment to measure the three-dimensional
external scale since sensor wake effects are significant

when a measurement along the wind vwwrutor is attempted and since
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the external scale varies with altitude in a vertical

measurement.

All the data exhibited the Kolmogorov behavior in the

inertial ranges. This is a result of running under the best
conditions for the avallable sites: moderate winds, well-
developed turbulence and convection at mid-day, good mixing,
few clouds and low wind direction fluctuations. A different
behavior is expected at the near-neutral conditions near dawn
and dusk and in the stable conditions usually encountered at
night. Measurements made by Kaimal et al[24] in a Kansas
wheat fleld indicate the more nearly stable conditions may fit
the von Karman model rather than the proposed one. However,
in unstable conditions the data seem to support the new model.
Further experimentation is needecd to determine if the low-
frequency behavior depends on the Richardson's number or on
the temperature structure constant. U.der some conditions
the turbulence may be non-zolmogorcery. It is hoped the
generality in the early development of the model will allow the

reader to extend this model to his particular case if necessary.

B . kT

The new model seems to make the mathematics more

difficult, but it does not introduce new mathematical
difficulties such as non-convergence. Those propagation

F- : calculations which depend on large scales of turbulence, such

P
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as beam wander, should be redone using the new model. If the
calculations do not depend on large scales but require a

formula which has finite power, then the von Karman spectrum

should be used as it is easier to work with.
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