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Introduction

This report discusses contractual effort for the period
March to December 1967 on Contract number NAS8-20357. This
effort was concentrated in four areas of the acoustic wind
measuring technique.

The first area, the analysis of errors from past
flights and the recomputation of wind profiles based on
this analysis was plagued by computer problems and required
the entire reporting period to complete. This work is char-
acterized by a series of steps each depending on computed
results from a prior step and was frequently interrupted by
computer breakdowns. Results and descriptions of this anal-
ysis are presented in another section.

Another area of work is the study of atmospheric tides.
A description of this study is also available in another
section of this report.

A third effort, aimed at deriving vertical winds or
temperature profiles from the acoustic data has not vet
yielded satisfactory results. This technique, based on equa-
tions published by Groves* suffers from a lack of compati-
bility between the measurement precision, the microphone
spacing, and typical distances to the sound source. This
method might be productive if microphone spacing is in-

creased. To test this hypothesis, raw, far field, acoustic

*Journal of Atmospheric and Terrestrial Physics, Vol. 7,

pp. 113-127.

Journal of Atmospheric and Terrestrial Physics, Vol. 8,
pp. 24-36.

Journal of Atmospheric and Terrestrial Physics, Vol. 8,
pp. 189-203.



data from Apollo 4 has been requested. However, while the
microphone spacing in these measurements is improved (3 -
6 miles) it may be impossible to cross correlate the data
to determine arrival times. These possibilities will be
evaluated when the acoustic data are received.

An opportunity to check the possibility of reducing
the scatter in time difference by using the higher frequen-
cies of the acoustic spectrum became available during the
launch of Apollo 4. Mr. Andrew Thompson from the Ballistic
Research Laboratory monitored the Apollo 4 launch with 3
wide band sensors manufactured by Globe Exploration Com-
pany of El Paso, Texas. These sensors were set up in a
southbound line starting near microphone No. 4. The sep-
aration between adfacent microphones was approximately
300 feet but these locations were not surveyed. The output
of each microphone was passed through a voltage divider
and the reduced and full scale outputs were both recorded.
Thus data for a total of 6 sensitivities was collected on
6 channels of a magnetic tape. Mr. Thompson graciously
made available copies of the recorded data.

Two of the six channels were chosen for study because
the sensitivities differed only by a factor of 2 and both
yielded about 100 seconds of valid data. These data came
from the two end microphones, a separation of about
600 feet, which is not much different from the hot wire
microphone separation. Cross correlations were computed
and time differences plotted. The initial results indicate

that no improvement in accuracy can be expected by using
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acoustic data from the higher frequencies. However, time
difference scatter from the hot wire microphones for this

flight has not yet been determined and this information may

reverse this conclusion.



Tidal Motion in the Atmosphere

Maurice E. Graves

Introduction

The acoustic wind measurements at Cape Kennedy have var-
ious secondary effects incorporated within the data which alter
the irregular dynamic flow patterns over the station. These
effects include thermally-excited tides of two or more detec-
table periods, internal gravity waves, turbulence, and external
gravitational influences. Of these four phénomena, the thermal
tides are believed to attain the largest amplitude of wave
motion; hence, the derivation of suitable formulas for tidal
winds at Cape Kennedy at any given time is of great interest.

A complete summary‘of work in this field prior to 1961 was
written by Siebert [1l], and some outstanding papers have been
published by Lindzen [2,3,4] since 1965.
Barograms obtained at the ground reveal a diurnal thermal

tide with the first three harmonics, plus a semidiurnal lunar
tide. The semidiurnal, solar, thermal tide is by far the most
conspicuous of these waves, and the explanation of this has
posed a problem to theoreticians. A currently accepted view

is that the diurnal, thermal tide is suppressed in the lower
troposphere, thus masking its importance at higher levels. The
alternative, which enjoyed much support in former years, is that
the remarkable l2-hour ground pressure wave is due to resonance
magnification in the atmosphere with a free period nearer 12

hours than 24 hours.



: . th
Jn = thermal forcing function, n~ mode

In this derivation, only periodic processes are considered,

so that
u', v', w', X, J « eiwt (2)
u' = tidal west wind
v' = tidal north wind
w' = tidal vertical velocity
w = angular frequency of oscillation
t = time
s = longitudinal wave number = 1

A = longitude

Expressions for the Tidal Winds

For the diurnal tide, ®w = Q, where @ = angular speed of
Earth's rotation. 1In terms of the transformed variables y and

x, the tidal winds can now be expressed [4] in terms of the

nth mode.
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Derivation of the "Radial Eguation"

The classical derivation of the tidal wind equations assumes
a dry atmosphere, no friction, the undisturbed elements tempera-
ture (T) and pressure (P) as functions of height (z), only, no
vertical accelerations, and the validity of the Gas Law. It
also assumes the Earth is a perfect sphere, rotating uniformly
with angular velocity Q. Then from the Euler Equations of
Motion, the Continuity Equation, and the First Law of Thermo-
dynamics, an expression for the 3-dimensional wind divergence
is obtained by a perturbation technique [l1]. 1In its final form,
this expression is of second order, and functions of latitude,
longitude, and height are all incorporated within it. By the
method of separation of variables, it is resolved into a "Radial
Equation", with height as the independent variable, and a
"Laplace Tidal Equation", with latitude and longitude as the
independent variables. A suitable transformation of height

and divergence parameters yields a new "Radial Equation" for the

n~"" mode,
2 - X
d7y (x) y , 2
e BLICCRE )RR St
dx 4 n n
X = transformed height parameter : J/f
H = gscale height

kG
il

: ¢ I, (2) 7
n {Xn(z) Ty l e

= divergence of the wind, nth mode

Xn =
o™ % 2
K =2 Y.<
c 7
P
g = gravity



£ = w/20
U = cos ¢

© at N. Pole

¢ = colatitude, with ¢ = 0
A = longitude

Qﬂ = Hough function, an eigensolution of the Laplace Tidal Equation
hn

= equivalent depth

Yy = ¥, (x)
gt = ()
n dx

The factors in which @, f, u, ¢ and A appear are all re-
lated to the Laplace Tidal Equation, and are given explicitly
in graphical form for the 5 most important modes in [4]. Two
of these modes are negative, corresponding to negative equiva-
lent depths. This is a recent, major advance in the field
of tidal theory [Lindzen, op. cit.] Then must be evaluated
by solving (1), and the form of the solution depends upon
the choice of Jn(x). Following Lindzen [4] again, the thermal

forces are assumed to be water vapor and ozone absorption, so

that %
. T3 i(wt+s))
_ 1wR )
Jn(HZO) == e Cn Hn (6)
LR 0.0ll6(z—zl) ) i (wt+s)) ' |
Jn(03) ==—e sin [Eﬁ (z=zl)]e Cy @% (7)

The ozone effect is limited to 18-78 km and the Ch and cé are

known constants.

Application to the Acoustic Wind Measurements

The particular solution of (1) is evidently of the form

. - c (0.0116H-0.5)x
Y, = Ae + (5 sin 1 + T cos T)e

(8)



In obtaining this expression, the scale height is assumed
constant and the longitudinal variation is dropped wherever it

occurs in the exponential factor el(wt+s¢).

A, B, C, § and
all vary with hn and the first three of these also vary with
@%. In addition to (8), there is a term to be realized from
the homogeneous part of (1) under certain boundary conditions.
This term is complex for both negative and positive modes,

as is the y* in each case. The resulting Y, and y; give a
rather complicated set of equations representing Egs. (3) to
(5). They are suitable for computer programing to obtain the
diurnal tidal winds at numerous height levels for a particular
time and latitude. The initial step taken was to find the
tidal winds at 0600, 1200, 1800, and 2400 hours at Cape Kennedy
and to compare them Lindzen's values at 30° Lat. [4]. The
results are similar.in some respects, but not entirely satis-
factory with respect to the amplitude and phase of the fluc-
tuations. Efforts are continuing to gain better agreement
between the corresponding profiles.

In low latitudes, the magnitude of the theoretical wind
tides above 90 km height are of the order of 100 m/sec, and near
the tops of the highest acoustic soundings reported by Bushman
[5], the horizontal tides are 30 - 40 m/sec and the vertical
motion is about 5 cm/sec, in theory. Observational verifica-
tion of the tidal winds below 60 km near 30° Lat. is fairly
good when a large number of rocket soundings are subjected
to harmonic analysis, as was done by Reed, McKenzie and Vyver-
berg [6]. On the other hand, radio-meteor observations in
gquantity by Elford [7] at 35°S. yielded somewhat smaller

tidal winds than the theoretical estimates at the base of the
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thermosphere. Observational data within the mesosphere above

60 km are almost completely absent, making the acoustic wind

soundings a principal source of information in this layer

for the testing of the tidal wind theory for horizontal motion.
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ERRORS

G, M. Kakli & W, W. Bushman

It has been shownl that wind profile errors are caused,
largely, by uncertainties in the microphone arrival time
differences. Therefore the contribution of other sources of
error are neglected in this section.,

The procedure presently used to determine the time dif-
ferences, described in detail in an earlier report2 will be
briefly outlined here.

The analogue magnetic tape recording of the microphone
outputs and range time data is played through an A-D converter
and recorded in digital form onto a magnetic tape. The
sampling rate is lOpO samples/sec. channel. The cross cor-

relation, R, is computed as follows:

where us and vy represent samples of two microphone outputs
(with mean value removed) and N is the number of sample pairs.
These computations are performed for a pre-set data time in-
terval usually .5 sec., so N = 500 sample pairs. The time at
which R is maximum is taken to be the microphone arrival time

difference.
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To speed the cross correlation computation periodic
rough estimates of expected time differences are also put
into the program. These estimates are in turn based upon
estimates of the sound source position as a function of
range time. The computer then does not have to search
over perhaps 2 seconds of data to find the principal max-
imum of R. The search can be restricted to 20-50 ms around
the initial estimate depending upon the accuracy of the
initial estimate. These limits of the search define a time
interval called the tolerance.

Figure 1 is a plot of time difference between each
microphone and microphone No. 1 as a function. of range time.
The scatter in the data shown in this figure, and its in-
crease with range time is typical of all flights. As men-
tioned at the beginning of this section, the uncertainty in
arrival time differences caused by this scatter is the major
contributor to wind profile errors. The remainder of this
section will describe how this uncertainty is related to
characteristic velocity error and then how the characteristic
velocity error is used to estimate wind profile errors.

The scatter in time is taken to be distributed randomly
and described by a Gaussian (normal) distribution. This

assumption 1s believed to be valid as long as the condition

tolerance >> standard deviation (0}

is satisfied.
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A straight line, D = aT + b is fit over n data points,
i(Dl’Tl)’ (D2,T2)...(Dn,Tn)‘ for each microphone.

Here D, are time differences

Tk are range times
and a, b are constants determined by the least squares method.

The n data points span a time interval which is initially
taken to be 10 seconds and so there are a total of 21 data
points in this interval. The time given by the straight
line at the mid point of the interval, {;, is used for further
calculations.

The standard estimate of error from.the fitted line, .

calculated for each microphone i, is

n ~ !
JZ (D~ 2/“
o, =% . " (D _-aT, =b)

The quantities Qx and Qy are defined as

~
1o Di
Q, =T 2 = {i} = 4,5,6,7
{1} 1 , q :
(microphone numbering on x axis)
A
1 Di
Q=1L T {i} = 2,3,8,9
" (i} 1

(microphone numbering on y axis)

Here X, and y; are the horizontal coordinates of the ith
microphone.

The characteristic velocities KX and Ky are

K

1/Q

X X

y l/QY

K
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and the errors in Q's are

4,5,6,7

po, = S L i) = 2,3,8,9
Yo Yl nyi2

Here the value of t is taken from the 'Student t' table. For
95% confidence limit and infinite degree of freedom, t = 1.96.

Since ¢ is usually small compared to the time difference,
!
Jox, |
X
"
Jox, |
ry

where the errors in the characteristic velocities, AKX and

Ao /9. °

A 2
.Qy/Qy

!
AKY also correspond to a 95% confidence limit.

! 1
In general AKX and AKV thus calculated are not useful
in estimating a standard deviation for K because point to

point scatter in AK cannot be smoothed over the large vari-
K
KX’E °°)=
|

behavior. This could be expected since these quantities are

ations of AKX and AKy during a flight (speed of sound <

! 2 ! .
AR, /K, and AKy/KyZ however exhibit more reasonable

proportional to AQX and AQy respectively.
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1]
A plot of AKX /KX2 is shown in Figure 2 and it is evident
that these quantities can be averaged meaningfully to give
an estimate of the error in characteristic velocity.

The characteristic velocity error is then

o 2 2

AR <AK /K ) K-

X X X X
5l avg

AR & k2 K2
Y ( Y / y) avg Y

Since wind errors are linearly related to the errors

in characterisitc velocity3f AKX and AKy as calculated above
give AWX and AWy with the same confidence limit.

A standard wind profile using 10 sec. data input inter-
val is caldulated. ‘Figure 3 shows such a profile for SA-9.
It has been found that the errors in the jth layer winds
caused by errors in the (j-1)st layer are nearly equal in mag-
nitude and opposite in directionl; These errors become neg-
ligible very rapidly in higher layers and are definitely ig-
norable after 4 layers. The errors AKX and AKy as calculated
above are introduced at every fourth data point by replacing
Kx by KX + AKX etc. and calculating the new wind profile.

Its departure from the standard profile gives the wind error
profile. In general the two components AWX and AWy are not
quite equal. Their average value, AW' is taken. Moreover,
to account for errors in the jth layer winds due to errors
in the (j-1)st layer this value must be multiplied by #2.
Figure 4 shows wind error and layer thickness as a function

of altitude using 10 second data input intervals for SA-9.
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in general wind errors determined by analyzing data at
10 second intervals are large at high altitudes and small
at lower altitudes. A reciprocal relation exists between
layer thickness and wind errors, i.e. if layer thickness is
increased, wind errors are decreased. At lower altitudes
data is read in more frequently and resolution is improved.
At higher altitudes, however, frequency of the input data
is decreased to reduce the wind errors.

From the graph of wind error vs. altitude using 10
second data input intervals, an estimate of the layer thick-
ness-wind error relationship can be made. From this, new
wind profiles are derived that have resolution consistent

with specified wind errors.
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RESULTS

The wind profiles presented in Reference 2 have been
modified. The new wind profiles along with wind profile
errors are given here. They were generated by selecting
noise events at 3 to 20 second intervals of range time re-
sulting in wind data points separated by 500 to 2000 meters.

SA-9 Winds are measured up to the first stage burnout
which occured near 85 Km. Analyzing data at 10 second in-
tervals yielded the wind profile shown in Figure 3 and the
layer thickness-error profile shown in Figure 4. To ob-
tain a wind profile with more uniform errors at all alti-
tudes (arbitrarily = 10 m/s at 95% confidence level) the
resolution was increased below 45 km and decreased above
45 km giving the error profile shown in Figure 6. The cor-
responding wind profile is shown in Figure 5.

Ranger-8 An anomaly in the recorded time code made
these data unsuitable for computer reduction. Instead,
manually read data from the oscillographs were used to de-
rive winds up to 45 km by using data at 10 second intervals
as shown in Figure 7. An error analysis was not possible
for this flight.

SA-8 Three of the nine microphones were not operative
during this flight. The effect of this lack of redundancy
can be seen in the layer thickness-error profile graph
(Figure 9) which shows higher errors and less resolution
than in SA-9. In other respects which might affect the
measurement, i.e. launch site, firing direction, ground
winds, etc., these two flights were similar. Figure 8 shows

the wind profile for this flight.
_20_



SA-10 Recorded microphone data appeared to be normal

up to T + 400 seconds. From T + 400 seconds to T + 450
seconds, the oscillograph record showed the exhaust noise
seemed to suffer unusually large attenuation. Because of
the poor quality of the data in this section it was decid-
ed to reduce the wind errors by averaging the microphone
data over 30 seconds instead of about 20 seconds which
would have been normal otherwise. Figure 10 shows SA-10
wind profile and Figure 11 gives wind errors.

AS-201, AS-202, and AS-203 The first stage of the

AS-Series burned out at altitudes near 60 km. The low sig-
nal to noise ratio recorded for the record stage made it
impossible to use the data for wind determination. Figures
12 - 17 show the wind and error profiles for these flights.
In the case of AS-203, only five of the nine microphones
were operative during the flight. Just prior to this
flight, four microphones were damaged as a result of their
exposure to the rain. Moisture between the high voltage
side of the nickle filament and element case allowed electro-
lysis of the filament which eventually decomposed. Again
the lack of redundancy caused the layer thickness-wind error
profile (Figure 17) to be less favorable than other flights.
Titan-IIIC Titan-IIIC was destroyed at an altitude of
about 25 km, so no exhaust noise measurements were possible

above this altitude. (Figures 18 and 19)
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