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Preface

This technical report is concerned with the theory
and observations of acoustic wave propagation through the
atmospheric boundary layer. The observations consist of
amplitude and doppler shift variations recorded at a
single receiver about 10 kilometers from the transmitting
site. These observations provide indirect evidence of
the magnitude and scale of the wind velocity fluctuations,
which are the main causes of the acoustic propagation
variations. Better resolution of the scale of these
fluctuations and their distributions as a function of
height can be achieved by incorporating an array of
receivers recording simultaneously, and we are presently
working at this extension. The array data can also
define the diurnal variations of the wind and temperature

profiles.
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ABSTRACT

An infra-sonic wave probe has been constructed to in-

1 2 vestigate the variability of the wind and temperature struc-
L tures in the lower troposphere. The probe could be used for
detecting internal atmopsheric gravity waves and for studying
“ air pollution meteorology. The turbulence and diurnal varia-
tions of the atmospheric boundary layer were detected by a
prolonged operation of the probe with a fixed receiver locat-
ed 9200 m to the SE of the scurce, At periods of .5 to 8

] rinutes, the wind fluctuations and eddy sizes are inferred

from doppler shifts and amplitude variations, The root-mean-
square horizontal wind fluctuations are .13 + .06 m/s at
heights of about 192 m, The horizontal scales of the eddies
range from 200 m to 1400 m, while the vertical scales are

99 + 28 m, Therefore the eddies appear to be horizontally
elongated in the atmospheric boundary shears. Signal ampli-
tude variations at periods of .5 to 6 hours as well as diurnal
variations of air temperature and winds suggest 6 fundamental

effective wind profiles in the atmospheric boundary layer.

The signal source of the probe is a tube-resonator operated

at a constant frequency of around 13,5 cps, and the receiver :

g

is a Globe microphone with a phase lock amplifier.
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GLOSSARY OF TECHNICAL TERMS
Some technical terms, which are often used in this work
and may not be familiar to readers, are listed and briefly
explained, The number following each term denotes the page
where the term is defined, Definitions for commonlg-used
meteorological terms can be found in Glossary of Meteorology

(Huschke 1959),

EFFECTIVE WIND is defined by
Ve = (Vy, = Vyo) *+ (C = Cp),
where Vy = the horizontal wind component along the source-
receiver line,
S = the speed of sound,
and the subscript Yo" denotes the value at the Earth's

surface., (41)

EFFECTIVE WIND SHEAR is the vertical gradient of the

effective windg,

ELEVATED EFFECTIVE WIND SHEAR is the positive effective
wind shear of the upper layer in a two-~layer model. The ef-
fective wind shear in the lower layer may be positive, ne-

gative, or zero, (48)

AVERAGE RAY HEIGHT (Hav) is the average height to which

the raceived signal has propagated., (41)

SHEAR VANISHING HEIGHT (z;) is the height where the

positive effective wind shear vanishes, The shear vanishing
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height is at about 200 m to 600 m above
(43)

the Earth's surface.

SIGNAL PENETRATING HEIGET (H) is the maximum height

to which the received signal has propagated, (41)

FOCUSING FACTOR (f) is the ratio of the observed

signat amplitude to the amplitude which one would expect if

the sig.at was Propagating over the same horizontal distance

iz a homogeneous atmosphere, Tha focusing factor is a

measure of the geometrical spreading of neighboring rays.
(31 (42)
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LIST OF SYMBCLS

(The number following each symbol denotes the page
where the symbol is defined or first occurs.)

A Ratio of fractional variations of signal
amplitude and z, (55)

a Inside radius of the tube resonator (9)

a Piston radius (9)

ay., ay, a, Correlation scale (62)

bar 10° dynes/cm2 or 10° newtons/mz, approximately
equal to the surface atmospheric pressure (10)

o) Sound speed (28)

CLz Correction factor of inferred turbulence
scales for diffraction (82)

c;;v Correction factor of inferred wind fluc-
tuation for diffraction (81)

cps Cycle per second (1)

D Wave parameter (79-80)

D, Doppler shift due to the variation of z (56)

Dgq Deppler shift due to the variation of s, (56)

E Common coefficient of mean~square phase and
amplitude variations (80)

£ Focusing factor (31) (42)

F F = Fa / Fd (56)

Fa Observed time rate of fractional change of
signal amplitude (56)

£ Predicted time rate of fractional change of

a signal amplitude (55)

Fgq Observed fractional doppler shift (56)

fq Predicted fractional doppler shift (55)
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viii

Normalized ray angle for the logarithmic
profile (119)

Signal penetrating height (41)
Average ray height (41)

Lower layer thickness of a two-layer
model (124)

Lower layer thickness of elevated shear
profile type b (52)

Lower layer thickness of elevated shear
profile type ¢ (53-54)

Modification coefficient of the wave
parameter for signal amplitude variations
in boundary shears (8l)
Signal amplitude variation coefficients (63)
KS=K1+K2‘|'K3 (64)

= 2 4
KSM—K1+K2/M + Ky / M {67)

Wave vector (28)

1, %ffective tube length of the resonator
9)

2. Turbulence scale (64)

Horizontal turbulence scale perpendicular
to the source-receiver iine (64)

Turbulence scale along the source-receiver
line (64)

Vertical turbulence scale (64)

1. M=a, / a, (67)

2. Medium parameter M = S or z, (126)
Unit wave vector (28)

signal source power (€)

Cpen end aceustic power at resonance of the
signal transmitter (7)
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Piston end acoustic power at resonance of
the signal transmitter (7)

Noise power (17)
Signal power (17)
Acoustin pressure of the signal (31) (42)

Piston end acoustic pressure in resonance
of the signal transmitter (10)

1, Quality factor of the resonator (7)

2. Ratio of fractional variation of Zn and
Se (55)

Receiver coordinate (30)

R (8) Normalized one-dimensional correlation
function of wind fluctuations (64) ,;
R Radiation resistance at the open end of the i
a resonator (7) :
Ry Jissipation resistance inside the tube %
resonator (9) !
Ré Ratio of the mean-square phase shift to the %
= ?eanusquare fractional amplitude variation i
82) j
?:“(x, Y, 2) Position coordinate (30) :
r 1. Magnitude of position coordinate (28) ;
2. Amplitude ratio of two interfering rays é
(36) ?
s Effective wind shear (43) (44)
Se surface effective wind shear (43) (44) (45)
Sy Lower layer shear of a two-layer model (124)
5, Upper layer shear of a two-layer model (124)
s/ Signal-to-noise ratio (18)
s . Cne-dimensional separation ccordinate (64)
2
t + Time coordinate (28)
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x /
T Signal travel time (128)
u, Piston velocity (9) i
4
u* Friction velocity (34) ' é
2 (Vy, Vy, V,) Wind vector (28)
Ve Effective wind (41)
Vay Average effective wind (66)
\Y The magnitude of the average horizontal wind
Xav component perpendicular to the source-receiver
line (66)
/] Reference effective wind of the logarithmic
! prufile (44)
Vm Effective wind at the shear vanishing
height (43)
Y Source~receiver distance, i.e., horizontal
signal travel distance (41) :
Ymini Minimum signal travel distance for some
elevated shear profile (124) (126)
Zam Heicht of a relatively maximum profile
fluctuation (5€~59)
210 Height of zero profile fluctuation (59)
b Zy Shear vanishing height (43)
Z, Roughness length (44)
z Reference height of positive curvature
p profiles (44) (45)
o Elevation angle of the signal ray, abbre-
viated as ray angle (41) 3
! olo 1, Elevation angle of the receiver (6) %
1
2. Initial ray angle (40) :
Q& Reference ray angle for the logarithmic E
profile (119) i

O(m Maximum 0(0 (116)




6no:i.eie
[

A

,gb: microbar

xi

Reference ray angle for positive curvature
profiles (122)

Azimuthal angle (30)

1, Imaginary part of the propagation constant
inside the tube resonator (9)

2. ¥=T/2 - B (30)

Signal phase shift (62)

1. Turbulent energy dissipation rate (34)
2. Sound speed fluctuation (128)

Signal phase jitter due to noise (17)

The angle which the average wind makes with
the source-receiver line (66)

Signal wavelength (25)

Unit of signal pressure (dyne/cmz) (5)
Signal frequency (66)

Air density (29)

Root-mean-square fractional amplitude
fluctuvation (63) (66)

Root-mean~-square wind fluctuation (34)

50 m-level rms wind fluctuation (84)
Root~mean-square phase variation (62) (66)
Period of signal variation (66)

Angular frequency in augmented space (28)

Angular frequency in propagation space (28)
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CHAPTER 1, INTRCDUZTICN

This work concerns the development of an infra-sonic
wave probe for investigating meso-scale wind and temperature
variations in the lower troposphere. Wind and temperature
fluctuations have been measured bv research aircraft and
meteorological towers, but these direct measurements are
limited in either time or space. For continuously monitoring
average turbulence properties over a large area, a wave~pro-
pagation probe seems to be more suitable, when strong near-
surface wind shears or inversion lavers are present, one may
send an acoustic signal up and receive it some distance away
in the downwind direction. The amplitude variations and
dorpler shifts of the received signal will give information
about turbulence in the atmospheric boundary layer, #hen
stronc jet streams exist in the upper troposphere, one might
also get longer range signal transmissions by using the large
wind shear relow the jet stream cores. Then the signal varia-
tions would give information about perturbing winds due to
internal atmospheric gravity waves, which have often been
found to accompany atmospheric jet streams.,

A quarter wave tube-resonator with resonant frequency

of around 13.5 cps was built as an acoustic source. A Globe

microphone and a phase lock amplifier were used as the receiver,

Field data was ccllected with signal travel distance only up
to 9.2 km., The signal penetratinc heicht was limited by a

shear vanishing height which is about 200 m to 600 m above
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the Earth's surface. From the observed average signal ampli-

tude and weather information, the average ray height was es- ]
timated to be about 192 m, T
Signal variations with periods of about .5 to &€ min,
were mainly caused by the turbulent air motion drifting with
the average wind in the atmospheric boundary layer. Wwind
perturbations due to gravity waves were ruled out, because
the few gravity waves which occurred during the measurements
did not seem to have large enough fluctuating wind components
along the source-receiver line of the probe to cause detectable

siognal variations. A ray theory for sicnal propagation in the

atmospheric boundary laver was developed to analyze the field

data. ~fFormulas for root-mean-square amplitude an¢ phase varia-

tions of the probing signal were cderived. Then, from the ob-

served periodicity and the average wind component along the

source-~receiver line, one estimated the horizontal turbulence

s waadan

scale, From the observed phases shift and the estimated hori-~
zontal turbulence scale, one inferred the average horizontal
wind fluctuation, Finally, from both the phase shift and the
amplitude variation, one inferred the vertical turbulence
scale, The inferred winé fluctuations and turbulence scales
are generally consistent with those obtained from meteorolo-
cical tower measurements elsewhere, The horizontally elon-
cgated shape of the inferred ecddies appears to be characteris-

tic of the turbulence in boundary shears,.

Signal amplitude variations with perioés of .5 to 6
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hours suggest diurnal properties of the atmospheric boundary
layer, whose wind and temperature structures can be described
by 6 fundamental effective wind profiles,

Chapter 2 describes the equipment, This includes, in
addition to the sional source and receiver, wind screens and
a LCaniels pipe for improving the signal-to-noise ratio at the
receiver, Chapter 3 presents the theoretical aspect of the
probe experiment. It starts with a summary of the general
ray theory. Then it introduces the shallow angle approxi-
mation, which is proper for signal propacgation in the atmos-
pheric boundary layer. This approximation helps considerably
in evaluating the ray characteristics of 6 fundamental effec-
tive wind profiles, A linear theory of parabolic profile
fluctuations is also presented to predict possible amplitude
variations and doppler shifts, Finally, in chapter 3, root-
mean-square amplitude and phase variations due to boundary
layer turbulence are derived, assuming a three-dimensional
Gaussian correlation function, Chapter 4 gives experimental
results, Firstly, typical examples of field data ancd its
analysis are demonstrated, The accuracy of all analyzed data
is estimated. Then wind fluctuations and turbulence scales
inferred from all available data are discussed in the light
of current status of the research about atmospheric turbulence,
The possible signal variations due to gravity waves are dis-
cussed, Experimental evidences of diurnal variations of the

atmospheric boundary layer are also presented., <Thapter 5
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summarizes the results of the probe experiment and sucgests

directions for further improvements, The appencdices include

the details of experimental results and some algebras of the
theory.

PP RPNOR PP DL T PES

N b K Lk ke i baea AT A




T

Y A

3 o KSR e
S AEN T EL TN 40 Y TR g O PO BT TR v hiidaciai A

SHesF1ER 2, THE INFRaA~3CHNIZ WwaVE FROBE

In order to use the amplitude and frequency information
of the probe, one must have a siznal source whose power output
and frequency are steady. 7The signal receiver must be sensi-
tive enough to measure the amplitude and frequency variations
due to the atmospheric fluctuations that are to be investi-
gated, The signal source was obtained by building a guarter
wave tube-resonator and closely controlling the driving fre-
quency. The signal receiver consisted of a Globe microphone
and a phase lock amplifier which can measure variations of
the acoustiz amplitude down to .001 ,;b (dyne/cmz) ané doppler
shifts accurate to .0l; of the source frequency. The perfor-
mance of the signal receiver very much depends on the signal-
to-noise ratio at the receiving site, #With a fixed source
power, an improvement of sicnal~to-noise ratio can only be
obtained by reducing the backcround noise., wind screens and

a Laniels pipe were found very helpful in this respect,
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2-1, he signal source

The signal is produced by a quarter wavelencth reso-
nant tube, which is a sontube 20 feet long and 20 inches in
diameter, sittinc upriaht on a base frame 2 feet above the
agrounc¢, 7The upver ené of the tube is open and its rottom
end is closed by a rubber diaphraom. 7Two aluminum plates,
one on each side of the diaphraam, are pinched tocether as
a piston, The piston is driven up ané down by a one horse-
power L[ motor through a linkage, which transfers the rota-

tion of the motor shaft into the vertical motion of the pis

ton,

The apparent source power as determinec by a receiver
on the ground is 4 times the real source power because oI
the ground reflection which doubles the sional amplitude at
the receiver, If the quarter wavelencth resonant tuve was
situated on a flat plain in a uniform atmosphere , the ground
reflection woulé make the signal source look like a cipole
source with a separation of a half wavelencth vetween the
real point source andé its imace (i.orse anc¢ Ingarc¢ 19€f, b,
36¢). “he apvarent source power tOo a receiver above the
crounc would be 4 b cos? {(TT/Z) sin cﬁO] , where F is the
real source power emitted from the top of the tuke, anc C*o
is the elevaticon angle of the receiver in a coordinate sys-
tem with the tube hottom as the cricin, ‘therefcre, tc a
receiver on the ~rounc (O(O = 0), the apparent source vower

iz 4 P, ‘“"hroushout this exveriment, the reseiver is always
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located on the ground,
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At resonance, the real acoustic power fror .!.: .nan

-

enc¢ Of the tube was determined to be 15 watts, < he quality

factor (2) of the resonator, defined as the ratio of the

ok Ah 22

resonant frequency to the frequency widti ¢f hali-~-power
points on the power versus frequency curve (Fig., 2~1,1), was
found to be 30, <lne can analvze the resonant tube by assuming

two plane waves inside the tube, one going upwardé and the

other downward. ‘ he lower boundary condition is that the
particle velocity is egqual to the piston velocitv, “he upper
boundary condition is that the ratio of acoustic pressure to
particle velocity is equal to the radiation impedance as
given by lorse (1948, p. 333) or Morse % Ingaré (19¢&, p.

473), 1he results give
2 (the quality factor) 1
= (M/78) P /(35 + Ry),

kg (the open en¢ acoustic power at resonance)

(T7/2) % (@2 ag ug)? / (4 * 3p)°
(8/T) 2, (a_ u, )2,

and Pp (the piston end acoustic power at resonance)
(T/2) (P2 ap ug)? / (3 + 2y,)

. 2
20 20 (ap up) '

where @ 2 = the characteristic impedance

407 newton-sec/m3,

Ra the radiation resistance at the open end
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(1/2) @ = {xa)?
€29 newton~sec/m3,
27/ N,

the acoustic wavelencth
25 m,

the tube radius
e254 m,

the piston radius
.23€ nm,

the piston velocity
.269 m/s,

TLE,

the dissipation resistance inside the tube

\ e S R AR TR T R

due

to air leakages, nonlinear effects, eddy and

molecular viscosity, thermal conduction, wall

flexibility, etc.

the imaginarv part of the propacation constant

inside the tube,

the effective tube length

AN /4.

The calculation results can be illustrated by the numbers

listed in Table 2-1.1,

the obhserved ) and power output of the transmitter.

The above theory does not explain

For an

observed acoustic power cutput of 15 watts, the Q wouléd be

put power of only 7.f watts.

42 instead of the observed 30, which corresponds to an out-

"he possikle reasons for the

P SV e
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‘vakle 2-1.1 “he predicted qualitv factor, acoustic power,
and acoustic pressure ot the sicnal transmitter

h) P, (watt) Pp (watt) pp (bar)

25 5.4 &4 .035

30 7.8 100 »042

35 11 120 .050

42 15 140 .058
386 1220 1290 .54

lemarks:
2 = the gquality factor
F, = the open end acoustic power in resonance
F_ = the piston en¢ acoustic power in resonance

pp = the piston end acoustic pressure in resonance

discrepancy ketween the theory and observations are:

(1) The actual radiation resistance could be creater
than what is assumed in the theory, which is derived for
a flangecd piston.

(2) some unaccounted process in the svstem cculf have
lowere¢ the ;, without simultaneously lowerinc the power
output,

(3) The sensitivitv of the receiver microohone coulcd
e inaccurate 5o that the signal amplitude has veen
overestimatec,

If there was no dissination inside the tule, the . wouled e

386, the resonant oower outout 1290 watts, anc tne acoustic

amhe ok

u acseavarad

IV
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pressure ,54 bar, ac~ording to the theorv. ‘his seems to be
not only impossible because of the larae acoustic pressure
(.54 bar) which zoul® have caused nonlinear dissipation, but
also impractical hecause of the larce 2. Jith a 2 of 3¢f%,
the output power would Fdecrease by 504 when the transmitter
frequency deviates from the resonant frequency by .13s, which
coule easily be effected Ty an air temperature variation of
only .80:.

1wo control modes of the signal transmitter are now
available, i,e.,, resonance control mode, and frequency con-
trol mode, In the resonance control mode, the motor speed
iz fixed at resonance by controllince the piston velocity to
e alwavs in phase with the acoustic pressure at the bottom
of the tube., Since the resonant frequency varies with the
air temperature, the sicnal source uncéer the resonance zontrol
mode <does not ne~essarily have a constant frequency, anc,
as a result, is not suitarle for stufyinc cdoppler shifts pro-
cuced v propacaticn in the atmosphere., In the frequency
control mode, the motor speed is controlled to run at a con-
stant frequencyv, which can ke reacdjusted to be ejqual to the
resonant frequency as the air temperature chances. Aith a
2 f 20, the scurce power can often be kept within 104 of
the resonant power by readjustinc the motor speed once to
thrice over a whole nioht, Evan during periods with maxi-
mum time rates of chance of the air temperature on » clear

sumrer “fay, i.e,, about + 3°: per hour, the source power can
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still be kept within 155 of the resonant power by reacd justing
the motor speed once per hour. 1In this experiment, the fre-
quency control mode was uscd almost exclusively., The elec-
tronic systems for the motor control at the transmitter and
for the data processing at the receiver are very similar,
both using phase lock amplifiers, A schematic diagram (#fig. j
2-2.4) in the next section shows the major constituents of
the entire probe, Letails of the transmitter control should
always be tried out to fit the special purpose, for which
the received signal is processed. For example, in the last
stace of this experiment, the received doppler shifts were
integrated to directly record sianal phase shifts originated
by atmospheric turbulence (sSection 2-2), ‘o éesicn the pro- ;
per transmitter control for such an operation should minimize
deviations of the integrated frequency error.

The transmitter frequency can usually be controlled to ' 4
stay within ,005%¢ of the average frequencyv (Figs 2-1,2 anc

2-1,3). ~7Fig, 2-1,2 compares the source frequency and ampli-

JowEn

tuce with the sicnal frequency and amplitude received on the
cground, about 20 m away from the transmitter. The source
frequency and amplitude were monitored by suspendinc a ceramic
microphone near the piston end of the tube resonator, The

sensitivitv of the ceramic microphone has not vet been cali-

-¥rated, ‘Therefore, the source amplitude is expressed in an

b
b
i
!
i
i

arbitrary scale, In cicv, 2-1,2, the frequency reccrcs of the

transmitter and the receiver look alnost identical, with the
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receiver so close to the source, Large deviations of the
transmitter frequency can be caused by the wind blowing over
the mouth of the acoustic resonator, electric surces in the
power line to the transmitter control system, etc., Therefore,
to interpret the receiveé doppler (or phase) shifts, one
should always first compare them with the source frequency
record and count out any variations which are due to the
source, rig, 2-1,3 compares the source frequency with the
signal frequency and amplitude, which were received 9200 m

to the SE of the source, 1In orcder to determine the back~
oround noise, the transmitter was scheduled to ke on for 22
min, and off for 2 min,, with a cycle per 24 min, Aftér being
correcte¢ for source frequency deviations, the received fre-
quency variations can be either due to medium fluctuations or
due to the background noise, Reliable doppler shifts, which
are caused bv wind and temperature fluctuations, can only be
determined after one fully understands noise effects on the

receiver behavior,

DU VIO %
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2-2, The signal receiver

The signal receiver includes three ma jor components:

a Globe microphone, a filter-amplifier and a phase lock sys-
tem,

The Globe microphone is a sensitive capacitor micro-
phone, Its frequency response is flat within 3 db from .1
cps to 450 cps, It has a sensitivity of ,0225 V/)lb. The
microphone output is sent to the filter-amplifier,

The filter-amplifier had a 4 cps-bandwidth centered at

13,5 cps. Later the bandwidth was narrowed to 1 cps, 1Its

amplification gain ranges from 10 to 5000, The filter output

is rectified and averaged, This output is denoted as the A.Z.

level, which represents the total level of the signal and the
noise within the 4 cps- or 1 cps-bandwidth, The filter out-
put is also sent to the phase lock system,

The phase lock system phase-detects the signal against
a relaxation oscillator. The phase error is integrated to
produce a frequency error sicnal, This error sianal is used
to keep the relaxation oscillator in step with the signal and
is also used as a monitor of the signal frequency. The re-
laxation oscillator also operates a synchronous detector
through which the audio signal is passed., The output of this
detector is averaced and denoted as the synchronous output,
In a later stace, the error signal was integrated to give
the phase shift of the received signal, The theoretical

characteristics of the receiver phase lock loop are the
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following (Gardner 1967):

The effective bandwidth of synchronous output

= ,05 cps.
The amplitude of synchronous output
= (signal amplitude) & cos (B 0ice)> -
where (enoise) = the signal phase jitter due to noise.

The mean square phase jitter due to noise ]
)2

k (enoise
= (P noise) / (30 Psignal)i

where (Ppoige) = the noise power,

(Psignal) = the signhal power.

The maximum doppler shift rate that can be tracked when

CGtazansgeisy
-

(Psignal) > (PnOise)

.012 cps/sec.

ek A S 2 ms A

The minimum signal~-to-noise ratio for lock

1/5,

The receiver has been constantly under improvement,
For the experimental results presented in this work, one can

distingnish three stages of the receiver condition:

P

1) From May € to Nov, 16 in 1970. the receiver had

1 a wide band (4 cps) filter and recorded frequency shifts,

2) From Nov, 16 to Nov, 24 in 1970, the receiver

e e AR et b ek

] had a narrow band (1 cps) filter and still recorded ‘

frequency shifts,

3) From Nov, 24, 1970 to Jan, 7, 1971, the re-

ceiver had a narrow band filter and recorded phase shifts,
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The receiver characteristics are demonstrated in Figs,
2-2.,1 to 2-2.3 for the three different stages, For siunal-
to-ncise ratios of about 1, the frequency is steady over
periods of more than 1 min., although over periods of less
than 1 min,., there are frequency fluctuations due to the noise,

Therefore, the minimum signal-to-noise ratio for detecting

frequency (or phase) shifts with periods longer than 1 min,

is about unity for all three stages,

The entire probe system is schematically shown in Fig,
2-2,.4.
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Fig. 2-2,1 Receiver characteristics
(4 cps-bandwidth and doppler shifts)
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Fig, 2-2.2 Receiver characteristics
(1 cps~bandwidth and doppler shifts)
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Fig., 2-2.,3 Receiver characteristics
(1 cps-bandwidth and phase shifts)
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Fig, 2-2.4 Flow diagram of the probe
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2-3, Wind screens and the Daniels pipe for improving the
signal-to~-noise ratio at the receiver

1 The improvement of the signal-to-noise ratio at the

L

receiver is imperative in carrying out the experiment success-
fully, 1In addition to the electronic phase lock technique,
which proves to be unique in tracking the signal, some me-~
chanical devices are still necessary to reduce the background
noise at the receiver, There are two kinds of background

: noise: the random noise and the acoustic noise. The random
noise is mainly caused by the local wind, The acoustic noise
is mainly caused by the high speed automobile traffic, Wind ;
sreans made of silk can reduce the wind noise by inhibiting
the air flow. A Daniels pipe (PDaniels 1959) with wind screens
can reduce both random and acoustic noises,

i A portable wind screen made of two cylindrical silk
lavers, one outside the other, has been used for exploratory
field trips. The outer cylinder is 2 feet hich and 2.5 feet

E in diameter, and the inner one is 1.5 feet high and about 1
foot in diameter. The exact gain of the wind screen is yet

to be measured., The noise reducing capability seems to depend

on the wind speed. The signal is unattenuated by the screen,

ENFY PRy S

The Daniels pipe, which acts as a line microphone, is

a plastic pipe 25 meters long with an inside diameter of 1

ok v a e v en s h e

inch. Cne end of the pipe is fitted to the Globe microphone

of the receiver, and the other end pointed at the signal

WP S T P

source, Evenly distributed along the pipe are 25 leaks, which
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are made of capillary tubes of different sizes, The leaks at
the source end of the pipe have larger diameters and smaller
lencths than the leaks at the microphone end, so that the
waves coming through all the leaks will arrive at the micro-
phone with approximately the same amplitude., The sound speed
in the pipe is equal to that in the air. Therefore, for the
signal travelling in the direction of the pipe, each leak
admits a wave which is in phase with the waves from all the
other leaks. The wind noise, however, because of its limited
spacial coherence is incoherently summed in the pipe. Also
the acoustic noise coming from other directions is attenuated
because the waves picked up at different leaks are out of
phase, The theoretical amplitude response as a function of
the direction is shown in Fig, 2-3.1 (Clson 1947, p, 280),

The Daniels pipe as well as the Globe microphone are buried
and the leaks are covered with small wind screens. This sys-
tem reduces the background noise by a factor of about 3, The

signal is essentially unattenuated by the Daniels pipe.
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: Fig. 2-3.1 The amplitude response curve of the '
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normalize¢ by the O response to the acoustic wave coming 1n
that direction,
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CHAPTER 3, A RAY THEORY FOR SIGNAL PROPAGATION IN THE
ATMOSPHERIC BOUNDARY LAYER

A simple ray theory is developed to analyze the field
data of the experiment, With horizontal travel distances of
5 to 10 km, the signal penetrating height is limited by the
atmospheric boundary shear, which is 200 to 600 m thick,
Because of the small elevation angles of the propagating ray
(o =<.3 rad.), the theory adop:s a shallow angle approximation,
Cne-dimensional effective wind profiles are proposed to inter-
pret long-period signal amplitude variations with periods of
.5 to 6 hours, From these models, the average ray trajectories ;
and penetrating heights can be estimated., Superposed on the
long-period atmospheric variations are short-period wind and
temperature fluctuations with periods of .5 to 8 min,, which
cause short-period amplitude variations and phase (or doppler)
shifts, Horizontal wind fluctuations and turbulence scales
can be inferred from the short-period signal variations by a
three-dimensional fluctuation mo3lel,

The first section of this chapter (Section 3-1) sum-
marizes the general ray theory, whose details can be found in
Hayes (1970) and Lighthill (1965)., Section 3-1 also discusses

various signal attenuating processes in the atmosphere, dif-

ferent ways of evaluating ray integrals, and finally the multi-
path ray interference, Section 3-2 introduces one-dimensional
atmospheric models and the shallow angle approximation. These

help simplify the algebra of integrations, Section 3-3 3
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presents fundamental effective wind profiles which are sug-

gested from the long~-peériod experimental results (Section 4-4). o

Section 3-3 also summarizes the ray characteristics of these

fundamental profiles, Section 3-4 is a linear theory of pro-

file fluctuations which illustrates the relation between am-
plitude variations and doppler shifts. Section 3-5 deals

with signal variations due to short-period wind fluctuations.
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3-1, Ray theory

The important results of general ray theory can be sum-
marized in the following three statements,

a) The group velocity, which describes the ray tra jec-
tory, is the gradient of frequency with respect to wave vector
in the augmented space (Hayes 1970)., The augmented space,
which comprises wave vector ?} position vector ?, and time t,
is distinguished from the propagation space (?, t). The fre-
quency in the augmented space is denoted byj?(z, £, t), and
that in the propagation space by W(¥, t). The dispersion
relation is then

W= 2K, £, v, (la)
which, for the acoustic wave in a moving medium, is

W = ke + K-V, (1b)

where C = sound speed,
»
V = wing,

and both C and 3 are functions of ¥ and t. Therefore the

acoustic group velocity is

r » FY
g—i—=nc+v, (2)

where 3 = unit wave vector,

b) The time derivative of wave vector along the ray is
the negative gradient of frequency with respect to position

vector in the augmented space, i.e.,

3
=N (3)

ek ead e Mt ot s a4 Pk £ L
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where 4_ -
at 'ot *Vr

c) The time derivative of frequency along the ray is
the partial derivative of frequency with respect to time in

the augmented space, i.e.,

aw _ .2 ,2.28
at ~ Fac ot ° (4)

The coordinate system used for the probe is illustrated

in Fig, 3-1.,1, The wave vector magnitude and components are,

kK = T+ V. oo +Vwo i + vV 10\'(5)
xcso(cosp ycsolsnp zsn
kx=kcosolcos(3,

k.y=kcoso(sin(j,

kz=ksinol.

The signal amplitude is calculated by considering the
geometrical spreading of the rays. The doppler shift, which
is usually less than ,1% of the source frequency, can be ne-
glected in evaluating ray trajectories. The apparent scurce
power is 4 times the real power output ,p, of the signal trans-
mitter because of the ground reflection at the receiver
(Section 2-1), Then the power emitted in the sclid angle
element cos ), d Ol, @ B, is (P/W) cosal, & O, 43,, which,
according to the law of energy conservation, should be equal
to [pz/(zpc)] I’ . Zg-— ldo( dpo at the receiver,

where p is the peak amplitude of acoustic pressure, (0 the air

density, and I n . %{R?- ;3 'dol d(jo the cross-section of
o o
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Fig, 3-1.1 +f{he coordinate system usec¢ for the
probe

z
A
1]
1]
1]
'
L}
Source0, J““/ ' Receiver Sy
LvT
B SO
X
Remarks:

Source at (0, 0, 0)
Receiver at (0, v, 0)

x = the axis perpendicular to the source-receiver line
v = the coorcinate along the source-receiver line

z = the vertical coordinate

ol = the elevation angle

y=ms/2-p4
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\
the ray tube, Hence the signal peak amplitude is
>
28 . 2% %
=|2PPC co 3. 3R AR (6
p = (276 c cosqy, /(M| -t R )

A convenient way to express the signal amplitude received
away from the source is to specify its focusing factor, which
is defined as the ratio of the actual amplitude to the ampli-
tude one would receive if the medium was uniform and the

signal could propagate along a straight line, i.e,,

f=R/|3-l§~x?§—|;§. (7)

s %o

The signal can be attenuated by other processes than
the geometrical spreading, which are, in the order of impor-
tance to this experiment: vibrational relaxation of atmos~
pheric molecules, turbulence scattering, relaxation effects
of fogs, and classical absorption due to viscous forces and
heat conduction., The amplitude attenuation caused by these
processes is estimated according to theoretical studies and
laboratory tests reported in the literature.

The major signal-attenuating relaxation process in the
atmosphere is due to the vibrational mode of oxygen molecules
(Kneser 1965), The water vapor content decisively controls
the absorption as shown in Fig, 3~1.,2, For example, the
mayimum amplitude loss of 33% over a 9.2 km path occurs ap-
proximatly at -10°C with a relative humidity of 100%, at 0°¢
with a rel. .ive humidity of 50%, or at 10°C with a relative
humidity of 20%.
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Fig. 3-1.2 sound attenuation due to the vibrational
relaxation of atmospheric molecules
(Y = 9200 m, frequency = 13,5 cps)
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The amplitude loss due to turbulence scattering depends 3
on the intensity of boundary turbulence, which can be esti-
mated from the 3 m-level wind fluctuation, The estimated
signal amplitude losses for three turbulent conditions are
listed in Table 3-1,1, For a travel distance of 9,2 km, the
signal amplitude can lose 17% in a severe turbulence (i.e.,
with a rms wind fluctuation of 1.5 n/s at 3 m).

The signal is attenuated in fogs because of an irrever-
sible energy transfer from the signal w.v> tc water droplets
and the saturated air, similar to the reiciation attenuation

by molecular vibrational modes. Accor-..ng to a theoretical

study by Cole and Dobbins (1970), the energy attenuation of

waves with frequencies less than 130 cps is about 8 x 1074

POPRPE I PR

neper/m when the visibility in the fog is 24 m., Therefore
the amplitude loss over 9.2 km in a dense fog will be almost
total. This might have actually happened to the probing
signal in the night of Oct, 9-10, 1970, when the signal am- !
plitude received at the 9.2 km site gradually vanished as ;
the visibility in the fog decreased to about 24 m. However
the loss of signal that night could also be interpreted as
due to the loss of wind shear which was recorded., The rest
of the field data analyzed in this work was collected without
significant fogginess,

The amplitude loss due to viscous forces and heat con-
duction of the air is estimated to be about only ,003% over

a 9.2 xm path (pPiercy 1969), and is, therefore, unimportant,

presy
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Table 3-1.1 Signal amplitude loss due to turbulence

scattering
v (m/s) .5 1. 1.5
£ (m2/s3) | .o0013 | .0053 | .012
(y =
signal | 4,5 xm) 2% % | %
toge [T¥= 4 | 1% | 17%
loss 9.2 xm)
Remarkss:
1, §y = the rms wind fluctuation ag 3 m~level,
2. € = the turbulent enerqy dissipation rate,
where u* = the friction velouity
= 0y/2.5,
and g—g = the vertical wind shear

= .033 sec™l,

3. Y = the travel distance.

4, The signal amplitude loss is estimated by
assuming a homogeneous isotropic turbulence
with outer scale of 200 m, a temperature of
10°2, and turbulent energy dissipation rates
estimated above., The formulas can be found

in Batchelor (1957) and Tatarski (1961).
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To evaluate the ray trajectory and the ray parameters,

>
€.9., R' ;'2, L ., %%— and :;—-g— , there are three different ways
o (o]

of integration. They are time-integration, z-integration,

and y-integration.

Time-integration, as described by Wesson (1970), is

suitable in numerical calculation.

Z-integration is preferred for obtaining analytical

expressions, when atmospheric parameters are assumed to be

functions of z only., Since §£2 is now not an explicit func-

tion of x and y, one gets from Eq. (3)

ky = kox = constant, (8a)
and ky = koy = constant, (eb)

for each ray. Also as a matter of fact, the doppler shift

is usually less than .1% of the source frequency. Therefore,

the frequency can be practically considered as constant when

ray trajecteriesare evaluated, i.e.,

A = ), = constant, (9)

From Eqs. (8) and (9), the Snell's law in a moving medium is
obtained as

~ C
= = =2 __
cos g y c:osa(o + Vyo' (10)

The vertical component of the wind, Va, is neyligible in de-
termining the ray trajectory. 2Z-integration is used in
Sections 3-2 through 3-4,

Y-integration is preferred for calculating the root-

mean-square value of signal variations due to random medium
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fluctuations and is, theretore, used in Section 3-=5,

Cne should beware of the possiblity of receiving

multi-path rays. For example, with a two-layer atmosphere
model, one often predicts two rays with different initial
elevation angles landing at the same receiving site (Fic.
3-3.,4). The multi-path rays could interfere with each other,
However, from the experimental results (Chapter 4), one finds
that the multi-path ray interference is negligidble in this

experiment, There are two reasons for this:

(a) Firstly, observed phase shifts (in radians) are
mostly much greater than observed fractional amplitude
variations (Tables A-1i,l to A-1.9), while, for the multi-
path ray interference, one would predict phase shifts to

be only slightly oreater than or equal to fractional ampli-

tude variation. For example, one considers the interference

of two rays with amplitudes respectively of 1 and r, where

r is smaller than 1. Their phase difference is assumed

to vary randomly between O and 2T . Then, according to

vector summation, one gets the rms phase shift as
0;=(r/2;2) (1 + 12/ 8),

and the rms fractional amplitude variation as

0‘5/;=(r/2;5) (1 - 12/ 32),

Hence, for the double ray interference, phase shifts are

predicted to be only slichtly greater than fractional

amplitude variations., +hen the number of interferin¢ rays

becomes infinitely large, the sicnal variations could
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possibly be predicted by the diffraction theory for signal
% propagation in a random medium (Tatarski 19¢1, p, 185),

\ and phase shifts likely tend to be ejual to fractional 3
amplitude variations, However, experimental results ‘
give phase shifts to be mostly much greater than frac-

tional amplitude variations (Fig. 3-1,3). 1In averacge,

Pl

phase shifts are measured to be twice as large as frac-
tional ampliutde variations, Therefore, the multi-path

ray interference seems to be negligible in this experi-

nent,

(b) 3econdly, because of the topogravhy of the experi-

ment site (Fig. 4.l1), rays reflected from the ground sur-

face at closer distances often restart with greater cle-

|
§
a

vation angles than their trapping angles, and are unlikely

PN PITRELS

to bend down again so as to interfere with the direct ray
at the receiver.
Therefore, to the first approximation, one can neglect the 3

interference of multi-path rays, and consider only one direct

FRETIN

ray.

Due to atmospheric inhomogeneities, the receiver can

also have scattered rays,; which interfere with the direct ray

ROPSIPER NPT % TP

3 and cause diffraction., Cne will see in Section 4-1, that ]

E the field data of this experiment can still be analyzed by

the ray theory and that the effect of diffraction phenomena
on these results can be estimated., The horizontal wind fluc-

tuation inferred with the ray theory is possibly smaller than
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the true value by 33%, The accuracy of inferring the ver-
tical turbulence scale with the ray theory is generally good

except for a few cases where the phase shift is almost equal

to the fractional amplitude variation,
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3-2, One-dimensional atmospheric model and shallow angle
approximation

Atmogpheric temperature and wind are mainly functions
of height, Therefore, to study average signal amplitude and
long-period signal variations, a one-dimensional model can be
used. The signal penetrating height depends on the wind shear
and the temperature gradient in the atmospheric boundary layer
as well as the source-receiver distance. With a horizontal
travel distance of 9,2 km, the signal penetrates almost to
the top of the boundary shear, which is 200 m to 600 m above
the surface. The signal ray angle, o , which the ray makes
with the horizontal surface, is always small (less than .3
rad). To take advantage of this fact, a shallow angle ap-
proximation is used in evaluating ray integrals,

As a result of one-dimensional model and shallow angle

; approximation, one can write

E cosd =1 - d?2, (1a)

: = 2

E cos0lo= 1 = 0l ,“/2, (1b)
and 1l/Cc = 1/C, - (C—Co)/:oz' (1c)

by Taylor's expansion and retaining terms up to the first
order. Then the substitution of Egs. (1) into Eq. (10) in
the previous section transforms the Snell's law into the

simplified form

2 - 2 ~ ~ {rv
o= oo =2 (S =2 +V, -V, )/, (2a)

where the subscript "o” denotés the ground value.

et et ol R et




s
™ 4 Caae e Al 2 vy L
e TP TR T TR e e e

3

TH X B ITA rr ya saatopn, y aen
4
v

Lade el g

41
By defining the effective wind as
Ve =C = Co *V, = Vy,, (2b)
the snell's law is conveniently written as
2 - 2
A= 0o~ 2V/2, . (3)
Then the integral of ray trajectory becomes
z <
y = [ (az/ L) :
o .
.
= /oz{dz /(2o -2 ve/co)”]}, (4) i'

where of is positive in the first half trajectory (from the
source to the turning pcint) and is negative in the second
half trajectory (from the turning point to the landing point)
The penetrating height, H, is the value of z which makes o{

3 vanish,

Let the receiver location be y =Y and z = 2Z = 0, Then

the horizontal travel distance is

Y

H
2 / (az/ o)
o

H
2 / (az/(ol? - 2 ve/co);’] . (5)
()

where H = the signal penetrating height,
The

ray propagation height averaged over the horizontal

travel distance is called the average ray height, i,e.,

Y/2 H
H, = (2/Y)/ zdy = (2/Y) / (zaz/dl). (6)
Q o)
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The amplitude and focusing factor with the shallow angle

approximation become respectively

p=[meo/(T oY [ )%, (7)

and £ =Y/ (Iﬁj do)];i. (8)
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3-3. Fundamental effective wind profiles in the atmospheric

boundary layer

The diurnal variations of the average signal amplitule
(see Section 4-5 for the experimental evidence) suggest 6
fundamental effective wind profiles which are applicable in
different times of the day. They are:

1) The negative shear profile,

v, = - sz, (1)
where S is a positive constant, It occurs from about noon
until sunset, No signal transmission is possible with this
profile,

2) The parabolic proiile,

Vo = (2 2/2 ) [ 1 - 2/(2z)]

(2)

Sg 2 (1-2z/(22,) ],

where z, = the shear vanishing height,

Vn = the wind at Zne

So = the surface shear.
It is applicable mostly at night, when the penetrating height
is close to the shear vanishing height and the focusing factor
is small, The parabolic profile can be derived by Taylor's

expansion of the effective wind at the shear vanishing height,
i.e.,

2
e =Vt —3— | (z-zy. (3)

Since the effective wind vanishes at the surface, the coef-
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ficient of the second term is determined as
d2 Vé 2
2 == Vo/Zn (4)
dz Zz

m

which is a negative curvature, Then the substitution of Eq.
(4) into Eq. (3) gives Eq. (2).
3) The logarithmic profile,

Ve =V In (z/zo) (5)

where zZ, = roughness length = 1 m,
= the wind at 3 m-level,
This profile is predicted assuming a strong turbulent boun-
dary shear in neutral air (Lumley & Panofsky 1964, pp.103,
Thuillier & Lappe 1964), It is applicable for short-distance
propagation (Y &£ 2 km) in the daytime and for longer distances
at night, The focusing factor is usually small,
4) The linear profile,

v, = sz. (6)

It is applicable at night, when the penetrating height is in
the lower part of a strong boundary shear and the focusing
factor is about 1,

5) The positive curvature profile, This has three types
according to the surface shear, which can be positive, zero,
or negative,

V, =8, 2 [ 1+ z/(22p)] ’ \iype a) (7a)

- 2
V = 5, 22/(22), (Type b) (7b)

Adncl
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Ve =3, 2 [ -1 + z/(Zzp) ], (Type c) (7¢) 1

where So/zp is the curvature and the surface shears are

+ So, 0 and - s,. These profiles are applicable when the

signal penetrates the lower part of strong boundary shears.
The focusing factor is oreater than 1.

6) The elevated shear profile. This is a two-layer
model, The lower layer is one of the positive curvature pro-
files, while the upper laver js a shear with negative curva-
ture, The interface of the two layers is an inflection point,
The elevated shear is believed to be responsible for the
strong signals which are observed in the beginning as well as
at the end of the daily receiving period (Fig., 4-4.1).

The signal properties for parabolic, logarithmic, linear,
and positive curvature profiles can ke evaluated analytically

(Appendix 2). The results are shown below with

Y = the travel distance,

i
H = the penetrating height,
Hyy = the average ray height, anad

£ = the focusing factor,

PARASOLIZ PROFILE

Tra jectory:

z = zp [ ( o/ Oy) sinh (O v/z,) + 1 - cosh (o{my/zm)]
(2z,/ 0k, tanh~1 (Ao/A)
q= zm{l - [1 - (do/dm)zl%}

T
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v = Znm [ 1 - (d“_)/o(m)/t:anh"1 (o(o/o(m)]

L . 3
%%n:{] {coth dzzm&]-tanh[—d?g?y]}

%

h
il
PR——

3
dm = (Sq 2/36) = (2 Vp/3y)

LCGARITHMIC PRCFILE

Tra jectorys

y =[‘n‘;5 Zo eXp (Goz)/oé] [erf (G,) ¥ erf (G)]

Y =2 ‘l'r;5 z, exp (Goz) erf (G,)/ Ol

. 2
z, exp (G,)

o
]

3

Hyy = 2, exp (Goz) erf (2 Go)/ [2;i erf (Go)]

. -{ Tf;i exp (Goz) erf (G,)

2 GO[l + ‘1T;5 Gy exp (Goz) erf (Go)]

G, = O, 20 (2 Vvp )

ol = (29, /o)
(.2 %
G = [(’o - 1n (z/zo) ]

%

LINEAR FROFILE

Tra jectory:

(v = 20/5)" = (2 o/5) | 2 0,2/ (28) - 2]
Y =2 2,0/

46
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POSITIVE CURVATURE TYPE A (positive surface shear)

Tra jectory: ?
=z, [ (do/dp) sin (dpy/zy) - L+ cos (Kpy/z) )

r. Y = (2 2/0(,) tan™t (ol / Ofp)

z{[1 + (A/ck %) % -1} _‘

o
L}

Fiay = Zp [ (O(/0(p)/tan™t (Ol /0fp) - 1]

Y c Y Y ¢
f = .zg-P—- cot _d_L + tan [..g.L
Zp 2 zp l2 z

N l,
- > 2

POCSITIVE CURVATURE TYPE 3 (zero surface shear)

Tra jectory:

z = (o{o zp/o(p) sin (dpy/zp)

Y =Trzp/dp ,
H= 0 zp/d, ;

| = (/M)
f = 00

PCSITIVE 2URVATURE TYPE O (negative surface shear)

Tra jectory:
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z = zp[ (/) sin (0(p y/z,) * 1 - cos (Olpy/zp) ]

Y

(2 zp/cxp) [1T/2 + cot™t (CYO/CXP)]
zo {1+ [1+ (o(o/o(p)zllf}
Hyy = 2, {1+ (O(/Op)/ [TM/2 + cot™ (ol/0lp) ] }

H

0

£ = (o(p/o(c,);i [1+ (Do O3 2 )? [ /2 + cot? (c{oxoip)f1

when the focusing factor is small at nicht, either
parabolic or logarithmic profile is possible, The best way
to distinguish between these two would be to have several re-
ceivers located at different distances and aligned with one
source, and to measure the focusing factor as a function of
distance, Fig, 3-3.1 compares the charactecistics of para-
bolic and logarithmic profiles., Both profiles have a wind
of 10 m/s at 400 m, The focusing factor of the logarithmic
profile drops very fast within the first kilometer, and then
decreases very slowly, having a value near .3 for the next
€ km, The focusing factor of the parabolic profile is almost
unity in the first kilometer (behaving like that of the
linear profile) and then decreases fast with distance,Fig.
3-3.2 depicts f-contours in the log z, Vs. log V, diagram
for Y = 9,2 km and Oy = 331 n/s, which helps one determine
the appropriate parabolic profile. The penetrating heights
and average ray heichts as fractions of Zn of the parabolic
profile are plotted vs, £ in Fig. 3-3.3.

The focusing factor of the linear profile is almost
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unity, decreasing slowly with the travel distance (Appendix

2). The focusing factor of the positive curvature profile

is greater than unitv. Travel distances of positive curva-

ture profiles are restricted within the following limits,

which are also caustic distances except for the origin:

0<Y <‘nzp /dpo

(Type a)
Y =Tz, /o(p. (Type b)
T2p /dp <Y < 2Tz, /0. (Type c)

In reality, the finite thickness of the atmospheric layer,
where the profile is valid, limits the travel distance.

Fig, 3-3.4 shows schematically the signal penetrating

heights and focusing factors vs. the travel distance for the

elevated shears. An elevated shear predicts a large focusing

factor when the penetrating height is near the point of in-

flection of the profile, Elevated shear type b or ¢ predicts

a skip distance Y ;,; which is alsc the caustic distance.

Ynini can be estimated ky assuming the elevated shear to be

constant (Appendix 2). Thus one gets for type b,

where hb

the thickness of the lower constant velocity layer,
S, = the constant elevated shear,

and for type c,

Ynini = 2 (2 36 hc/Sl);i [ (1 +5y/8,)° - l]%. (10)
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where hc = the thickness of the lower negative shear layer,
[}
S1 = the magnitude of the negative shear, ;
S, = the constant elevated shear, 7
: b
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3-4, Amptitude variations and doppler shifts due to parabolic
profile fluctuations

A linear theory is developed to calculate the variations
of both amplitude and frequency due to fluctuations of the
parabolic effective wind profile, With this theory, the ef-

fects of individual profile parameters on the signal variation

L it

are linearly added., The parameters for parabolic profile are
5o (surface shear) and Zn (shear vanishing height)., The re-

sults of the calculation (Appendix 3) are the following. The

predicted time rate of fractional change of amplitude due to

the profile fluctuation is

= [4a_ -

fa‘[dt (1n s ) ] (- 1+Q) a, (1)
where 3
%E (1n s,) = the time rate of fractional change of S %
]
Q=4 (In zm)/d (In so) é:
= the ratio of fractional variations of zm and §
Sor
and 3
= [ - 2
a= s, wize o)1+ ol/of?] -1}

the ratio of fractional variations of signal amplitude
and z .
m

The predicted fractional doppier (shift) due to the profile

fluctuation is

£ =[Sc (In s,) J (Dgo + @ Dy, (2)

where
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o
I

so = [ 2n 0o/ (250 {(5, ¥/02, () ) [ 1 +( S/t )?]- 1 ]

the doppler due to variations of So,

)
t

an = [ 3 2m 0o/ (2500 ){ (50020, 0000 ) [ ~C et yotp?r3 ) = 1

the doppler due to variations of z

me
One can infer the _rofile fluctuation from the observed
long-period signal variations.. Let the observed time rate of
fractional change of amplitude due to the profile fluctuation
be Fa, the associated fractional doppler be Fq, and the ratio
of Fa/'Fd be F, Then, by equating the observed F, and F4 to
the predicted f, and f4 respectively, one obtains the inferred

ratio of fractional variations of gz

m and So as

Q= (FDSO + A)/(" FDzm + A)o (3)

and the inferred time rate of fractional change of S, as
a. = -
at (In Sg) = (F/A)/(-1RQ) = Fy/(Dgy + Q D). (4)

Finally, one gets the inferred profile fluctuation (peak am-
plitude) as

ave = (T/4) [ G (I sy)] {sez (1 - (2 - yz/(2 2]}, (5)

where T = the period of variation,

Schematic diagrams in Fig, 3-4.1 illustrate all pos-
sible variations of parabolic profiles according tc the linear
theory, The eminent properties of these variations are listed

in Table 3-4,1, where Zom = zm/(l ~ ) denotes the heicht of

2otk 5.
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Table 3-4.1

Fluc-

type

tuation

Q

Zam

Zao

(ap)(av) + - -

I+
i+

1,

2.

Remarks:

The fluctuation type is determined by values of
Q and F as shown in Fig. 3-4,1.

Q is the ratio of fractional variations of zp
and So of the profile, i.e., d(1ln zp)/d(ln s,).

F is the observed ratio of the time rate of
fractional amplitude change to the fractional
doppler shift,

Zom = Zp / (1 - Q) is the height where the
fiuctuating wind is relatively maximum,

Zao = 2 Zanm is the height where the fluctuating
wind is zero,

(ap)(AV) is the product of the signal amplitude
change and the wind change in the boundary layer.
When alternative signs are possible, the positive
sign is for z> z,, and the negative sign for

Z < 20
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Characteristics of parabolic profile fluctuations
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a relatively maximum fluctuation and z = 2 24, denotes the

Qo a

zero fluctuation height, Also listed in Table 3-4,1 is the
sign of the product of the signal amplitude change and the
wind change, i.e., {Ap) (AV). For fluctuation type X, it
is positive, wni Y means that an amplitude increase accom~
panies wind increases at all levels in the boundary laver.

For types /3 and ¥, (A p) (AV) is negative, For types 5
and E , the sign depends on the height where the wind is re-~
corded, The observed sians of ( A p) (A V) and F should help
identify the possible types of profile fluctuation which cause
the signal variations,

For the theory of profile fluctuations to be applicable,
the period of signal variations must be long enough to insure
a practical uniformity of associated wind variations over the
source~-receiver line, since the theory is based on a one-
dimensional atmosphere model, 1If the fluctuating winé svstem
drifts with the average wind, which blows at 5 m/s along the
9 km source-receiver line, for example, then the period of
observed profile fluctuations must be at least 30 min., If
the profile fluctuation wind is caused by gravity waves, which
have a phase velocity component of 50 nm/s along the 9 km
source-receiver line, for example, then the signal period
must be at least 3 min. The periods of all doppler shift data
in this experiment are not more than 15 mir., Cne might hope
to cet profile fluctuations cdue to gravity waves, lorrelations
among the probe signal variation, the microbarograph arrayv

data, and the wind records were searched for, but no definite

wie
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correlation was found, A theory seems to be needed to pre-

dict characteristics of gravity waves in atmospheric boundary

shears, and is not vet available,

In order to get a rough idea of what profile fluctua-
tions might possibly be inferred from the field data, the
long-period siunal variations on Nov, 21-22, 1970 (Table
A~1,6) were analvzed, and the following types of profile
fluctuations were obtained:

1) Profile fluctuation type S(F=-32 sec’l, 2 =~1,4;,
for which the maximum winé fluctuation has a peak ampli~
tude of .32 m/s at 123 m,

2) Profile fluctuation type & (F = + 32 sec™}, 2 = - 2,9),
which has the maximum winé fluctuation of .12 m/s (peak

amplitude) at 76 m.

T~he average ray heicght that night was 168 m.,
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3-5., Short-period fluctuations

wWwhen fluctuation periods are from about ,5 to 8 min,,
the turbulence scale is small compared with the signal travel
distance, and three-dimensional wind fluctuation models should
be considered, Although there has been much work in the li-
terature about wave propagation in a random medium (e.g.
Chernov 1960, Tatarski 1961), signal fluctuations in the ran-
dom medium with average shear structures do not seem to have
been studied before. In this section, amplitude variations
and phase shifts of the signal propagating in turbulent boun-~
dary shears according to ray thecry will be presented. To
apply the formulas, one should beware of limitations of the
theory. Scattered rays due to atmospheric inhomogeneities
may interfere with the direct ray when the propagation dis-
tance relative to inhomogeneity size scales exceeds a cer-
tain limit, After analyzing the field data of probe measure-
ments, one will see that diffraction phencmena are not ne-
gligible in this experiment. For transmissions to the 9,2 km
site, the wave parameter, which serves as the criterion divi-
ding ray and diffraction regimes (Chernov 1960, p., 74), is
found to be of the order of 10, The field data is on the
diffraction side, not far from the border of ray and diffrac-
tion recimes. However, no full-wave solution, which covers
both ray and diffraction, has yet been available for signal
propagation in a turbulent boundary layer. Therefore, the

field data of short-period fluctuations will be interpreted

E
E
E
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by the ray theory formulas, and possible corrections for dif-
fraction will be estimated (Ssection 4-1),

Details of deriving ray theory formulas are described
in Appendix 4. The shallow angle approximation is used. The
atmosphere is assumed to have a one-dimensional effective
shear and three-dimensional wind fluctuations, whose correla-

tion function has a three-dimensional Gaussian form, i.e.

AVe (xl, yl. zl)AVenzo YZI Zz)

yz - y1 2 _ 22 - Zl 2
ay az o(l)

where ax,.ay and a, are the correlation scales along three

coordinate axes. The results of the derivation are the

= (Ave)2 exp { -[

a

:‘z_:x_l_r )
X

following.

The mean square phase shift is

(A7 = (T w? a, ¥ (Av,)’ (2)
where () = the angular frequency of the signal,
ay = the scale along the svurce-receiver line,
¢ = the average sound speed,
T 22

(Ayé) = the mean square effective wind fluctuation,

With the shallow angle approximation, phase shifts due to
effective wind fluctuations do nct depend on averzce effective
wind profiles. The phase shift is directly proportional ton

..

(B} [T I TN < a £
LIl canieCcaVe wa “

o]
<

and is independent of a, and Aye

&




R v \Saicass e G
VAot w o 5 v cave
4
5 i

P s

63

The mean square fractional amplitude variation varies

with the average effective wind profile, For the linear pro-

file,

——---2- -2 ——'—2 —
(ap)°/p = [ (Avy) ay/cz].
[ em® 3101780 ¢ (M ¥ /15) /60,2 8,2)
+ (Mm% v3/10) / a,%], (3)
which, for equal Ay ay, and a,, becomes
(Ap)2 / 52 = (4/15) ‘TT!5 v3 [ (av,)" / a®? 2] , (4)
where a = a, = ay = a,. In comparison with a plane wave

source (Chernov 1960), the mean square amplitude fluctuation
of a point source in a linear profile is 10 times smaller.
The result of Eq. (4) is the same as for a spherical wave in

a uniform average medium (Tatarski 196l1), For the parabolic

profile,

ap)? /5% = [ (avy’ 3R]
[ xat k(a2 a2 + xyat] . (5)

The coefficient K, ( ='IT;5 Y3/10) is the same as for the linear
profile., <Coefficients K, and K, are essentially functions
of the focusing factor for a given Y (the travel distance),

When the focusing factor becomes unity, Kj and K, become the

2
corresponding coefficients of the linear profile, i.e.,

K, —> T ¥3/10,

i e S e IR I RO O
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and X, —> Y15, asf — 1,

] Fig, 3-5,1 plots the coefficients Ky» K5, K3 as well as the

YT

sum of the three, Ks‘ vs. the focusing factor £.

Now the way of inferrinc the magnitudes and scales of '
effective wind fluctuations from the field data is described. 3

The turbulence scale or average eddy size is given by the

integral (Taylor 1935)

00 ]
L= [ R (s) as, (6)

(o]

where L = the intecral scale,

2(s) = vE)vicssy / v2

il

1 the normalized one~dimensional correlation function
3 of wind fluctuations,

s = the separation coordinate.

For the three-dimensional Gaussian correlation function, the

turbulence scales are

. ,

L, = (°/2) a, (The horizontal scale perpendicular i

to the source-receiver line), (7a) ;

. ]

L = (Tr°/2) a (the horizontal scale along the 1

E Y Y source~receiver line), (70) i

; ) 2 ]
: L, = (1T /72) a, (the vertical scale). (7¢)

i From the fielA data, one obtains:
3

[ U 0

Period of signal variation =7 (sec)

bk Farn >

Fractional rms amplituce variation = 0’:./5

rms phase shift =0$(rad) ;
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Fig, 3-5.1 Amplitude variation coefficients vs, f
for the parabolic prcfile (Y = 9200 m)
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Focusinc factor = £

some data gi res the doppler a ) insteac of the phase shift

Ac’). "he conversion formula is

AP =T Ay, (

An appropriate parabolic profile can be chosen from

23]
~

the focusing factor and the synoptic weather information,

0 estimate the horizontal turbhulence scale, one assumes

that the turbulence is horizontally isotropic. In other worcs,

the horizontal turbulence scale alon¢ the source~receiver line,

i.e., Ly, is assumed to be equal to the horizontal turbulence

scale perpendicular to the source-receiver line, i.e., L.

3ince short~period signal variations are mainlv caused by the

e &

turbulent air motion, drifting with the average wind across

the source-receiver line, the horizontal turbulence scale is
{
aprroximately the product of the period of sicnal variation :

anc¢ the cross wind component, i,e,,

PP TP PRIV I T

a, =a, = (/MHT v

xav’ (9)

where vXav = the maanitucde ©f the horizontal wind comconent

perpendicular to the source-receiver line at the averace rav

[T SO PTRINT SURPIE AN RVt

Then the =ms wind fliuctuations is

=2 - ‘3 oLis
05=0p2" /7 (M7 Wa ~v7), (10)
sv taking the ratio oOf nhase and a=plitude varietionc ]

civen by the field data, one cets frox .in. (2 and (5] ‘

e mmdarn et Sae b m e
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0/ (03/p) = (™ ¥? W/
/ [xp/a,* + k(a2 ax2)+K3/aX4] %, (11)

From this equation, one can determine a, and a if the ratio

z X
of a,/a_ (=) is  iven, i.e.,
.. Hhe= 3 ’ 1/8 % 073 — 2
a, = &g, 2 0g T/MEY T (g (12a)
a, =i a, (12b)
where K. = X, + K, / 12 + g, / u* (12¢)
s 1 2/ 3 .
First of all, isotropic eddies (ax = a,, = az) are assumed.

Cne puts 1 = 1, and evaluates a, (=a,) by Egs. (12). The
ay thus obtained is supposed to be of the same order as Ay s
which is determine¢ v 3qg. (9). (therwise, horizontally

isotropic eddies (ax = ay;é az) are assumed, <ne should trv

various values of i+ until a, is of the same order as ay.
o«

From the experimental results, the values of a, are found to
be either of the same order of or smaller than the values of
a,., i.e., =» 21 (3ection 4-3). .s it inceases, the contri-~
butions of }(2 and i3 to ‘.<S;‘z decrease very fast, and that of

<y remains the same. Jhen i 2 3, X;,; almost eguals L

Ny
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CHAPTER 4, EXPERIMENTAL RESULTS

Most of the field data were received at 2.2 km to the
SE with the Daniels pipe as the noise reducing device., For
loncer travel Gistances, signal has been received at 1l km to
the NE and at 20 km to the E on exploratory field trips using
wind screens, but the infermation about signal variabilities
is not useful hecause of poor signal-toc-noize ratio, For a
travel distance of 4.5 km to the E, there is sonie good field
Gata obtained with only wind screens.

There is a small hill between the source and the re-
ceiver at 9,2 km to the SE as shown in Fig., 4.1, The édirect
ray must have an initial elevation angle of at least .37 deg
in order to be received, Transmission experiments to the 9,2
km receiver were frequently carried out from June 29 through
Lec. 30, 1970, The field data collected during this half year
has two types of signal variation, The variations with shorter
periods of .5 to 8 min have both amplitvde and doppler (or
rhase) information. The variations with loncger periods of
.5 to € hours have only amplitude information,

Section 4-1 gives examples showing how to analyze short-
period field data to infer wind fluctuations an¢ turbulence
scales, and estimates possible errors induced v the inac-
curacy of the ray theory and analyzing methods. In order to
investigate diffraction effects, working formulas are derivr -+
for predicting amplitude variations and phase shifts of the

signal propagating in turbulent boundary shears with wave
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Fig. 4.1 Map of the experiment area

o50 0Ryq.,s5
Soai3 (-12m)
(26m)
N Hill
3
m)

Scale

) i 2 km
Rg,2
(Om)

S: signal source

W3: 3m-level wind sensor

Wgn: S0m-level winé sensor

Ry 5: receiver 4.5 km to the E (or 84°)
Rg_ p: receiver 9.2 km to the SE (or 134°)

(*m): * is the elevation above Rqg , in meters
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parameters of the order of 10, Sections 4-2 and 4-3 show the
characteristics of wind fluctuations and the shape of eddies
in the atmospheric boundary layer, Section 4-4 discusses
possible signal variations due to gravity waves., The most
notable long-period phenomenon of the atmospheric boundary
layer is the diurnal variation. This is presented in Section
4-5, which is also the experimental evidence for fundamental
effective wind profiles discussed in the previous chapter,
The wind speeds at 3 m~ ané 50 m~levels were usually
recorded when the probe was operated., The locations of the
anemometers are all near the signal source as shown in Fig,
4-1, The wind direction «nd surface temperature can be es-
timated from the hourly weather reports of Bedford, Mass.,
which is about 20 km to the SE. Regular upper air soundings
are taken twice a day (0700 and 1900 EST) at Albany, N.Y.,
Nantucket, Mass, and Portland, Maine, which sometimes indicate
the air mass characteristics overhead. These weather stations
are about 180 km away from the experiment area. The wind pro-
file in the lowest 1 km layer can sometimes be obtained from

pibal soundings at Boston, Mass., which is about 40 km to the
SE.

(v " .
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4-1, Short-period amplitude variations and doppler shifts
(or phase shifts) of the received signal and their
analysis
The phase shifts and their associated amplitude varia-

tions of the probing signal with periods of .5 to 8 min,

allow one to infer effective wind fluctuations and turbulence
scales, The effective wind, as a convenient concept for sig-
nal propagation in the atmospheric boundary layer, simplifies
the theory., However, with a single receiver as used in this
experiment, one zan not distinguish between temperature and
wind fluctuations, To the first approximation, the experi-
mental results are analyzed by assuming that signal fluctua-
tions are solely due to horizontal wind fluctuations., This
assumption is based on the following three reasons, Firstly,
the temperature fluctuation is less efficient in affecting
souné propagation than the wind fluctuation. OCne degree cen-

tigrade of temperature difference corresponds to only .6 m/s

of sound speed difference., Secondly, the temperature inho-

mogeneity is very efficient in producing the wind. According
to the thermal wind formula (Haurwitz 1941, p. 149), for
example, one degree centigrade of temperature difference over
one km of horizontal distance gives a vertical wind shear of

.3 sec™1

, i.e., 30 m/s of horizontal wind variation per 100 m
of vertical distance. Therefore, temperature fluctuations
seem to affect the signal propagation rather indirectly by
producing wind fluctuatio s than directly by presenting sound

speed fluctuations, Thirdly, one will see, after analvzing

Sesianoca
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the field data, that there is no significant difference of
the wind fluctuation magnitude between the night data and
the data collected in early stages of convective periods
(Table 4-1.1), although one would expect more temperature
fluctuations during convective periods,

Three examples of short-period signal variations, one
for each stage of equipment condition, will be presented in
this section to show how wind fluctuations and turbulence
scales are inferred from the field@ data. The three stages of
equipment are, as mentioned in Section 2-2, characterized by:
1) a 4 cps-bandwidth preamplifier filter and :2cording doppler
(shifts), 2) a 1 cps-bandwidth filter and still recording dop-
pler, and 3) a 1 cps-bandwidth filter and recording phase
shifts,

The first example typical for the first stage of equip~-
ment is taken from the June 30 data (Fig, 4-1,1)}, It was a
turbulent night as indicated by the 3 m~level wind, The re-
corder for 50 m-level wind had not been installed at that
time, There was a thunder shower later that night at abhout
0420 EST. The %ignal variations shown on Fig, 4-1.1 must
have been caused by the boundary layer turbulence before a
thunder shower., The wind was blowing from 2350, and makes an
angle of 79° with the source-receiver line, The signal source
was scheduled to be on for 14 min and off for 2 min, with a
cycle every 16 min, The broken line on the signal records

shows the on or off switching time, Cne can easily read the

AN

i,




Fig., 4-1.1 An example of field data
on June 30, 1979
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signal-to-noise ratio by comparing AC levels of on- and
off-periods, The average signal~to-noise ratio is about 2,
which is enough for reliable doppler shifts. The average

period, amplitude variation and phase shift are:

T
0g/P
%

The parabolic wind profile appropriate for that night has the

52 sec, (the period of variation)

.147, (the rms fractional amplitude variation)

.312 rad, (the rms phase shift)

parameters:

N
]

m = 300 m, (the shear vanishing height)

<
8
"

2.25 m/s, (the effective wind component at zg)

e
u

201l m, (the signal penetrating height)

v = 9,3 n/s (the cross wind component at the
average ray height)

Kg = 1.93 x 101+ m3, (the coefficient of amplitude
variation)

Therefore the wind fluctuation and turbulence scales are

dv = .138 m/s (the rms wind fluctuation)

L, =941 m, (the horizontal turbulence scale perpen~
dicular to the source-receiver line)
Lz = 95 m, (the vertical turbulence scale)

(Wind is from 235°,)

The second example typical for the second stage of equip-
ment is taken from the Nov, 23 data (Fig. 4-1.2). It is also
an example of convective data., Although a passing cold weather
front obscured some of the regular convective phenomena, the
strong signal amplitude between 0912 and 0934 EST remains to

be the familiar feature associated with an elevated shear of

i
i
4
3
3
k4
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Fig. 4-1.2 An example of field data
on Nov, 23, 1970

Time 0900 EST 09?0 09?5
i

m/s? 50 m-level wind
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the early convective period (Section 4-5), The doppler shifts
are reliable, because the variaticns of amplitude, frequency
and AC level are all well correlated and the average signal-
to-noise ratio is about 3, which is greater than the minimum
requirement of 1, The average period, amplitude variation
and phase shift are:
/Z' 43 sec,
Qp/p = .050,

G?b = _115 rad.,

The appropriate parabolic profile has the parameters:

Zn = 360 m,
Vpp = 4.50 m/s,
H=275m,
Veav = 3.55 n/s,
Ks = 1,77 x lOll m3.
Therefore the wind fluctuation and turbulence scales are:
0;»= .0%96 n/s,
Ly = 198 m,
Lz = 154 m,

(Wind is from 250°,)

The third example typical for the third stage of equip-
ment is taken from the Dec. 14 data (Fig., 4-~1.3). Doppler
shifts were integrated and recorded directly as phase shifts,
The phase shifts are reliable, because sicnal-to-noise ratios
are greater than 1, This example shows large signal variations

ut very little low-level wind fluctuations of comparable
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Time 0415 EST

50 m-level wind

Signal am

litude

R

ooooo

1970

Fig, 4-1.3 An example of field data
on Dec. 14,
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; periods., The signal variations seem to be associated with

an elevated shear in the winter, No significant temperature
inversion in the lowest 1 km-layer is indicated by the 0700

EST upper air soundings, The average period, amplitude varia- J

k
tion and phase shift are:

T
: 05/5 = ,223,
6‘5 = ,540 rad.

i

72 sec,

The suitable parabolic profile has the parameters:

z, = 375 m,
Vi = 5.75 n/s,
H = 300 m,
anv = 2.0 m/s,

Kg = 177 x 101 3,

Therefore the wind fluctuation and turbulence scales are:

gg = -463 /s

Ly = 140 m,

Lz = 156 m,

(Wind is from 300°)

Finally the average periods, wind fluctuations, and

turbulence scales derived from all available field data are

summarized in Table 4-1,1, The details are listed in Ap-
pendix 1,

The average vertical turbulence scale is 99 m (Table
4-1,1),. A test of the relative importance of diffracticn

phenomena is the wave parameter, which is defined as the ratio

4
L
]
3
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“able 4-1,1 JSummary of periods, magnitudes, anc¢ scales of
horizontal wind fluctuations

ime Period iMagnituce Scale
Pate
of the T o L, L,
i . (1970) day (sec) (n/s) (m) (m)
5/8 Kight lage
6/30 liight €l 135 982 89
£/15 Kight 111 .143 830 53
&8/16- Light 35 .047 402 €4
17 Jonv, 29 <107 236 78
11/23~ iwight 4 <128 219 122
22 Sonv, 3 «057 208 106
: i.icht 455 229 1364 97
' 11/23 Zonv. 43 .090 204 153
1 12/14 LLight 99
Jonv, 112
12/19 Nicht 104 . 181 £gl 12¢
Jonv, 105 .191 540 104
Wicht 13¢ .la4 730 92
Zonv, ~E <111 297 110
Averace
Total 111 .131 557 99,2
+,055 +2€
lemarks:

a) “he travel distance iz 4500 m for iay £, 1970 cdata,
an¢ is 2200 m for the remaininc cata.

n) "lonv," for the time of the day refers to early staces
of the dailv convective perioé (approximately from 1
hr after sunrise until 2-4 hrs refore noon),

c) zecause of special circumstances, the Fata of iray &

3 and Lecember 14, 1970 cdoes not cive meaninciful results

about wind¢ fluctuations and turbulence scales (.ables
a=1l.1 and ..-1,.%).
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of the cross—-sectional area of the first Fresnel zone to the

area scale of inhomooeneities, i.e.,

2 / (a2

r

Xy /(2 1,2,

The wave parameter for transmissions to the 9.2 km is found
to be 12. Therefore, the ciffraction phenomena are not ne-
gligible. t(ne should investigate how much the scattered rays
have interfered with the direct ray.

70 estimate the effect of diffraction phenomena on
signal fluctuations in the boundaryv turbulence, one can modify
the formilas of intermediate values of the wave parameter which
have been derived for a plane wave (Cbuchow 1953, p. 167:

Chernov 1960, p. €3) as

(AP)2 =1+ (taa~l) /D] (1a)
(Ap)2/52=3[1-(tan‘1r)/1:-] (1b)

where

E= (Av) T a, wi v/ (23,

and the correlation scales perpendicular to the source~re-~
ceiver line, a, and a,, are here assumed to be equal. In the
limit of ray approximation, i.e., for small wave parameters,
Eqs. (1) ané (2) approach Egqs. (2) ané (3) in Section 3-5 res-
pectively except for a factor in the formulas of amplitude
variations, which varies with the average effective shear,

Thus, in the ray theory, one has

i mr‘.w

b




R e ™ i3 & T [T YT,

8l
(é;cb)z = 2B (2a)
(a2 /8 =8 m? /3, (2b)

where ' is the wave parameter defined above, and K the factor

determined by average shear structures., Ffor the plane wave,

For the point source in a linear effective wind profile,
K=1/ (10);5.

For the point source in a parabolic effective wind profile,
k=[3k / (8 TEYY) 1%,

where the coefficient KS for Y = 9200 m can be read from Fig.,
3-5,1, From Egs (1) and (2), one can have generalized for-
mulas of intermediate values of the wave parameter for signal

propagation in the turbulent boundary layer as

?Z;cpﬂ = (14 (tan~! p) / L) (3a)

(A 2 /B =e{1-[ta )]/ @) }. (3D)

These formulas should allow one to infer more nearly correct
values of wind fluctuations and turbulence scales. From Eq.
(3a), it was found that the wind fluctuation has been underes-

timated by using the ray theory., The correction factor is

={2/{1+ (tan"?! r/o)) } 2
1.33.

(@]
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Therefore the wind fluctuation is »ossibly underestinmated with
the rayv theory v almost 33%. .. more nearly accurate evalua-
tion of turbulence scales calls For solvinc the eguation, Zrom
=gs, (3)0

(5~ 1) & = (/%) tan™! (@) + tan™F ,

wvhere

= % 2 / (%2/52) (civen bv field cata),

an¢ .l is given »Hy the averace houncdary shear mocdel, The ac-
curacy of inferrinc turbulence scales by the ray theorv de-
pends on Ry which rances from 1.1 to 15,2, averacinca at 5,3
(tables a-1,1 to »-1.9), f%he correction factor for diffrac-

tion is found to e

CLZ = ,34, for 33 - l.l,
:Lz = ,9¢, for R, = 5.3,
ané 2 = 1,06, for 2. = 15,2,

"Lz S

Therefore the error of inferrinc turbulence scales bv the ray
theory is generallv within 5% excent for values of 2 very
close to unity, when the vertical turbulence scale mav be
overestimated by 707,

“he results of cdata analysisz can have errors Adue to the
inaccuracy of Vkav (averace horizontal winc ~omrmonent ver-
pendicular to the source-receiver line), the error of which
is estimated to he within avout 30., “hnerefore, the errcrs
of inferred wind fluctuations anc¢ horizontal turiulence scales

are estimated +to be within 15; and 30, resvectively, -~_he2 error

of inierred vertical turbulence scales zauzed bv the inan-
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curacy of £ (the focusing factor) is estimatec¢ to ke within

about 20:,
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4-2. The inferred horizontal wind fluctuations

The wind fluctuations inferred from the probe data ap-
proximately represent the horizontal wind fluctuations at the
average ray heights, which, in this experiment, range from
141 m to 258 m, averaging at 192 m (Table A-1,10). All the
field data were collected with strong boundary shears. Unless
the shear is elevated, the fluctuation of the 50 m-level wind
is usually a good indicator of the boundary turbulence., The
Nov. 21-22, 1970 data is a typical example (Fig. 4~2.1). The
night started with a very turbulent boundary layer as indicat-
ed by the wind record, It became generally quieter later on,
except a few brief periods with strong turbulenze (e.qg.,
0420-0510 EST)., The average ray height that night was esti-
mated to be 168 m, The inferred rms wind fluctuations (CT;)
vs. the rms wind fluctuations monitored at 50 m ( Qys50) are
listed in Tables A-1.11 and A-1,12 (Appendix 1) and plotted
in Fig,., 4~-2.,2. The data spreads over a wide range. 01,50 is
about 1 to 14 times (5. If a linear proportionality exists
between (}350 and (v, the 50 m-level wind fluctuation is
roughly 3 times the inferred wind fluctuation as indicated by
the eye~drawn average slope in Fig. 4-2.2. CLCespite the wide
spread of slopes, the inferred winéd fluctuation at 168 m is
clearly smaller than the wind monitored at S50 m,

The fact that the wind fluctuations at upper levels are
smaller than those at lower levels in the boundary layer has

been demonstrated by direct measurements with aircraft (Bunker
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Fig, 4-2.2 rms fluctuations of inferred wind
vs., 50 m-level wind on Nov, 21-22,
1970

O : short-period data (Table a-1.11)
D : long-period data (Table A-1,12)
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el

1955, Lettau and Davidson 1957), and with anemometers mounted
on high towers (Bysova et al 1965). The aircraft measurements
were mostly conducted during periods of strong convection,
The horiz.~ tal wind fluctuations detected with aircraft cver
the North Atlantic Ccean and over the C'Neill, Neb, plains
all roughly -how that the fluctuetion at 168 m is smaller than
that at 50 m by a factor of about 2, The Obninsk 300-m tower
¢ata includes a stakle case which also indicates that the 50
m-flu::ve..ion is greater than the 16€ m-fluctuation by a
facteir o about 2. *Tn comparison with the aircraft and tower
measucements, the infe;red win fluctuations at 168 m on Nov,
21-22, 1970 seem to be slightly smaller but of the same order,
The rms wind fluctuation averaged over all the available
data (Table 4-1.1) is .13 + .06 m/s. This represents the hori-
zontal wind fluctuation at about 192 m, which is the average
Hy,, @s listed in Table A-1.10., In comparison with the Cbnirk
tower Jdata, the wind fluctuation inferred from propagation
fluctuations is also slightly smaller but of the same order.
The Obninsk data (Byzova et al 1965, p., 79) giv 3 the ratio of
CT;/V3OO at 132 m as about .93 + ,006, The average wind at
306 m (V35q) for this experiment is estimated to be about 10
m/s. Therefore the rms wind fluctation at 192 m should be
.30 + ,06 m/s, Even if one corrects for the possible underes-
timation by the ray theory (Section 4-1), the inferred wind
fluctuation is still smaller than the wind fluctuation measured

with meteorological towers. The reason for a smaller wind

e AP O enert s ae
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fluctuation inferred from propagation fluctuations seems to

be that the probing signal mainly propagates near the shear

vanishing height., The wind near shear vanishing heights is

expected to fluctuate less than at lower levels,
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4-3, ''he inferred ecddy sizes
tvhe inferred turbhulence has horizontal scales of 204 m

to 134 m, which are Jdictated bv characteristics of the re-

8

cordinc svstem, ~he inferred vertical turbulence scales rance
from 53 m to 153 m with an averace of 99 + 28 m, Therefore,
the edcies seem to be mostly eloncated in the horizontal
direction, The ratios of horizontal to vertical scales (Lx/
=, ) are plotted vs. horizontal scales (vyg) in Fig, 4-3.1, ‘i'he
isotropic eddies have scales of about 100 m., as the horizontal
scale becomes creater, the eddy becomes more and more elongated
horizontallv.

In the literature, the only report about turbulence
scales, which can be compare® with the results of this ex-
periment, was ogiven by Lumley and Panofsky (1964, p. 196).
They analyzed the data, which Singer obtained at Zrookhaven,
ané concluded that, in the stable air, larce eddies are about
4 times as long (2000 m) as they are hiagh (500 m), and small
eddies are more nearly isotropic, Thev ¢ic¢ not mention how
small their isotrornic eddies are, ilowever, their results
acree with those of this experiment on the general trend that
small eddies are more nearly isotropic, The eddies in the
boundary shear laver as inferred by the probe tecome aniso-
tropic at smaller scales than what Sincer observed at 3rook-
haven, .ith the same ratio (Lx/LZ) of 4, for examnle, the
e”lies of this experiment have horizontal scales of about

42C m instead of 2000 m as reported Ly Lumley and panofsky,

Reproduced from
best available copy.
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In other vorde, the edcies in rne bouncdarv shear larer seen :
o be morc elonc-ptc” hovizontally, “he shane of “he ¢fdies

inferrcd 'r- the orche measurewents gseems to have Leen modi-

\_l

7ied v the boundary shear in such a way that thev are nore
cloncated horizontallw than those olserved v direct measure-
ments, Ianofsky % Jincver (19¢5) ancd tielize » Fanofskyv (1970),
usinge Cata from varioun lozations, calculated the phase lac
setwean wind fluctuations at different heichts, “he upper
pcriions of the edldies were fwound to Le cdownwind of the lower
portions, ané¢ had sloveg which are of order unity, becominc
more nearlyv vertical with height., <he phase lag of wind
fluctuations could contripute to the flatteninc of eddies,

.he cecrcase of phase lag with heicht seems to imply that the
wind shear “ecreases with heicht in the boundaryv laver,

It is also interestinc to investicate the relations
amonc the vertical turbulence scale, the averase rav heicht,
an¢ the bouncary shear thickness (z,). Fic 4-3,2 nlots the
averace ray heicht (q5,) vs. the vertical scale (L,3. "he

ratio of & _/H iz found to e .57 + ,22, similarlv one cets

2" av

the ratio of u7/Zm to be .29 + .13, In other words, the ver-

"

tizal scale of the edcies is roughly 573 of the averacge ray

icht and 295 of the bouncdaryv shear thickness

duced from ”
'égstroa:acdab\ copY. S
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4-4, About detecting cgravity waves

Puring the probe measurements over the ¢_.2 km travel
distance from June 29 through Dec, 30, 1970, a microbarograph
array was continuously monitoring the gravity wave pressure
in the experiment area. The microbarograph records were com-
pared with the probe signal records. No significant correla-
tion among them was found. According to a simple gravity
wave theory (Madden and Claerbout 1968), a few gravity waves
recorded by the microbarocraphs should have caused detectable
doppler shifts of the received signal, but no corresponding
signal frequency variations were obtained, The actual reason
for this is still not clear. The doppler shifts due to gravity
waves could have been obscured by stronger doppler shifts with
3 . shorter periods due to the boundary layer turbulence, Later
in the experiment, more electronic filtering was introduced
to the receiving system in order to show long-period siagnal
variations more clearly., Also the doppler shifts were inte-
grated throuch a high-pass filter to give signal phase shifts,
But, unfortunately, the signal transmitter was still under
the constant-frequency control mode. The phase of the signal
source was not steady enough over lonc periods, This might

be another reason for not havin¢ detected gravity wave winds,

Besides these, from the 50 m~level wind records, which did
not clearly show the perturbing winds of gravity waves, it
seems that a detailed theory of gravity waves propagating in

the turbulent boundary layer is needed in order to predict
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correct signal doppler shifts,

The signal transmitter has now been put under the con-
stant-phase control mode., This mode should give a probing
signal with steadier phase over long periods. Three more
signal receivers are being assembled. The probe will soon
have an array of receivers., These improvements of the equip-
ment should greatly increase the chance of detecting gravity

waves,
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The prolonged operation of the probe with the receiver

4-5, Ciurnal variations of the atmospheric boundary layer

located at the 9,2 km site has shown diurnal variations of
the atmospheric boundary layer. Varicus effective wind pro-
files are indicated by the diurnal variation of average signal
amplitudes, Usually no signal is received from noon tc sunset.
The receiver starts getting the signal around sunset, and
usually continues to have signal until 2-4 hours before noon
of the next cay. The strongest signals of the day often ap-
pear both at the beginning and at the end of the receiving
period, Fig, 4-5.1 is a typical example which shows diurnal
variations of the signal amplitude, the wind speeds at 3 m-
ané¢ 50 m-levels, and the surface temperature. The example
includes two signal receiving periods on Aug., 15-17, 1970,
Four effective wind profiles at 0700 and 1900 EST each day
were obtained by taking averages of the regular upper air
soundings at Albany, N, Y,, Nantucket Mass., and Portland,
Maine, They indicate that the night of Aug. 16-17 certainly
had a stronger effective boundary shear than the night before,
and that the shear vanishing height varies from 200 m to 500
m on those days. Also shown in Fig. 4-5,1, are two effective
wind profiles from Boston pibal soundings taken at 1 am EST
each day. The following is a qualitative discussion about
the typical effective wind profiles for different times of
the day.

In the period from noon to sunset, when no signal is

|
|
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Fig. 4-5.1 An example of cdiurnal variations
of the atmospheric bouncdary laver
on au;, 15-17, 1970
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received, the effective shear is negative because of the
strong temperature lapse rate,

At night, the effective wind profile is possibly para=-
bolic or logarithmic when the focusing factor is small, pre-
sumably less than .5, and the signal penetrates up to where
the shear almost vanishes or becomes very small, When the
focusing factor is large, presumably greater than .5, the
signal penetrates only the lower part of the boundary shear,
and the effective wind profile is possibly linear or even
has a positive curvature,

The effective wind profile, which is responsible for
the strong signals at koth ends of receiving period, is
possibly an elevated shear., As shown in Fig, 4-5.1, the
strong signal in the early evening accompanies the maximum
rate of decrease of the surface temperature, O©n the other
hand, the strong signal before noon accompanies the maximum
rate of increase of the surface temperature. In the early
evening, the wind records show large shears in the locwest
50 m-layer, But because Of the residual temperature lapse
rate from the daytime surface heating, the effective shear
at low levels is reduced, so that a positive curvature may
exist, Before noon, a large temperature lapse rate at low

levels is formed due tu the ground heating, and the wind re-

cords often indicate almost no shear in the lowest 50 m-layer.

as a result, the effective profile before noon is likely

elevated shear type b or ¢, which has a zero or negative

oo ot ol vk a3 ol
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surface shear (Fig, 3-3.4).

Diurnal variations of the signal amplitude are less
obvious in winter than summer, Also weatiher disturbances can
obscure diurnal variations, A summacy of the 9.2 km signal
transmissions is shown in Fig, 4-5.2, whé;e‘the focusing
factors have not been corrected for the relaxation damping,
and are smaller than the actual focusing factors by about 7%
in summer and 30% in winter (Section 3-1), All the actual
focusing factors are smaller than unity except that in the

early evening'of June 12, 1970, Sunset, sunrise ané noon
| appear to be the natural dividing times between periods of
different transmission levels, The annual probability of
signal transmission to the 9.2 km site is about €3% at night,

64% before noon, and 27% in the afternoon,
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CHAETER 5, CUBILUSICHS, REICHMENDATICKS, aivdl APFLICATICONS

“he infra-sonic wave probe has demonstrated its capa-
bility of measurinc wind fluctuations and turbulence scales
in the atmospheric boundary layer. The results are generally
consistent with those of meteorological tower measurements
and aircraft measurements, The inferred wind fluctuations
averaged over the entire ray path are mostly smaller than
the wind fluctuations monitored at 50 m-level, '"his seens
to indicate that turbulence is stronger at 50 m-level than
at the averace sicnal propagating height, which i: estimated
to be akout 140 m to 200 m f£rom averace sianal amplitudes
and synoptic meteorological information. The boundary laver
ecddies inferred from the probe data seem to be more elongated
in horizontal directions than the eddies reported from tower
measurements., The ratio of horizontal to vertical turbulence
scales rances from about 1/1 to 1¢/1 for horizontal turbu-
lence scales of about 200 m to 1400 m., 'The vertical turbu-
lence scale is 99 *+ 28 m, which is roughlv 5774 of the averace
ray height an¢ 304 of the boundary shear thickness,

Diurnal variations of temperature anéd wind structures
in the atmospheric bouncary layer have bheen indicated by
averace siznal ampliutdes received at a location 9200 na to
the s2 of the signal source., .six fundamental effective wind
nrofiles are used to predict ray trajectories an¢ focusing
factorsc of the probinc signal at cifferent times of the dav.

A shear vanishing heicht at abdout 200 m to <00 m seems to be

aamdanl et Al
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often suacested by the nighttime prcbe data and pertinent
meteorological information, Zlevated effective wind shears
are believed to be responsible for strong sicgnal amplitudes,
which are frequently observed at both ends of the daily signal
receiving period, i.e,, in the earlv evening as well as at
about 4 to € hours after sunrise,.

An array of receivers is recommended to increase the
accuracy of probe measurements., ¥y continuouslv measuring
average sicnal amplitudes with several receivers located at
various distances from the signal source, one could investi-
gate time variations of effective wind profiles in detail,
3y measuring signal amplitude variations and phase shifts as
functions of the travel distance with multi-receivers, one
could test and improve theories of sicnal propagation in a
random medium, By studying spatial correlations of signal
amplitude variations ané phase shifts, the structure of atmos-
pheric turbulence and its effectcs on wave propagation could
be better understood.

The probe seems to be reacdy to detect the wind €luc-
tuations due to gravity waves, wWith an array of receivers
cdeployed at different azimuthal angles with respect to the
signal source, the chance of receivinc clear signal fluctua-
tions due to cravity wave winds would be creatly increasecd,

The probe could be used in air pollution meteoroliogy.
The horizontal wind fluctuation and vertical turbulence szale

measured by the oroke could help predict the horizontal dis-
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persion and vertical mixing of pollutants in che atmespheric
boundary layer. The shear vanishing height, which is indi-
cated by average signal amplitudes over periods of hours,
seems to be associated with weakly turbulent flows, and,

therefore, could be important to certain air pollution prob-

leins (Slade 1269),
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é Appendix 1, The probe data
b This appencdix is a collection of tables listing
all available field data and results of analysis. Examples ;

showing how to analyze field data are given in Section 4-1,

where the accuracy of these experimental results is also

discussed,
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Tahle a-1l,1 Frobe cdata

104

Feriod sio, var, Aind scale
- fluc, mori, Vert,
Time Q: U;Vp e
4’ 0-’ L L
v x z
(egsT) ]| (sec) (rad)| (m/s) | (m) (m)
1705 153 .089 195
170¢ 160 .026 . 200
170¢ 250 .053 425
Night 388 .05¢  ,273
aver,

*rhe averace sicnal amplitude has a focusing factor of 1l.€7.

A positive curvature profile with zero surface shear anc¢ an

effective wind of 7.3 m/s at the 300 m-level (s5ection 3-3),

for example, coulé predict a caustic at the receiver. roOwever,

the simple ray theorv can not determine the exact value of

averace signal amplitude near the caustic, ‘ihe averace wind

seems to have blown along the source~receiver line in that

evening. The cross wind component (V.. ) was, therefore

xav
zero, Then, accordinc to the model of frozen turbulence
drifting with the average wind (3ection 3-5), the signal
fluctuations were mainly caused by the turbulence near the
source as well as near the receiver, secause of these
special circumstances, the field@ data was not analvzed for

-

average horizontal wind fluctuations and turbulence scales.
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Table a-1.2
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Frobe data (June 30, 1970)

Feriod 3ig, var, wind scale
fluc. dori, Vert,
vime | T 0/p e -
v Ly L,
(8357)] (sec) (rad) | (m/s) (m) (m)
0136 41 .074 207 »102 105R 101
0142 56 156 276 . 117 ees £0
0212 45 .074 188 .0EE 1023 g¢
0226 5¢ .156 ,420 .178 1070 99
0257 57 .200 ,344 . 144 878 79
0315 56 .156 ,319 .135 947 8¢
0333 4¢ .151 .289 .134 901 54
0510 97 .lEE .353 .113 1030 e7
0514 13 .292 .€52 .210 105¢& 90
Night g3 .158 .339 135 982 9
aver,

105
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Table 21,3 Frobe data (Aug, 15, 1970)

Period Sig, wvar, | Aind scale
_ fluc. Rori, vert,
Time T | G/p % _
dv Ly 2
(83T)]| (sec) (rad)] (nv/s) | (m) (m)
191¢ 131 <537 695 223 915 43
1928 95 . 108 .156 .,058 £94 43
1943 107 L167  ,4le .lae @77 66
Night 447 271 .422 .143 €30 53
aver,
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‘able A-1,4 Froke data (sug, 16-17, 1970) \
reriod 3ic, var, wind 3cale
- fluc, fiori, Vert,
Time ’l’ 4 g
° ¢ L L
(pe % z
(=35)] (sec) {rad)] (w/'s) (m) (m)
2030 41 J131 L 12¢ L0€2 392 €1
2042 39 082  ,099 051 433 6€
0047 32 .044 ,057 ,021 436 70
0332 30 .074  _0€2  ,036 354 57
0419 32 .094 ,099 ,056 399 64
1042 2¢C J163 ,138 .104 206 ec
1053 32 L1106 .13 ,110 2€7 90
<icht 35 .085 .089 .047 402 4
aver,
|
\ i
-onv, 29 .134 .150  .l07 23€ 78 f
aver,
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table a-1,5 3hort-period probe data (Nov, 21-22,1970)
Period Siqg, var, wWwind scale
mime T 0p/p 0:5 fluc., | Hori. | vert.
Ov Ly Ly
(esT) | (sec) (rad)| (a/s) (m) (m)
2155 69 .319 .695  ,416 291 147
2300 50 .144 .289 204 235 142
2324 50 .138 195  ,136 219 119
2351 45 .1El .225  .167 200 112
0021 56 .151 .262 174 244 131
0034 50 .099 .138  ,097 21e 118
0232 38 .050 .089 .071 19€ 133
0320 56 .082 .138  .092 243 129
0351 45 .082 119 .0€9 207 120
0430 50 .0€9 .082 057 211 108
0€10 45 .044 .074  .055 213 129
0633 41 .050 .057 .044 186 106
0740 45 .074 .062  ,046 186 91
0£08 60 .082 .106 067 242 113
0924 38 .057 .057  ,046 173 99
gig?t 49 .114  ,les .128 219 122
conv. 49 .070  ,0e2 .057  20€ 106

aver,

108
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‘able A-1,6 Long-period probe data (Nov. 21~22,1970)

Period Sig, var, wingc Scale

2ime _ fluc. Hori. Vert,

T Gp/p | Op = I I

(Esv) {sec) (rad) (m/s) (mj (m)
2330 338 .41 1.34 .41 1014 106
0015 390 .28 .90 .26 1170 105
0215 360 .21 .s8 .17 1080 97
0230 255 .14 33 .12 765 91
0440 375 .28 .76 .22 1125 96
0530 300 .20 .52 .17 900 95
0615 720 .67 .97 .20 2160 71
0740 900 .41 1,52 .28 2700 113
Night 455 .325 .865 .23 1354 97

aver,

T I
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; Table A-1,7 Probe data (Nov, 23, 1970)

Period Siqg. var. winc Scale
E Time T Op/p G | fluc. | Hori. | vert.
E ov L, Ly
g (esT)| (sec) (rad)| (n/s) | (m) (m)
E 0916 41 .044  ,099 .080 200 152
L 0920 35 .044  ,082 .071 178 137
0924 45 .069 16 129 212 159
092¢e 38 .050 ,089 .074 181 136
0931 56 .044  ,138 .096 248 179
Sonve 43,050 .115  .090 204 153 |
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Table a~1,2 Probe data (Cec, 14, 1970)*

Feriod 3ig, var, Wwind 3cale
- fluc, nori, Vert,
e | T | o |op |
0.\'7 LX hz ’
(252) | (sec) (rac)| (m/s)| (m) (m)
0413 180  .370 1,57  .€05 360 233
0424 100 188 482 «331 200 1e1
044% 41 .238 714 .7€6 97 19¢
0510 75 «244 425 «337 150 150 .
0£52 112 .138 .539 348 224 224 |
Tight E
aver. 99 . 260 ,798 560 202 190
lonv,
aver. 112 .138 ,539 .348 224 224

*rhe traces of sicnal recorés in that night looked very smooth
(i.e., with little high frequency wiccles), despite large
fluctuations with periods of a few minutes (Fig., 4-1,.3).
.according to wind records, there were very little wind shears
and wind fluctuations in the lowest 50 m~layer. Therefore,
the signal variations could have been caused by wind and
temperature fluctuations associated with an elevated effec-
tive win¢ shear, for which the ray theory may not e good
enouch to nredict amplitude variations., _esides, no re-

liable average cross wind component (V ) can be computed

xav
from any available weather information. ~he adopted mcdel
with a Viav Of 2.0 /s (Table A~1,10) is rather arbitrary.
lonseguently, the analysis is only tentative ané the results

may not ke meanincful,
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Table A-1,9 EFrobe data (Lec., 19, 1970)
Perioc 5ig, wvar. ~ind scale
+ _ fluc. iiori, Vert,
‘'ime 0’/[3 0"
P
Pl | | oL
(E3T) | (sec) (rad)] (m/s) (m) (m)
0555 225 «363 .HEFE .168 1153 80
0721 75 .0€2 326 .161 454 131
0747 20 .02 » 395 .179 570 166
0&25 5€ .0E2 «294 .168 316 136
0922 75 .1l44 <457 «227 413 117
0947 150 . 4164 «52€ . 184 769 £z
1019 100 «12€ «502 .214 513 126
1112 90 .12€ .393 <177 462 111
1147 90 »195 .470 .213 462 s7
1225 S0 «131 432 .195 462 114
1324 112 .126 «393 160 574 111
~ight
aver. 104 . 147 .412 .181 581 126
conv,
aver. 105 195 453 .191 540 104

o
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Tabkle A-1,10 <he parabolic profiles used for the cdata
analvsis in "ables a-1l.2 through a~1,9
(Y = 9.2 km)

j.ate fa £ zm Vm I Hav anv Y
(1970) (m) | (m/s) |(m) (m) (m/s) | (ceg)
¢/30 .40 .45 300 2,2 201 141 9.3 235
8/15 .36 .39 290 2,7 215 l4g €.8 240
1= 1 .40 .43 372 3.7 287 178 9.2 232
£/17 .41 .44 487 6.2 331 231 6.4 260
12l- | 25 .33 300 3.7 231 168 3.0 270
11/23 .29 .35 360 4,5 275 194 3.6 250
12/14 .22 .30 375 5.8 300 214 2.0 300
12/19 .34 .50 600 7.6 372 258 5.1 234
emarks:

fa = the apparegt focusing factor inferred from the

received sicnal amplitude,
£ = the focusing factor estimated by correcting £_ for

the dissipations due to relaxation and turbulence
scattering (Section 3-1),

Z, = the shear vanishing height,
Vo = the maximum wind component,
H = the penetrating height,
Hyy = the average ray height,
anv = the cross wind component at Hav'

= the prevailing wind direction,

Nt bt Ml -
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Table A-l.ll1 Short-period wind fluctuations
(November 21-22, 1970)

Time Period Wwind fluc,
at T 6v 6vso
(EST) (sec) (m/s) (m/s)
2155 69 .42 1,24
2300 50 .20 .76
2324 50 .14 .80
2351 45 <17 .87
0021 56 .17 .74
0034 50 .10 .78
5 0232 38 .07 .41
0320 56 .09 37
0351 45 .09 .35
0430 50 .06 .78
0610 45 .06 .39
0633 41 .04 .37
0740 45 .05 .32
0} {0} 60 .07 .37
0924 38 .05 .71
Remarkss

The probe cata are the same as
listed in Table A-1l.5.
Ov = the rms winid fluctuation inferred
from the probe data.
0vs0 = the rms wind fluctuation monitored
at 50 m,
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‘Table A~1,12 Long-period wind fluctuations
(Nov, 21-22, 1970)

F Tine Perioé Wind flue,

at [« ov G50
(EST) (sec) (m/s) (m/s)
2330 338 .41 .62
0015 390 .26 .32
0215 360 17 .60
0230 255 .12 .33
0440 375 e22 «57
0530 300 .17 .32
0615 720 .20 .66
0740 900 .28 .39
Remarks:

03>= the rms wind fluctuation inferred
from the probe data of Table A-1l.6,
6350 = the rms wind fluctuation monitored at
50 m.

P o ~ . L
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appendix 2, Ray characteristics of fundamental effective
wind profiles
THE NEGATIVE SHEAR PRCFILE
For the neyzative shear profile,
v, = - sz, (1)
the ray argle is

o = (o[o2 + 2 Sz/Co);i, (2)

which does not vanish at any height, Therefore the ray will
never bend back to the Earth's surface in the negative shear

profile,

THE PARABOLIC PRCFILE
Fcr the parabolic profile,

v, =8z (1~ 2/l2z )] = (v 2/z) (1 - 2/(22)].(3)
the ray angle vanishes at the penetrating height H, which is
determined by

o - (2spe[1-5/2z2)] =0, (4)

o o o m

whence
f 2,%
wezgf1-{1- @ )], (5)

b 5
where O =(s_z /c ) = (2 VvV /C ) is the maximum value of
n O m o m o
qc>for the signal to bend back to the Earth's surface.
The first half trajectory (from the source to the

turning point) is
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y=foz[dy/ (0(02- 2ve/co);5]

_ 22 2 2 2 21%
= (2,/dlp) [—z “{du/[u -(l-do/qm)zm]}
m
02 1%
z 1-§-m-[(1-§~n-l)2-(1-aﬁ§)]

f = -t 4N — L 7 (6)
: Olm 1 - %o
E . O

and the second half trajectory (from the turning point to the

landing point) is

v [F oLV s a7 - 2 vse)))

2 &
1_.2_.+[(1-Z—)2-(1-9(9—)J (7)
z zm Zm dmZ
='-£'n 1n .
: Om 1 =%
Olm

The entire ray trajectory described by Eqs, (6) and (7) can

be expressed in a single equation, i,e.,
z =z, (1 + (& /d) sinh (0 y/z) - cosh (Ohy/z)].(8)

The travel distance is

Y

H 2 k
2 [o [az/(q,” ~ 2 vre)) J
(z./ o) 0 [(1+ 0 /0 )/(1 - ol /&)

(22 / oly) tanh "' (of_/ ol ). (9)

The average ray height is

——

N ~
e D
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i
L}

H 2 %
v = (279 fo [zaz/t o * - 2 vre,) )

-1
zm[l - ( do/o(m) / tanh (O(O/O(m) ] . (10)
Since the derivative

W _

2
o= (2 eys) /(- a7,

the focusing factor is

rh
[}

y
y/[-b?-diJ o]

{a,[1- ()’ /(2ao>}3’{1n [(1+¢>g,/afm)/(1-c:;,/o(,m>]}35

_foh¥ of Y [01 Y1 1%
..[.2;.;“.] {coth -2-'23;]- tanh -2—%‘; } , (11)

which is a function of either ( 0(0/ Ay

or oy /2z) = vtz )?)v 7/ 2 .
With given Y and Cos the £ - contours on the log Vi, VS. log
Z diagram are straight lines (Fig. 3-3.2).

The ray heights as fractions of 2, are functions of

(0(0/ o{m) and, hence, are also functions of the focusing

factor £ (Fig, 3-3.3).

THE LOGARITHMIC PROFILE
For the logarithmic profile

v_=Yy In(z/ 2z, (12)

e aaic =




R SRR e

the ray angle can be normalized

as

where G = O/ o ,

and

The penetrating height is

The

G = [Goz - 1n (z/zo) ];5, (13)

GO =do/dl '
o = (2 vl/co)% .

H=z_ exp (G,°). (14)

trajectory from the source to the turning point is

LY
|

2
-(1/«,)/ (az/G)
zO

G
(-Zzo/dl) exp (Goz) é exp (- Gz)dG
o

[(Tl;i zo/o!l) exp (Goz)][erf (Go) - erf (G)] , (15)

where erf (G_) = (2/‘#) [°G° exp (- u?) du.

The trajectory from the turning point to the landing point

is similarly obtained as

The travel distance is

X 2
y = [(T 2z /dp) exp (¢ )] [erf (G ) + ert (&)]. (16)

_ % 2
Y=(2T zo/%) exp (Go ) erf (Go). (17)

) meant U ALY SR i Vi i o £ <

The average ray height is

. . | _ ) . e it T XU T j
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= 2 3 !
Hov = 2, exp (Go ) erf (2% 6 ) / [ 2" erf (Go)] (18)
Since the derivative

2Y _
20

the focusing factor is

%

(4 zo/dlz)[]' +7° G_ exp (Goz) erf (Go)] .

% 2
exp (G_ ) erf (G )

2Go[1 -*‘H!'j

Go exp (Goz) erf (Go)]

In a typical case, Yy~ 2 /s, Co~ 331 m/s. Then the
normalizing angle

dl= .11 rad.
With an initial ray angle oﬂ)gg .15 rad, which is normalized
as 6053 1.4, the error function

erf (Go) ~> 1
(the error being less than 5%, see, e.g., Abramowitz et al
1964, p. 311), As a result, the following approximate for-

mulas are applicable for Y= 250 m,

%

Y =27 H/ O, (20)
H = H/2%, . (21)
£=1/f21In (ol v/(2 7 zo)l} . (22)
THE LINEAR PROFILE
For the linear profile
v, = sz, (23)

STy

"—,ﬁ_ﬂ
H

- av. e ——————————— &
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3 the penetrating height is
H = coo(oz/(zs). (24)
The trajectory is

3
y = (2 c/s) [H;i 7 (0 - z)%l

or (y-c /i =(2cys) (e d/2s) -z). (25

", TR 7 Sy

The travel distance is

Y =2 COO(O/S. (26)

The average ray height is

2 -
Hyy = Co Ol /(38) (27)

2 a

(2/3)H
'"he focusing factor is
g £=1, (28) !
for which the second order term can ke determined by first |
integrating the ray trajectory without shallow angle approxi-

mation and then expanding the result in small ray angles.

Thus one gets

2

2
£=1-532Yy / (32¢.), (29)

which decreases very slowly as Y increases.

THE POSITIVE CURVATURE PROFILES ~:

The ray characteristics of the positive curvature

profile type a
v, =5, z[1+2/(22)]), (30)
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can be obtained from the corresponding formulas of the para-

5
g

bolic profile by putting z  ='- z and dm = (-1)

% p
where dp = (s, zp/Co) .

For the positive curvature profile type b

- e 2
V, =552 /(2zp), (31)

one gets the penetrating height

H=0Q 2/d, (32)

where o(p = (s, zp/Co);i:

the ray trajectory

y = (zp/o(p) (/2 3 cos™t (z/8)] ,

or z = H sin (O(pY/zp): | (33)

the travel distance

Y =Mz /o0 ? (34)

P dp

the average ray height

Hy, = (2/7) H (35)
the focusing factor

f =00, (36)
which means that a caustic is predicted at 7 zp/ qp from

the source.
For the positive curvature profile type ¢

Vo =Sz (- 1+ 2z /(22)], (37)

the penetrating height is

nezf1efir Coso?) . (38)




The

and

The

The

The

The

which predicts two caustics at the distances of 1T zp/ap and

2 7sz/a% from the source, all the rays land between TszAyp,

&Z‘H'zp/qg. The theory also predicts a skip distance of

1szAxp, since no ray is received within this distance.

T i S G o WYY AR L |

R S Tae LA et o IO

)
123 1
first half trajectory is
z -
2 -1 oz -1 {0
y = ~RJ sin b2) 5% + cot -—O] (39)
AT %
dp
the second half is
. (40)

Z
2 -1[0 -1 z_
y = ~B2 n+ cot [..9.] - sin i o]
dp Ol [

entire trajectory can be expressed as

z = zp{ 1+ ( do/o{p) sin (dpy/zp) - cos (dpy/zp)]f4l) |

travel distance is ]
-1
Y = (2 zp/o{p){‘n'/z + cot (o/o/o(p)]. (42)

average ray height is

- -1
H = zp{ 1+ (o(o/cvp)/ [‘n'/z + cot (olo/o!p)]}- (43)

av

focusing factor is

£ = @) [1e (o(o/%)zf (M2 + cot™? (%/ap>f,(44)

st o il b _ e e — e ——— —
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THE ELEVATED SHEAR PROFILES

The ray characteristics for elevated shears can be
evaluated numerically (Wesson 1970), and the results are
schematically shown in Fig. 3-3.4.

The interesting feature of elevated shear types b and
¢ is the skip distance Ymini' where a caustic is also pre-
dicted. Y_. . can be estimated@ by using a two-layer model.

ninl

The lower layer of a thickness of h, has a negative shear

1

-5 and the upper layer has a positive shear S Then the

20
horinontal travel distance in the lower layer is

2 ¥,
(2 Co/sl) [(do + 251 hl/co) "'OKO] )

and that in the upper layer is from Egq. (26)

(2 co/sz) (o(a2 + 25, hl/co);i.

The total travel distance is the sum of these, i.e.,

y '~ %
S 25, h 2C (x
Y = 2o (1 +=1) (0 2, 11 ) - —o Ao (
S S (o] -~ - ° 45)
l o \.o Dl

By putting the derivative %%- to vanish and solving for the
o
value of do' one gets

H

% 2
(Olg) ., = (2sy hse) /[ esys)®-1]" (e

Substitution of Eq. (46) into Eq. (45) gives

2 3
Yning = 2 (25505 [(#sy/5) -1, (type ) (47
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which is the skip distance for elevated shear type c. The

skip distance for elevated shear type k is obtained from Eq,
(47) by setting s; to zero, i.e.,

Yini = 4 (Cq hl/sz);i. (type b) (48)

PIPSRRRCIOR AP

i
§

)

:
%
3
8




Pt

T

o € et WYY T

126

Appenéix 3, Paranclic profile fluctuations
According to the linear theorv, the time rate of frac-
t.ional chanze of amplituce is

s}

s (1n S5) - (1n p) + zp & S (0 2Zg) ~£-(1n p). (1)
So N

Ancé the fractional rfoppler is

o dt

fs =Aw/w
= & (In 85) Tgo + & (1n 2p) Top, (2)
where, accorsing to Eq. (4) in Sec:ion 3-1,
= (25,0.2) [ ez 28 a) (2a)
Dgo = (25,/C5°) ¢z (:;g;/ '
A = ~ 3~ d) (Zb\
anc lom T (ZZm/L. / -a—é'-/ . J

Here the effect of pene:zrating height variations ~n -he

-doppler is nejligible to the firs* order.

o calculate gﬁ (1n p) (M szanés for S. or z,), one
shculd consicer that both scurce and receiver are fixed in
pocsition, and, therefore, the Fferivative includes wc .erms,

i-eo ’

‘.=.9 , 9 9
™ T am YN rYe I (3)

The first term is Fue "¢ -he explicit depencence of p ~n M.
The seconé term arises “ecause of he adjus-ment of ‘ he
ini~ial rav an le,(jo, +o insure a ccnstant horizon-.al -“ravel

¢is-ance, , while M is varvin-, A constant -~ m~eans tha%
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"'— 3 ""l a = I )
M aMm + ado dQ (4I
whence
o _ _ 2y , oY )

Now from Eq. (7) in Section 3-2, one ohtains

L == YY), 2¥ 4 %o
an (1n p) 2 [cM (aolo)/ dd5 éi" dO]

B -1((31‘ ao( ?d?ib ad;2) (aol ) ggq / do] (6)

After ¢ccing the alvebra of Eqs. (6) and (2), one .;ets

=-S5 ?-g--. (In p} = zm-d—g- (In p)
o m
= (Bv){[s y/(2 c o )][l + (Olo/o(m)zj- 1}(7a)
Teo [ Ok (2 -o)]{[so-/(z Codo)][l + (ol 0l ]- } (7b)

Pem = (3 2 O/ (2 CO)J{[SO”"'(Z o) [1 - (oo 2/3]-1}(7c)

Substitution of Zq. (7) intc Eqs. (1) and (2) gives Egs. (1)

and (2) in Secticn 3-4,

Juced Iro
%Zg: oav“‘atlabl




128

appencdix 4, Phase shifts and amplituce variations cdue to
short-period effective wind fluctuations

The phase shift, Ad), is related to the travel time
fluctuation, 4 T, as

Ad=-war, (1)
where w is the angular frequency, with the shallow angle ap~
proximation, the travel time can be written from Zq. (2) in

Section 3-1 as

[ s
A v/

= (1) /‘de[l-(é-rffy*vy)/fl, (2)

O

+3

where one has assumed both sounc speec¢ an¢ wind to have average
parts and fluctuating parts, i.e.,
2=7+E€

t
v

y = Vy ¥ Yy

From £qs. (1) anc¢ (2), one cets the phase shift
N
ad= @) £ oy (ave/3), (3)
where Av, =AE +4 v, is the fluctuating effective win®, "he

mean square phase shift is

(ag)?

2 —4 X . f
=W /> l; avy A ”y? [Ave (xl,yl,zl)J[Ave (xz,vz,zz)J(ti)

sv assuming the aussian form of correlation function, i,e.,

[Ave (xllvllzl)] [Ave (XZJYlez)J

- Vy = Ve 2 - 2
=(Ave)2 exp[-(%_il)z .-(/lav :lg -(Zlaz zz ) J ] (5)

X
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one can chance the integration variables of Eq. (4) into

PR MWMW

- -
?g = (xr; + 12)/2

= the center-cf-mass coorcdinate,
o T -
r' = r2 - r-,_

the separation coorcdinate,

anad
2 2 =4y (¥ ¥
(a9)° =[w? tav,) /2 J[ éyO/ ay!.
(o] -Y
2 ,
- eXp [- (x*/a,)" - (y'/ay)2 - (z'/az)2 ] (6)
The integration limits for y can be set to + oo, since Y is

much greater than a To the first order, the intecrsli can

y.
be evaluated at x' = z!' = 0, assuvming that the deviations of
the actual ray trajectories from the averace trajectory are
small in compariscn with ay and a,. Then Eq. (6) can be

evaluated as

(ad)? = (Hw? a, ¥/7%) (4 ve)2. (7)

wWith the y - cocrcimate (Fig. 3-1.1) as the integration
variable, the signal amplitude is given by
o = (2 veco /(n] 22 2]
° \T| 305 a¥oll) » (&)

where CXO = the initial vertical spreading angle,

=

Z; -3 " ﬁ%

the initial spreading angle in the x~direction.

Then the fractional amplitude fluctuation is

ap/p = <—1/2)( (MO)/M0 + A _o Q)/ ‘;] (9)
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The average value of the cerivative %-é- can ke vb*ainec from

o
the trajectories, which are evaluated for funcamental effective

winc¢ profiles in Section 2-2, ~he averaae gié‘—- is equal to v,
)

the same as in a uniform mecivm, The randomly fluctuating
derivatives,A(aé-—) and A(a-’-“—-) , are now to be cerived, For
2do Y )

(::; + One neecs Z as an integral ain ¥, which is obtainecd

from =q. (2) in Section 2-1 ané the shallow angle approximation

as
2 =/; cy ((c sind + V,)/(C cosol+ Vy)]
(o)
Y -
:/ dy(o(-(6+vy+vy+vz)/'5], (10)
o
whence
v
y Y- d 2 =
—— c‘l -~
205 [ o0 a5 (€ Ty * vy * )R] (11)

The elevation angle o is from Eqs. (2) and (3) in Section 3-1

-’
) « oV -
=y +/ ﬁv[(-ig - R 5—;)/(:- "'\'v)]
o
v -
= - 5 € 9V v
do (l/v)o/ dv(—z +3—ZX *EX), (12)
whence
H =1 - (1/C) g Ay __3_(2§ ?Sl_ ?V‘i) 13)
o, A 0do V22 2z Y 37 (
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Substituting q. (13) in &g, (1l1l), taking the variation of
fluctuating parts, an? neglecting the seconc¢ order terms, one

gets

2 ) = (- ~ N e o2
(‘)do) (-1/ )/”/"Z ‘bz 3010)' (14)

2 . . .
where, forga—- , one can use the average trajectories given
o

in Section 3-3, Similarly, one has the random spreacding in

the x-direction as

= (- ) Yoo [ 3% (av.) 22
(?Uo) ( l/-)[ Zo’l[ 2 x° 33’0] ’ (13)

where, again, one can use the average spreading for (2.9 , i.e.,

o

Ve

For the linear profile, the fractional amplitude variation

can now be written as

Y v
- = ) . 02 22 ,
Ap/p -( l1/(2¢ Y)J [) d}[) Q%’[((m + 'iz‘i)\dveJ. {15)

Integration by parts transforms this into the form

32 2°
Ap/15=(l/(2 )J[ Av v \'-‘/‘)(( 2+'a":(4 J(l7)

ox

.

*he mean square fractional amplitude variation is

\-) ‘_"
2 2 - —2 172 Y v s 7 A, - ®
(ap)“/p -[l/(4C v )}j d;/l[ ¥, ¥y Vo (¥ = vy) (yq = vy,)
(o} O

22 2 2 2
. (axlz +3212)(3222 32 )[(Av (rl))[Av (IZ)J

|
.
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b4 Y
=((ave) 2 /s T 2] / dyo/ av' (y 2 - y'%/a) -
o) -Y

- (2 -2y v +y 2 -y -

az 32 2 . 5 . , . "
* OX‘2+ az.z)eXP[" (x'/a,) -(y /ay) - (z /az) J (1g)

Here the center-of-mass coordinate, r the separation coor-

ol
dinate, r!', and the caussian correlation function have been
used, By noting that Y >» ay, an< assuming small cdeviations
of actual ray trajectories from the average trajectorv, one

can evaluate the integrations of Zq. (1l€) and obtain
(ap) /52 =[m2 ay/f?2 IE
. ((’IT;i ‘.,'3/10)/a,4' + (T23/15) / (az2 axz)
+ (m%3/10) / a,f] (19)

Similarly, one can derive the mean square fractional

amplitude fluctuation for the parabolic profile as

(ap)2/p% = [ (avg)? ay/Ez]-

-[.(1 / az4 + Kz/(az2 axz) + K3y / ax4] ' (20)

vhere

Ky = {3 Ty (zp/Bm) 2/ (4 sinh 2(v*)] } .

.(sinh (2Y%) /7 (2Y*) =1 ~(2/3) (v*)2 exp (a\',"/z)zj

- e e eret
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Rp=(amtex (a,* /07 (26,7 / sinh (%)

-[2 + cosh (Y*) - (3 / ¥*) sinh (y*)) ,

2{3 = 77';5 Y3 / lol

*

vEydy / oz,

*
agv = ay dm /zml

O = (2 vy / Co);5 = (S5 2 / co);i

exp (ay* / 2)2~ exp (ay

’

v /4)2~ l'
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