WADC TECHNICAL REPORT 57-353
PART II

SOUND PROPAGATION NEAR THE EARTH’S SURFACE
AS INFLUENCED BY WEATHER CONDITIONS

M. D. Burkhard
H. B. Karplus
H. J. Sabine

Armour Research Foundation

DECEMBER 1960

Contract Nos. AF 33(616)-2470 and AF 33(616)-5091
Project No. 7210
Task No. 71709

BIOMEDICAL LABORATORY
AEROSPACE MEDICAL DIVISION
WRIGHT AIR DEVELOPMENT DIVISION
AIR RESEARCH AND DEVELOPMENT COMMAND
UNITED STATES AIR FORCE
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

1,000 — May 1961 — 27-1,014



FOREWORD

This report was prepared by the Armour Research Foundation of Illinois
Institute of Technology under Contract Nos, AF 33(616)-2470 and AF 33(616)-5091
for the Aerospace Medical Division, Wright Air Development Division,® Wright-
Patterson Air Force Base, Ohio. The work was in support of Project No. 7210,
"Generation, Propagation, Action, and Control of Acoustic Energy,"” Task No.
71709, "Experimental Studies of Acoustic Energy Generation and Propagation, "
Technical supervision of the research program was the responsibility of Dr. Hen-
ning E. von Gierke and John N. Cole of the Bioacoustics Branch, Biomedical
Laboratory, Aerospace Medical Division.

The work was carried out by H. B. Karplus and H. J. Sabine, under the
gupervision of Dr. R. W. Benson and M, D. Burkhard. The airplane was piloted
by N. Collings and the field recording site was operated by L.D. Williams. Data
were recorded on charts and reduced to tabular form by L.D. Williams, C. Cac-
cavari, K. E. Feith, D. Lubman, L. Sprainis, and L. Silverman. H.B. Karplus,
M. D. Burkhard, and H.J. Sabine carried out the mathematical analysis with the
aid of J. G. Haynes and T. Engelhardt of the Mathematical Services Section.

* Wright Air Development Division was formerly Wright Alr Development
Center (WADC).
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ABSTRACT

The effects of weather on the propagation of sound from an elevated
source to the ground have been studied. Variations in attenuation were reported
in Part I for weather in all seasons in the Chicago area. Part I was limited to
source elevations of 14-1/29, 309, and 90° above the horizon. In this study meas-
urements have been extended to include weather conditions in Arizona and prop-
agation angles down to 2° elevation above the horizon.

Attenuations have been correlated with absolute humidity, temperature,
temperature gradient, wind velocity, and wind direction. For source elevations
of 5% and higher and source altitudes above a few hundred feet, only temperature
and absolute humidity have a significant effect on attenuation. For source eleva-
tions of less than 59, large attenuations occur in the presence of strong wind and
temperature gradients. These are due to upwind refraction of sound and the
resulting creation of shadow zones on the ground.

PUBLICATION REVIEW

te e

E.L. de WILTON, Capt., MC, USN
Acting Chief, Biomedical Laboratory
Aerospace Medical Division
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EXPERIMENTAL PROCEDURE

The flight program for angles of 14-1/2° and greater was identical to
the previous year's program. This consisted of six circular passes at various
altitudes and various radii and 16 straight passes of the airplane over the
recording microphone at four different altitudes. A graphical representation
of these flight patterns is shown in Fig. 4.

Since it was impossible to maintain a low enough altitude to fly
circular passes for low angles, the airplane was flown in straight line dives
directly at the microphone. Flight patterns are illustrated in Fig. 5.
Elevation and azimuth angles were maintained constant in these passes. The
angles of elevation selected were 15°, 10°, 5°, and 2°. The length of the
flight path was 9600 feet. It was approached in two directions. This required
a landing strip where the pilot could land if necessary, but under normal
operating procedure the airplane would touch the ground and immediately
climb back to altitude, These flights, therefore, yield only two measure-
ments of the azimuthal variation of sound pressure level. At the Illinois site
the directions were due east and due west and at the Arizona site directions
were 15© south of east and 15° north of west. In order to establish the
repeatability of the data obtained, two such complete flight patterns were
flown for each independent series of flights. The number of approaches was,
therefore, 16, two for each angle of elevation and two for each direction of
approach,

In order to maintain the accuracy of the flight path for the lower angles
of élevation the pilot was guided by one of a series of steady lights mounted on
a pole and a single flashing light mounted on the ground at a distance of
100 feet from the pole. These lights are illustrated in the photograph, Fig. 6,
and diagrammaticallyin Fig. 7, which show the orientation of the aircraft with
respect to the lights, A single light on the pole was energized for each of the
different dive passes and the pilot was able to keep in line with the steady
light and the flashing light on the ground in order to maintain both elevation
and azimuth, The technique was simple and accurate. In addition, the
observer on the ground checked the plane with a sighting transit and radioed
instructions for corrections to the pilot.

The 38 airplane passes which constituted one flight (one day's opera-
tion) are summarized in Table I (Appendix A),

MEASUREMENT APPARATUS

Measurement of weather variables was done with the same apparatus
and procedures as in the previous study. Details are given in Part I. Sound
levels for the circle and overhead passes were measured and analyzed in
exactly the same manner as before. Tape recordings were made at the test
site of the sound levels received by a microphone mounted 5 feet above the
ground. The tape signals were passed through octave band filters and an
integrating circuit which averaged the sound pressure level over a I-second
time interval. The output of this circuit was fed to a chart recorder from
which the final sound pressure level data was read. This apparatus and
procedure is fully described in Part I,
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For the dive passes, the l-second time integration was not available,
because of the rapid changes in sound level as the airplane approached the
microphone. -After octave band analysis, the tape signals were therefore
recorded directly on a high speed level recorder, By suitable scaling of the
time axis of the recorder chart, sound pressure levels were read as a function
of source distance. A typical recording is shown in Fig. 8. The apparatus
and procedure is described fully in Appendix B,

SECTION III

DATA REDUCTION

During the period covered by this report there were 110 flights (55 at
La Fox, 55 at Phoenix) during each of which there were six circular passes,
16 overhead passes, and 16 dive passes, The circular and overhead passes
yielded a total of approximately 40,000 readings and the dive passes 130,000
readings., Some of these readings had inadequate signal-to-noise ratio for
reasonable accuracy, However, a large majority of data is valid. The
sound level readings and the associated meteorological data were transferred
to IBM cards, and all further computations and statistical analyses of the
data were carried out by means of an IBM 650 electronic computer,

ATTENUATION

The method of obtaining attenuations from the data may be indicated in
the following way. We define attenuation, A, as the difference between the
sound levels, Ly; and Lg;, at the microphone for transmission of the sound
in the same direction over distances, d; and dZ’ respectively. Thus,

dl az» 9b (1)

Next, that portion of the level difference due to spherical spreading is removed
from A, leaving only the atmospheric attenuation, Aa.’ which represents the
losses for transmission of plane waves:

A = L - L

a al dz - 20 log (dZ/dl) (2)

For convenience an atmospheric attenuation coefficient, a_ , the attenuation
: . a
in db per 1000 feet is introduced.

a. = Aa/(dz—dl) for d; and d

a given in 1000 feet. {3)

2
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Although the use of an attenuation coefficient implies a constant
attenuation or loss proportional to distance, such an assumption may not be
valid. For example, variation of sound velocity with altitude, a common
occurrence, gives rise to shadow regions by refraction of the sound waves,
The attenuation of sound transmitted through a shadow region may be
non-linear with distance, thus giving an attenuation coefficient dependent both
on the distance interval and on its position with respect to the source.
Attenuation, A,, defined as above in Eq. (2) results from all losses other than
spherical spreading encountered in the propagation of the sound, including
molecular absorption, scattering, and refraction effects.

For each day's operation, attenuations, A, were obtained along each
line of propagation. Thus, for propagation at a 30° elevation angle, the
attenuation was observed as the difference between the average level in the
circular passes coded 1, 3, and 5 in Table I. (See Fig, 4,also.} This gives
attenuation over three different distances along the line of propagation,
Attenuations along the 14.5° line of propagation were obtained in this manner,
also. For propagation along the vertical, or 90° elevation angle, the
attenuation was taken as the difference of average maximum levels for the
various altitudes, the four separate overhead passes at any one altitude being
averaged together. Rapid fluctuations were ignored by integrating the sound
energy over a l-second period, as noted above.

For the dive passes, sound levels were read off for distances of 300,
425, 600, 850, 1200, 1700, 2400, 3400, 4800, 6800, and 9600 feet {maintaining
a ratio of ¥2 ). Attenuations were computed by subtracting the level at each
distance from the level at 300 feet, Attenuations were computed and averaged
separately for dive passes (and sound propagation} with and against the wind
component.

CORRELATION
Circle and Overhead Passes

The principal aim of the investigation is to determine whether attenua-
tion of sound from an airborne source depends significantly on meteorological
conditions in the vicinity. Dependence may be established by statistically
evaluating the correlation between attenuation and the various weather

quantities measured.

If it assumed that the attenuation is the sum of linear functions of the
weather parameters (or of functions of the parameters), the attenuation
quantities defined by Eqgs. (1), (2), and (3) may be expressed by the regression
equations:

A=A+ml(P1-Pl)+m2(P2—P2)+ P N N ] (4)

A, = A +m (PP +m, (Py-Py)+.eeeeen. ..., . (5)
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or
L (P,-Po)+ ... ..., reaean (6)

Pl’ and P, etc,, are either directly observed weather parameters or
functions c:af the observed parameters which may be expected to approach a
linear relationship to the attenuation more closely,

A, Pl’ P,, etc., are the mean values of the attenuation and the
weather parameteérs, or their functions, respectively, based on the observed
data, The multiple regression coefficients, m,, m.,, etc. » are computed to
give the statistically predicted change in attenuation per unit change in the
corresponding weather parameter or function. The coefficients, M, are
m/(dz—dl), or db per thousand feet per unit change in weather parameter.

For the circle passes multiple regression coefficients were computed
for the following weather parameters:

T Temperature at flight altitudes, °F
g Temperature gradient between ground and flight altitude, °F /1000 ft
W  Wind velocity averaged between ground and flight altitude, ft/sec.
G Wind gradient between ground and flight altitude, ft/sec/1000 ft,
H Humidity function = (T + 45)/h2

T = ground temperature, °F

h = absolute humidity at ground, gm/m3

Maximum, minimum, and mean values of these parameters and their standard
deviations for Illinois and Arizona are given in Table II (Appendix A).

These correlations differ from those of the previous period only in the
use of the tumidity function, H, instead of absolute humidity. This function is
based on the theoretical expression relating molecular absorption to absolute
humidity, temperature, and frequency, For a given distance interval, the
molecular attenuation in db is of the form®*:

f F(T)
(/b )% + (b /1y

Ay X (7)

where
f = frequency
hm = absolute humidity for which maximum absorption occurs
h%oc f
m

* Reference 1, pp 13-14,
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The humidity, h, was so high in relation to b in nearly everycase that a
simplified form of this equation,

2 2
Ag et F(T) b __ [ h {8)

or

Ay = kuF(T)/hZ - kf’H

where k is an experimental constant, could be substituted in which no
assumption had to be made on any of the parameters and yet permitted the
same function to be used for all frequencies. The function of temperature
that was used was approximated by a linear function without introducing a
significant error. The form of the function is given by:

F(T) = T +45 °F (9)

The values for temperaturesbetween zero and 100°F have been plotted from
data supplied by Nyborg and Mintzer* in Fig. 9. It will be seen that an
assumption of a linear function does not introduce an appreciable error, The
actual humidity function, H, used is then given by:

T + 45

Regression coefficients were computed individually for all of the
distance intervals for which attenuations were determined.

Dive Passes

The same type of regression analysis was applied to the dive pass
data, except that the east components of the wind velocity and wind gradient
were substituted for the scalar values. These computations showed a very
strong dependence of attenuation on wind velocity and direction, on tempera-
ture gradient, and on angle of source elevation, indicating the expected
influence of shadow effects, In order to study these effects in more detail, a
revised computer program for all of the dive pass data was set up, comprising
the following steps:

1. All cases in which the signal level was less than 7 db above the
ambient noise level were eliminated from the computations. This would only
partially correct for the cffects of noise interference, since the remaining
data would tend to be weighted toward higher average signal levels and the

% Reference 1, p 152,
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average attenuations would be correspondingly smaller than their true values,

2, Residual attenuations were computed for all distance intervals in
the dive passes referred to 300 ft from the source. These are defined as:

A
o

A - A - 20 log (dZ/dl)

= Aa_AH

The molecular absorption, Ay, was computed from the regression coefficients
relating attenuation to the humidity function, H, as determined experimentally
from the circle pass data., The value of H was in turn computed for each
day's flight from the observed values of temperature and absolute humidity,
The residual attenuation, A , is therefore due to all other eifects, including
scattering, refraction, and shadow phenomena.

3. Simple regression coefficients, b, were computed for four weather

parameter functions:

Wcos@ = component of wind velocity, averaged between ground
and 600 ft. altitude, parallel to line of dive pass

{W cos ¢)Z/3

(AT)Z'/3 where AT = temperature at ground (5 ft) minus
temperature at 600 ft,
loge W where W = wind velocity averaged between ground

and 600 ft,

The absolute value of wind component was used throughout, and regression
coefficients were computed separately for upwind and downwind sound propa-
gation corresponding to the two directions of dive passes for each day's
flight, Regression coefficients were computed for all distance intervals
referred to 300 feet,

The above weather parameter functions were chosen primarily to give
the best expected correlation with the attenuation within shadow zones, They
are based on the following theoretical considerations. The formation of
sound shadows by upward refraction of rays from a low elevation source has
been described in the literature and is illustrated in Fig. 10, The fact that
some sound can be observed in the shadow zone is due to diffraction from the
shadow boundary and to scattering into the shadow zone from turbulent
regions between the source and the shadow boundary. An expression for the
total attenuation, ASh (not including molecular absorption, AH), has been

WADC TR 57-353 Pt II 9



derived, as followsz:

Agy

where 1 =
0

+h
1}

S
n

A,K

I I
= 10 log —2 = 10 log -
+

Ish Intls

relative intensity of sound entering shadow at boundary at
receiver height (5 ft)

(2fW)2 + A

dZ
o

intensity of sound diffracted into shadow region

2/3 f1 /3

exp. [-ZK (a + Bcos @) (d-do)ﬂﬁ

dd
o

intensity of sound scattered into shadow region

(W)
2
(d-dO/Z)

horizontal distance from source to shadow boundary at
receiver height

(11)

horizontal distance from source to receiver, assumed equal

to slant distance

frequency, cps

wind velocity, ft/sec

= experimental constants
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@ = sound velocity gradient due to temperature gradient at
receiver height, sec-

= -1.07 x temperature gradient#, °F/ft at 68°F

Bcos® = gradientof wind component in opposite direction
to sound propagation at receiver height, sec=~1

d (W cos @)
dz

For a given source and receiver height, the distance, dys; from source to
shadow boundary varies as (a + Bcos (3)’1/2. Representative computed plots
of shadow attenuation as a function of source to receiver distance, d, and wind
velocity, W, taken from Reference 2, are shown in Fig. 11, in which the
wind-sound angle is assumed to be 180° and the temperature gradient zero,
The wind gradient is also assumed proportional to wind velocity at a given
height. Beginning at the shadow boundary, the diffracted intensity, I, is by
far the larger component of sound in the shadow, but drops off very rapidly
both inversely and exponentially with distance., The higher the wind velocity
(that is, the larger the gradient), the closer is the shadow boundary to the
source and the more rapidly the diffracted intensity drops off, At greater
distances the scattered intensity becomes the major component. It drops off
at a rate approaching the inverse square law and the intensity increases with
the square of the wind velocity. In selecting weather parameter functions for
the regression computations of the dive pass data, it was expected that the
average attenuation for upwind propagation at the lowest elevations would show
a curve with distance indicating shadow attenuation and would have a shape
approximating an average of the curves computed from the foregoing theory.
The functions, (W cos #)2/3 and (AT)2/3, were chosen to apply to the
diffraction region and the function, loge W, pertains to the. scattering region.,
The function, Wcos @, was also included for comparison with the 2/3 power.
The wind velocity component, W cos s was substituted for the gradient,B cos @,
because they have been shown experimentally to be closely proportional at a
given height. Similarly, the temperature difference, AT, was used in place
of the sound velocity gradient due to temperature because they are nearly
proportional for the temperature range observed, Since the quantities,
(AT)2/3 and (W cos @)2}33, are related exponentially to the diffracted intensity
they are taken as being proportional to the attenuation in decibels, Strictly
speaking, the attenuation is proportional to the function, (kAT + W cos ¢)2/3,
where k is some constant, rather than to each term separately to the

2{3 power. However, the average values and ranges of AT and W cos ¢
obtained in the study are such that their sum to the 2/3 power is very closely

* In accordance with meteorological terminology, a temperature decreasing
with height is considered to have a positive gradient, but the corresponding
decrease of sound velocity is considered as a negative gradient,
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proportional to either term to the 2/3 power. To simplify the regression
computations, therefore, the terms were treated as separate variables.
Since the scattered intensity is proportional to W2, the log of W was used
to compute the regression of scattered attenuation in db on wind velocity, the
exponent being absorbed in the proportionality. Also, in order for the
observed values of attenuation with're spect to temperature gradient, AT, to
be fitted by a linear, monatonic curve against (AT)2/3 as the abscissa, the
values of AT were mostly negative (temperature at flight altitude higher
than ground), so that this requirement was fairly well satisfied.

Simple rather than multiple regression coefficients were computed for
the above weather parameter functions because the choice of functions made
it desirable to show the relation of attenuation to each parameter individually
rather than to their combination¥. If a series of parameters used as indepen-
dent variables are completely independent of each other, then the regression
coefficient for each parameter will have the same value whether it is computed
as a simple regression coefficient or as one of a series of multiple regressicn
coefficients as defined by Eq. (4). However, if the parameters have a high
correlation with each other, as, for example, loge W and Wcos @, or
especially W cos # and (W cos @)2/3, then the values of the multiple
regression coefficients computed for these parameters will differ from the
corresponding simple regression coefficients according to the degree of
correlation between the parameters. Simple regression coefficients, how-
ever, have the same value for a given parameter, regardless of its
dependence on any other parameter. A regression equation of the form of
Eq. (4) using simple rather than multiple regression coefficients is valid for
predicting the value of attenuation from known values of weather parameters
only if the parameters are completely independent of each other3,

Wind-Sound Angle

In the previous program it was observed quite consistently that
attenuations were greater when the sound was propagated with the wind
(downwind) from the 14. 5° and 30° source elevations than against the wind,
This is the opposite of the effect observed for ground-to-ground propagation,
In order to study in more detail the effect of wind direction on attenuation,
selected level recorder charts for the circular passes were divided into
sections corresponding to octants of the circle and the average level in each
octant was read from the chart. These octant levels and their variations
from the mean level of each circular pass were tabulated as functions of
absolute wind direction, relative wind-sound angle, wind velocity, frequency,
site location, ground cover, and season of the year.

* The simple regression coefficient indicates the variation of attenuation with
respect to a given weather parameter when all other parameters are held
constant, and is therefore equivalent to the partial derivative with respect
to that parameter,
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SECTION'IV

RESULTS

The dependence of sound attenuation on weather was evaluated by the
different analyses discussed in Section III, The principal results are given
in this section.

RANGE OF WEATHER CONDITIONS

The range of the weather parameters is given in Table II (Appendix A)
and plotted in Fig, 12, The number of observations has been plotted as a
function of the individual weather parameters, It will be seen that substantial
differences between the Arizona and Illinois data exist in the humidity and the
humidity function as well as the wind and wind gradient. It appears that strong
winds were very rare in Arizona and the absolute humidity there was usually
considerably lower than at the Illinois site, In comparing the two locations
it should be noted that the Arizona data refers to the winter months and the
Illinois data to summer and early fall. The negative mean values of tempera-
ture gradient appearing in the table indicate a predominance of temperature
inversions at the lower altitudes, that is, higher temperatures at flight
‘altitude than at ground. This resulted from the comparatively large number
of measur ements taken near the beginning and end of the day, particularly in
Arizona, when inversions typically occur.

The distribution of the humidity function, H, Fig. 12, is of particular
interest. It is seen that, although the range of this function is very wide, the
mean value given in Table II is comparatively small, A few very large values
occurred in Arizona. In Illinois H was always small during this period,

MEAN VALUES OF ATTENUATION
Circle and Overhead Passes - Source Elevation J4.5° t0 90°

Table III (Appendix A) gives the attenuation, A_, in octave bands
averaged over all the different weather conditions forthe circle and overhead
passes - approximately 100 readings. Each of the original readings for the
circle passes was itself averaged by eye over two complete circles, For the
overhead passes each reading was the average of the four overhead passes
(Table I). Also included in Table IIT are values of average residual attenua-
tion, A= Aa - A, The average humidity attenuation, Apr, was computed
from the averfge value of the humidity function, H, given in Table II
and the regression coefficients relating attenuation to the humidity function
at each frequency, as determined experimentally from the circle pass
and overhead data, This determination is explained in the following section.
The method of deriving A_ for the dive pass data differs from the above in
that values of A, were computed individually for each flight and deducted
from the corresponding A , The resulting A values were then averaged,
However, the average residual attenuations, A ; for the two sets of data should
be comparable for the same conditions of distince and source elevation,
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Table III also lists the standard deviation, Uy of the atmospheric attenuation,
A,. These values indicate the spread of the measured attenuations due to all
weather variables, including humidity, as well as to experimental error of
measurement and chance unknown factors, For frequencies below 300 cps the
effect of humidity is negligible, and the listed values of G3 apply equally to
the atmospheric attenuation, Ay, and the residual attenuation, Ag.

One of the purposes of the work reported in this volume was to check
the repeatability of data obtained in the previous year's program, as reported
in Part I. This may be done by comparing the average attenuations for the
circle and overhead passes for the two years. The data are not exactly
comparable for the reason that the average weather conditions were not the
same for the two years. A comparison of the mean values of the more
important parameters is given in Table IV* (Appendix A). From this it is
seen that,with the possible exception of temperature gradient, the overall
mean values for the two years are quite similar. Since the effect of absolute
humidity is considerably greater than any of the other parameters, as will be
shown in a following section, the values of average atmospheric attenuation,
Ay contained in Part I were converted fo average residual attenuation,

A, = A, - Ay, in the same manner as the corresponding data given in Table III
of this report. The resulting values for the two years, with humidity effects
eliminated, are plotted in direct comparison in Fig. 13. The distance
intervals as abscissae are shown on a linear rather than a logarithmic scale,
the zero point of each interval representing the nearest distance to the source
for the indicated source elevation., For example, zero on the distance scale
corresponds to 600 feet for the 90° passes and 2400 feet for the 14.5° passes.
It is seen that all of the data for both years and for all source elevations from
14.5° to 90° can be represented as a linear function of attenuation against
distance within plus or minus 1 db for each frequency, up to a distance
interval of 5000 feet, The 14, 5° data at the largest distance interval is
subject to question because of the unfavorable signal-to-noise ratio. There
is a consistent tendency for the attenuations for the second year to be larger
at distances near the source than for the first year. . The second year's data,
in fact, is better represented as proportional to the log of the distance than to
the distance directly, There is no immediate explanation for this trend, but
it might be associated with the rather marked difference in average tempera-
ture profile between the two years and its effect on the constancy of sound
power output of the source. However, the general agreement of the two years'
data is close enough.for practical purposes, that this difference may be
neglected. If the residual attenuation is assurned to be due primarily to
scattering by air turbulence,alinear ratherthan logarithmic relation between
attenuation and distance would be more reasonable, However, since
turbulence of the size or scale contributing most to sound scattering tends to
decrease with altitude, the slope of the curve would not be expected to remain
constant,

% In Part [ the absolute humidity is given as 2.64 grains/cu. ft, A conversion
factor of 2.3 gives the value of 6,1 gm/m3 listed in Table IV.
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two frequencies, 150-300 and 300-600, where the humidity attenuation Ay, is
negligible, the slope of the lines is the same as shown in Part I, since the
same line fits the combined two years' data as well as either year alone. At
the two higher frequer_lcies, the slopes are smaller than those given in Part I,
because of the correction for humidity attenuation., The slopes of the lines,
expressed as average residual attenuation coefficients, ?1'0, in db per 1000 ft, )
are plotted against the 1/3 power of the frequency in Fig. 14. It is seen that
this plot is represented very closely by a straight line having the equation:

T o= 0.11£3 4p/1000 £ (12)
where f is the mean frequency of an octave band,

gation characteristics at the Illinois and Arizona sites where both the climate
and the ground cover differed widely. The important weather parameters are
compared in Table II and Fig. 12. Since it was expected that the large
difference in absolute humidity would account for most of the difference in
attenuation at high frequencies, this parameter was eliminated as before by
computing the average residual attenuation, Ay, for the two sites separately
for the second year's program. As noted before, these two sets of data
correspond, respectively, to the stmmer months in Illinois and the winter
months in Arizona, The data are plotted in Fig, 15 in the same manner as in
Fig. 13. The straight lines shown in these plots are drawn with the same
slope as in the previous figures containing all of the data for the two years.
There is somewhat more scatter in the Illinois~Arizona comparison, due to
the smaller number of cases, and at the lower frequencies there appears to
be somewhat higher attenuation for the Illinois summer than for the Arizona
winter, However, the lines shown fit the data about as well as any others
that could be drawn by eye. For practical purposes, therefore, the residual
attenuation may be considered to be essentially independent of general
climate and ground cover, and to have an average value dependent only on
frequency,

Dive Passes - Source Elevation 2° to 15°

Table V (Appendix A} lists the mean values, A, and standard deviation,
U A, of the residual attenuation for the dive passes.  The culling out of data
subject to ambient noise interference resulted in a reduced number of cases
at the farthest distances from the source, and a bias of the averages toward
small attenuations, In the table, those averages which are based on less than
80 per cent of the number of cases at the closest distance, namely the
425-300 ft, interval, are indicated by a line, and are considered subject to
question,

The average residual attenuations for the dive passes are plotted in
Figs. 16,AtoD. In these charts the 5°, 10°, and 15° average attenuations are
lumped together and only the maximum and minimum values occurring at each
distance are plotted. The 2° attenuations are plotted individually, Upwind
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and downwind data are separated throughout. For source elevations of 5° to
15° there is no pronounced variation of attenuation with angle and no large
difference between upwind and downwind propagation, For the higher
frequencies the 2° downwind attenuations also fall within the range of attenua-
tions for the higher angles and are not plotted separately. At the lower
frequencies the downwind attenuations for the 5 to 15° angles tend to be
slightly higher than the upwind values. The attenuations for the 2° elevation,
however, are higher at all frequencies for upwind than for downwind propaga-
tion and higher than for any greater source elevation. The very large values
and steep rises of attenuation at the higher frequencies are clearly due to
shadow effects.

CORRELATION OF ATTENUATION WITH WEATHER VARIABLES
Circle and Overhead Passes

Regression coefficients, m, which best fit the equation:

A = Arm (T-T)+m, (g-g) + my; (H-F) + my (W-W) + mG(G;G) |

are plotted as a function of distance in Figs. 17 to 21.  An indication of the
order of magnitude of the various parameters is indicated by a dotted line
marked 1/g- which is the value of the regression coefficient which, when
multiplied by the standard deviation of the corre sponding weather parameter,
will produce ! db change of attenuation. It may be observed, as in the
previous study, that the regression coefficients tend to be small, usually
accounting for less than 1 db change in attenuation. The observed standard
Jeviation in attenuation of 2 to 6 db, as given in Table IlI, may therefore be
attributed only in part to dependence on the weather parameters, the
remaining variation being due to experimental error and to unknown meteoro-
logical factors.

Where there is an indication of a pos sible dependence of the regression
coefficient on distance, a straight line is fitted by eye to the plotted points so
that zero attenuation corresponds to Zero distance. This was done only for
the temperature and humidity function, as shown in Figs. 17 and z1. For the
other weather parameters, namely, temperature gradient, wind velocity, and
wind velocity gradient, the regression coefficient scattered excessively.

This scatter, particularly when both positive and negative coefficients appear,
indicates either that the weather parameter in question actually has no
influence on the attenuation, or if so that its influence is so small as to be
completely obscured by the random experimental error in the measurement
of the attenuation or by the comparatively larger effects of other parameters.

Figure 21 indicates that my varies linearly with distance and
increases systematically with frequency. A plot of my [f¢ (where f is the
geometric mean frequency of an octave band in kilocycles) against distance is
shown in Fig. 22. From this it is possible to describe the effect of humidity

with a single number, where a slope of 0.1 was selected as giving the best
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fit by eye, Thus,

_ 2
my = 0.1(d,-d;)f

or
oy = HMp
T +45
ay = 0.1 = ) £° db/1000 ft (13)

Equation (13) was used to compute the humidity attenuation, Ay = ay (dz-dy},
which was deducted from the gross attenuation, A_, to give the residual
attenuation, A,, for both the dive passes and the circle and overhead passes,

For comparison, a line with slope 0.15, the theoretical value of k in
Eq. (8), is included in Fig, 22 %, The experimental data will fit this
theoretical slope if a value of frequency is chosen which is approximately
0.8 times the geometric mean frequency of each octave band. This correction
appears reasonable, since the attenuation measured in an octave band will be
weighted toward that end of the frequency range at which the smaller
attenuations occur,

Dive Passes

Simple regression coefficients, b, computed for each of the four
weather parameters defined in Section Il are listed in Table VI (Appendix A),
The standard deviation, G‘P, of each parameter is given at the head of the
corresponding column, together with values of I/O"p. Regression
coefficients smaller than 1/Tp indicate that the standard deviation of the
corresponding weather parameter will produce less than 1 db change in
attenuation, As in Table V, the line across each set of data indicates the
distance beyond which the number of cases falls below 20 per cent of the
maximum. Values below this line become inc reasingly questionable,

Upwind Propagation

The variation in residual attenuation, A,, with weather for the 2° and
5° upwind dive passes is plotted in terms of standard deviation, G‘"AO, against
distance and frequency in Figs. 23 and 24. For both 2° and 5° elevations and
for all frequencies, the spread in attenuation increases sharply with distance
up to 1200 to 1700 ft, and thereafter remains constant or diminishes slightly,
The maximum value of A  is + 12 to 13 db, occurring at a distance of
1200 ft, and at frequencies Prom 300 to 2400 cps for the 2° elevation and in
the 1200-2400 octave band for the 5° elevation. The spread in attenuation
increases slightly with frequency for the 2° elevation and shows a stronger

* Reference 1, pp 13, 14, 152,
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dependence for 5°, although a regular trend is not apparent in either case.
The spread in attenuation is essentially the same at both angles for high
frequencies, but at low frequencies is less for the 5° elevation than for 2°,

Regression coefficients for the 2° and 5° upwind dive passes are
plotted against distance in Figs. 25 to 34, For the 10° and 15° dive passes
the regression coefficients were almost all smaller than 1/0p and are
therefore not plotted. In these charts the regression coefficients, instead of
being plotted directly, are each multiplied by the corresponding value of Jdp.
This product, bJ p, termed "normalized regression coefficient'' gives
directly in decibels the change in attenuation attributable to the standard
deviation of the indicated weather parameter. The standard deviation, T A,
of the attenuation is also plotted on each chart for reference. The ratio of.
bGp to TA, is equal to the cotrrelation coefficient, r, between the attenua-
tion, Agp, and the corresponding weather parameter and indicates how much of
the total observed variation in attenuation can be accounted for by its
dependence on the variation in each weather parameter over its observed
range. By plotting the normalized regression coefficients for all four weather
parameters on the same chart, the relative influence of the parameters on the
attenuation can be directly determined by inspection,

The regression coefficients for the three wind parameters are plotted
with the same sign as computed, which was generally positive. In most
cases, the regression coefficients for the temperature gradient parameter,
(AT)Z 3, were of opposite sign to the wind parameters. Where attenuation is
due to shadow effects, a negative slope of attenuation with respect to this
parameter is to be expected because decreasing negative values of tempera-
ture gradient, corresponding to decreasing positive values of (AT)Z ,
produce increasing attenuation. As noted before, the observed values of AT
were predominantly negative. In order to permit ready comparison of the
(AT)2/3 regression coefficients with the others on each chart, they are
plotted with reversed sign throughout, To take account of the general case
where both positive and negative temperature gradients are encountered, the
regression coefficients for (AT)2 3 should be considered as positive with
respect to changes in AT in the positive direction, where 2 positive tempera-
ture gradient is defined as a decrease in temperature with height. '

The temperature gradient parameter, (AT)Z/S, and the three wind
parameters show strong correlations with the attenuation for all distances up
to the limit set by 80 per cent of the total cases. The normalized regression
coefficient values, bd p, for Wcos @ and (Wcos ¢)2/3 are almost identical
throughout, as would be expected from the nearly linear relationship

between the two functions over the range in question®, The simpler function,
W cos @, may, therefore, be used in place of the 2/3 power for predicting the
effect of wind component on attenuation. The computed correlation coefficients

% Ocecasional marked differences are due to the fact that the plotted values of
b p were computed from a constant value of Up for each parameter
based on the maximum number of cases (84), while the regression
coefficients were computed from a varying number of cases depending on-the
attenuation data available for each distance and frequency.
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of ;18 and , 20, respectively, between the temperature gradient parameter,
(AT)2/3, and the two remaining wind parameters, Wcos @ and loge W, indicate
that, while temperature gradient is not completely independent of wind, as
assumed, they are sufficiently independent that their contributions to the

on attenuation of other parameters {such as ground reflection, turbulent
scattering, etc.) which are related very indirectly or not at all to those under
consideration,

The correlations between attenuation and the two wind parameters,
Wecos@ and loge W, are of the same order, as would be indicated by the
computed intercorrelation of , 63 between the two wind parameters, and are

The highest correlation between attenuation and the combined effects
of wind and temperature gradient occurs for the 2° elevation at the 1200 and
1700 ft, distances, which are the same at which maximum variation in
attenuation occurs. At these points, the < of the temperature gradient
parameter, (A.T)2 3, accounts for 30 to 40 per cent of the spread in attenua-
tion, 0 A,s and U of either the wind component parameter, Wcos @, or the
scalar velocity parameter, loge W, accounts for 50 to 70 per centof T 4 .,
Thus, the total variation in attenuation is accounted for almost entirely by
the combined variation in temperature gradient and wind, Beyond 1700 ft, ,
the correlation between attenuation and any of the parameters drops off
sharply., This may be due in part to the reduced number of cases, There are
no marked differences in correlation with frequency, However, with
increasing frequency, correlation of the wind component parameter tends to
become higher in relation to that of the scalar velocity component,

The correlations for 5° upwind propagation are similar to those for 2°
except that they are generally lower for all of the parameters, The
maximum combined correlations of temperature gradient and wind are about
80 per cent, occurring at 1700 to 3400 ft, in the 300-600 cps octave band,
The correlation is generally more uniform with distance and does not show
the sharp drop after 1700 ft, that occurs for the 2° elevation, Furthermore,
the effect of the scalar wind parameter is larger than that of the wind
component at all frequencies,

For upwind Propagation at 10° and 15° elevations the spread in
attenuation,not including the 2400-4800 cps band, Jd°A, varied from an
average of 3 db at 425 ft. to 6 db at 4800 ft., and was largely independent of
frequency. The spread in attenuation for the 2400-4800 band was considerably
greater than for the other frequencies up to a distance of 850 ft., beyond
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which the number of cases dropped below 80 per cent of the maximum number,
However, as pointed out above, the regression coefficients for the 10° and 15°
elevations accounted, with a few exceptions, for no more than 1 db of the
observed spread at any distance, and the correlations were correspondingly
too small to be significant.

Downwind Propagation

The standard deviations, T Ay of the attenuation for downwind propa-
gation at 2° and 5° source clevations are plotted against distance in Figs. 35,36,
For the 2° elevation the spread in attenuation is generally higher at all
distances and frequencies than for larger angles, reaching a maximum of 6
to 10 db at 1200 ft, and beyond. There is considerable scatter between the
different frequencies, witha rough trend showing an increase in T A with
frequency. For the 5° elevation the average values of O p. range from
about 3 db at 425 ft, to 7 db at 4800 ft. There is no marke dependence on
frequency except for the lowest and highest bands (75-150 cps and 2400-4800
cps), both of which show a greater spread in attenuation than the inter-
mediate frequencies. The U Aq values for the 10° and 15° source elevation
are generally similar to those for 5° and to the 10° and 15° upwind data.

The correlation between attenuation and the weather parameters is in
general smaller for downwind than for upwind propagation, and in nearly all
cases the normalized regression coefficient values, b Op, are less than 2 db.
The principal exceptions occur in the case of 2° source elevations and in the
lowest octave band (75-150} at all source elevations. These data are plotted
in Figs. 37 to 44. The values for the parameter, (Wcos 9)2/3, are very close
to those for Wcos @ and are, therefore, omitted from the plots. Where the
regression coefficients are mostly negative, the negative curve of & T Aq
is plotted for comparison, For the 2° elevation the data in the 75-150 bands
are quite similar to the corresponding data for upwind propagation, The
regression coefficients for the scalar wind velocity and the temperature
gradient parameters show a strong correlation with the attenuation up to the
1imit of the valid data at 1700 ft., and their combined values account for 75
to 80 per cent of the observed standard deviation in attenuation, T Ay at all
distances. The maximum effects of the standard deviations, J7p, of the two
parameters are 4 and 3 db, respectively, at 1200 ft. At all other frequencies
the correlations and the regression coefficients are generally small, with the
exception of the 600-1200 band, where the scalar wind parameter accounts
for 4 db of the 9 db spread in attenuation at 1700 ft,

The plots for the 75-150 bands indicate that the regression coefficients
for all three parameters follow a definite and regular trend from positive to
negative with increasing source elevation angle. This is illustrated in more
detail in Fig, 45. The magnitude of the regression coefficients, b T p, and
the correlations at the 10° and 15° elevations are about the same, but of
opposite sign, as for 2%, namely, a maximum effect of a single parameter of
about 4 db and the combined effect of wind and temperature gradient accounting
for 75 to 80 per cent of the spread in attenuation., This reversal of sign
would indicate that in the lowest frequency band the downwind attenuation
increases with wind velocity, with wind component, and with temperature
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gradient* for 2° and 5° source elevations but decreases at 10° and 15°
elevations. There is an apparent sirnilar trend in the 150-300 band for the
temperature gradient parameter only, but the regression coefficients are
small, the bUp values ranging from 0 to 2 db. There is no indication of
this trend at any higher frequencies, and regression coefficients are all
small,

Attenuation in Shadow Zone

As noted above, the large attenuations and the high correlations of
attenuation with wind component and temperature gradient for the 2° upwind
passes indicate the presence of shadow attenuation, It is of interest to
compare the observed values of shadow attenuation with the theoretical values
given by Eq. (11). In order to use this equation it is necessary to estimate
(I} the sound velocity gradients, ¢ and Bcos @, due to temperature and to
wind component opposite to the direction of sound propagation, respectively,
(2) the horizontal distance dy from the source to the shadow boundary at
receiver height (5 fth and (3) the experimental constant, K. The tempera-
ture is found from meteorological data to vary approximately logarithmically
rather than linearly with height up to a few hundred feet, Assuming that this
relation holds between the heights at which AT {°F) was measured in this
program, namely, 5 ft.and 600 ft, s the value of a at 5 fi.was determined
from the equation:

-1
ey = .045 (T5 - T6OO} sec

The wind velocity has also been found experimentally to increase
approximately Iogarithmically with height, and the velocity gradient at a
given height is roughly proportional to the velocity, Since directly compar-
able data for wind component at 5 ft.and some greater height was not
available from the weather observations, experimental data by others™ on
both of the above relations were used to estimate the wind gradient at 5 ft.aga
function of the wind velocity observed at 300 ft. from the weather balloon
readings, The equations used are

W 0.65 W t/sec

H

5 300

-1
sec

If

Be 0.037 W, = 0,024 W

300

* As defined before, an increasing temperature gradient is interpreted as a
decreasing temperature at 600 ft altitude with reference to ground tempera-
ture,
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These estimated values of ag and Pgcos ¢ were used in an
expression supplied by Nyborg and Mintzer* for computing the distance, dg»
from source to shadow zZone as a function of source and receiver height where
the sound velocity decreases logarithmically with height, as given by:

z
c, = € (1 - Blog, —~z—6-)

where

B = EZ; (a, + B, cos @)

The calculations showed first that for the range of wind and temperature
gradients encountered in this program shadow formation would not be
expected to occur at all in about half of the total cases. This was due to the
large proportion of negative temperature gradients which tended to outweigh
the positive wind gradients, resulting in negative values of (a+ pcosd).

For the 2° dive passes, the calculations showed further that the microphone
would be expected to lie in the shadow zone for a still smaller proportion of
the total cages, corresponding to the highest values of combined temperature
and wind gradient. Since the attenuation rises sharply as the shadow
boundary crosses the microphone, and becomes 2 strong function of wind
and temperature gradient only in the shadow zone, there may be consgiderable
inaccuracy in representing the relation between attenuation and either the
wind or the temperature gradient by a linear function over the entire
observed range of these parameters, as is done in computing the regression
coefficients,

Observed values of shadow attenuation were compared with theoretical
values for 2° upwind dive passes by selecting five flights made on days having
large wind and temperature gradients such that the combined gradients,

{a + Bcos @), were of about the same value in each case and would place the
microphone in the shadow zone. The average value of {(ag + Pgcos #) was 0,4.

An experimental value for K of 2.8 x 104 was arrived at by fitting
the observed attenuation data for the five flights to the expression for
attenuation of diffracted socund contained in Eq. (11}).. Theoretical curves of
attenuation of diffracted sound versus distance from source to observation
point are shown in Fig. 46 using the above values of (ag + p:-cos @) and K.
The observed attenuations averaged for the five flights are plotted for
comparison. The agreement is considered quite good in view of the experi-
mental error in the measured attenuation data for the dive passes and the
approximations involved in estimating the sound velocity gradient, a + fcos d.
The attenuation values at 1200 ft are approximately linear with respect to the
1/3 power of the frequency, as predicted, although the slope is somewhat
greater,

% Reference 1, p. 53.
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The presence

2° upwind Passes do
as shown in Fig, 16,
noise. Furthermore

i I SR .,,,,_mu_..,.%-—_.“___‘#,_..._____.ﬂ_...Aﬁ_. B U

of a scattered component in the sound entering the
shadow zone woyld be indicated theoretically by a leveling off of attenuation
with respect to distance and by a decrease in attenvation with increasing wind
velocity and frequency, The cbserved average residual attenuations for the
tend to become constant with distance at about 2000 ft, .

but the effect is at least partially ob

scured by ambient

» the observed attenuations in the leveled-off region tend

an decrease with frequency. Also, ¢t

ke expected inverse

relation of attenuation to scalar wind velocity would result in negative
regression coefficients, b4, in this region, but they do not appear, In
general, the data zre not sufficiently complete or Precise
well-defined scattered component distinct from the diffracted component in
thus to permit an adequate check of the theory,

Effect of Wind Direction for Circular Passes

to indicate a

The results of the detailed analysis of the circle Passes by octants
are summarized in Table VII, The wind-sound octant numbered 0 corres-
ponds to downwind pPropagation, where the sound and wind

phone from the same
pass of the airplane,

nearest 5 mph, Whe

general,so variabledurin

reach the micro-

direction. The numbers follow the counter-clockwise
octant 4 representing upwind Propagation, The data
are grouped first according to wind velocity as read at ground level to the
re the before and after readings differed for a given
flight, the higher was chosen, For the Arizona data, the

winds were,in

Where the wind direction varied before and after the flight, the "before"
direction was arbitrarily chosen. Since the variation between maximum and
minimum level in a circular pass increased with frequenc

selected were for the 1200-2400 eps band in order to illustrate the effect
acilitate comparisons between wind velocities, sites, etc.

The data are

further sub-grouped according to sou

¥, most of the data

rce elevation angle,

site, and ground cover, The first set of circle passes analyzed was for the
period from July to September, 1956, at the Illinois site,
were predominantly from one direction during this period
correlation of attenuation with absolute source direction was about ag strong
as with wind-sound angle. At this time, the microphone was located very
close to the north edge of a field of corn which was 2 to 6

suggested that the directional attenuation might be due to
fiects. This was checked by analyzing two sets of circle

rather than tc wind e

Passes from the previous year's program at the Illinois s
the microphone was at ail times well removed from the nearest boundary of

corn or other crop,

period from Februar
to the second year's
was for the winter m

this period, the ground on all sides w

and the wind directio
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Comparison of the data from these three periods showed definitely
that the attenuation was a function of wind-sound angle and not of absolute
gource direction nor of ground cover variations. The average results of the
1200-2400 octave band data are shown in Fig. 47, where the deviation from
the mean sound pressure level of a circular pass is plotted against wind -sound
angle, -The Illincis data are averaged togetner for each of three wind velocity
ranges, and all of the Arizona data are averaged together and shown
geparately for the indicated wind velocity range. Data corresponding to the
iwo source elevation angles of 14,5° and 30° are averaged throughout. All of
the curves show an approximately sinuscidal variation in sound level as a
function of wind-sound angle, with the maximum and minimum levels
occurring close to the upwind and downwind propagation directions, respec-
tively. For the [llinois data, the difference between maximum and minimum
values is closely proportional to the wind velocity reaching an average value
of about 8 db for 20 to 25 mph winds. However, the average variation for
the Arizona passes is much less than for the Iilinois passes of corresponding
wind velocity. This is pos gibly due to the smaller number of cases available
from Arizona and the variability of the winds there. In comparing octant
analyses of individual circle passes between the two sites, it was noted that
2 well-defined sine curve did not appear as frequently in Arizona as in
Illinois, but, where it did appear, the phase and amplitude of the curve was
comparable to that of the Illinois curves at corre sponding wind speeds.

Throughout all of the analyses there was no significant difference
between the 14.5° and 30° source elevations for the same source-to-micro-
phone distance of 2400 ft, Although fewer cases Were available for
comparison at larger distances, there was no apparent change with distance.

For all of the [llinois data from the summer of 1956, octant analyses
were carried out for the 150-300 cps band in addition to the 1200-2400 cps
band. A rough sinusoidal pattern was apparent, but with amplitudes much
smaller than for the higher frequency, and with the maximum level occurring
90° in the counter-clockwise direction beyond the upwind source position.
The difference between maximum and minimum levels was on the average
less than 2 db for all passes and wind velocities, with the exception of Pass 8
(14.5° at 2400 ft. ) with 20 to 25 mph winds, where the average difference
was 3.5 db.

The question remained as to whether the variation in sound level with
wind-sound angle was an atmospheric effect or whether the airplane in
traversing the circle pass varied its sound cutput with respect to the micro-
phone with changing attitude to a considerably greater extent than was
apparent from earlier check tests, This was investigated by selecting a
number of 15° dive passes from the Illinois program for which the wind
direction was within + 45° of the east-wast line of the dive, and comparing
directly the upwind and downwind sound levels., The average difference in
airplane attitude to the microphone between upwind and downwind source
directions would be considerably less for a given scalar wind velocity for the
selected dive passes than for the corresponding circle passes, and the
difference in sound output with respect to the microphone would be
correspondingly less. The results of this comparison, averaged for eight
flights with 10 to 15 mph winds and for four flights with 20 to 25 mph winds,
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are shown in Fig, 48, It is seen that the sound levels propagated upwind
differ by only I to 3 db from the downwind levels and are consistently lower
than the downwind values instead of higher as in the case of the circle passes
of the same source elevation, and that the difference is independent of wind
velocity, This would appear to rule out any differences in propagation due to
wind direction as the cause of the observed sound level maxima and minima
in the circle passes, leaving as the most probable explanation changes in the
directivity of the source due to changing attitude around the pass. The fact
that the variations increase with frequency and with wind velocity supports
this explanation.

SECTION V

PREDICTION OF ATTENUATION

In the preceding discussion in which attenuation was defined, it was
pointed out that the rate of attenuation, &, (in excess of square law and
humidity attenuation), is not necessarily constant over the entire distance
between the source and the observation point. In order to make accurate
predictions of total atmospheric attenuation as a function of weather variables,
it is desirable to know the shape of the attenuation-distance curve between the
source and a point close enough to the observation point that the effects of
atmospheric attenuation may be considered negligible, For the circle and
overhead passes, the minimum distance varied from 600 ft. for 90° source
elevation to 2400 ft, for 14, 5° elevation. The minimum distance for the dive
passes was 300 ft. throughout. It is possible to refer all of the data, at
least approximately, to a common reference distance of 300 ft, by combining
the 14,5° circle pass data with the 15° dive pass data. This is done in
Fig. 49, The dotted lines and numbered points represent the residual
attenuation, A,, for the dive passes averaged for upwind and downwind and
for the 5°, 10°, and 15° source elevations, The average attenuation for the
three angles was found to be usually within 1 db of the 15° data alone. The
solid lines are drawn with the slopes shown in Fig. 13 for the average of all
of the circle and overhead pass data from 14.5° to 90°, Within the accuracy
of determination, the 14,5° data has a slope which is not essentially different
from the average slope for all elevation angles from 14.5° to 90°. These
lines start at a distance of 2400 ft, » which is the minimum for the 14.5°
circle passes, and are adjusted vertically to fit the 15° dive pass data. The
two sets of data overlap very satisfactorily and form a continuous attenuation
curve from 300 to 5000 ft, for this particular source elevation. It is seen
that the rate of attenuation has an initially high value near the ground and
decreases to a constant rate at a distance of about 2400 ft. The vertical
positions of the linear attenuation curves for the 30° and 90° source eleva-
tions cannot be established directly on these plots from the existing data,
since there are no data for the common 300 ft. distance for these elevations,
However, if it is assumed that the variation in attenuation rate near the
ground for a given frequency, as observed for the 15° data, is a function of
altitude alone, and not of the vertical angle of sound propagation, then the
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vertical positions of the 30° and 90° curves may be located fairly accurately,
This has been done in Fig, 50 in which the linear portions of all of the
attenuation curves are considered a8 beginning at an altitude of 600 ft., which
is the altitude corresponding to the minimum distance in both the 30° and 90°
passes. It is seen that the possible error in locating the curves by the above
assumption is usually less than 1 or 2 db, For the 75-150 band, the linear
portions are shown with slopes extrapolated from the data for the 150 to

2400 cps frequency range, as given by the curve of Fig. 14.

The complete curve of average residual attenuation, A, against
distance from source to ground, for source elevations from 15° to 30°, may
therefore be represented approximately by two sections, as shown in Fig. 51.
The linear portion begins at a distance, d', from the source corresponding to
an altitude of roughly 600 ft. and has a slope which is proportional to the
1/3 power of the frequency. The initial curved portion rises steeply to a
value, Ag,at which the linear portion begins. ¥or the 15° source elevation
data, the value of A,' varies approximately linearly with frequency for the
range of 300 to 2400 cps. For the 75-150 band, A,' is considerably higher.
Approximate values of Ag' and d', as read from the curves of Fig. 50, are
given in Table VIIL.

Table VIII

A ', db, in octave frequency band

Source Elevation 75 150 300 600 1200

Angle, Degrees a' ft, 150 300 600 1200 2400
15 2400 9 4 5 9 14
20 1800 i 3 4 7 10
30 1200 4 p 2 4 6
90 600 1 1 1 1 2

The average residual attenuation, A,, at any distance, d, from source to
ground observation point which is greater than d' is then given by:

A = A '+a (d-4dY)
(4] o o]

Values of average attenuation rate, 6y, read from the straightline of Fig. 14
and Eq. (12) are given in Table IX.
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Table IX

Octave Frequency Band a0
cps db/1000 ft,

75- 150 0.5
150- 300 0. 65

300- 600 0.8
600-1200 1,05

1200-2400 1.3
2400-4800 1.65

The average values,A,, A,', and ap,are based on the average of the
particular range of weather conditions observed in this study, In making a
prediction of attenuation from a given set of weather measurements, the
regression coefficients relating deviations in attenuation from the average to
deviations in weather variables from the average are utilized, For the
linear part of the residual attenuation curve, represented by ag (d - d'), the
correlation between attenuation and any of the four weather parameters which
were measured, namely, wind, wind gradient, temperature, and temperature
gradient, was found to be statistically insignificant, as pointed out previously,
It is preferable, therefore, to consider these attenuations as having a
constant average value given by Eq. {I12) or the curve of Fig. 14, but subject
to a scatter due to unknown or unmeasured factors. This scatter includes
the standard deviations of attenuation at each frequencv, distance, and
elevation, as given in Table III, and also the errors in curve fitting in
Figs, 13 and 14, These various deviations may be represented by an
estimated overall standard deviation of residual attenuation in the linear
range of + 3 db which applies with reasonable accuracy to all distances up to
5000 ft., to all frequencies, and to all source elevations from 15° to 90°,

The value of Ag' for the 15° source elevation similarly shows very
little dependence on any of the wind and temperature gradient parameters
uged in the dive pass analysis, Although the standard deviation of Ag' is
4 to 6 db in the frequency range from 150 to 2400 cps, the combined effects
of wind and temperature gradient account for no more than about 1,5 db of
this deviation, For these frequencies, therefore, the average values of Ag'
given in Table VIII may be used for prediction purposes, subject to a standard
deviation due to unknown causes which may be taken as + 5 db for the 15°
source elevation, The deviation would probably be less for higher source
elevations, In the lowest octave band (75-150 cps) the standard deviation of
Ao' for downwind propagation is 10 db, of which 3 or 4 db can be attributed
to the combined effects of temperature gradient and wind velocity,

The above procedure for predicting attenuation may be extended to
include source elevations down to 5°, uging the same values of A,' and
d' (2400 ft) as given for 15° in Table VIII, As shown by Figs, 16 and 49, a
single curve of A, against distance, averaged for all angles from 5° to 15°
and for upwind and downwind may be used within a maximum error of about
2'db, (An exception is in the 150-300 cps octave band where the upwind
propagation curve for 10° lies about 5 db below the average, ) The procedure
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is valid up to a scurce distance of 5000 ft, for frequencies of 300 to 1200 cps.
For higher and lower frequencies, the available datz is limited to distances
of about 3000 ft,

For elevations of less than 5o the values of Ag and Agy' are
influenced significantly by the raeasured weather variables. In applying the
regression coefficients computed in the statistical analysis to the prediction
of the effects of these variables, it is convenient first to convert the tabulated
and plotted values to the anits of measurement actually used in the weather
observations, and also to convert the non-lineax functions used in the
regression analysis to equivaient linear approximations. This is done as
follows:

Converted
Weather Linearx Regression
Parameter Unit Approx. Coefficient Unit
P, = Wcos @ ft/sec W cos @ kI::IL.5b1 db /mph
P2 :(AT)Z/3 °F AT S’»-Z(AT)ZIB kzzmo.f}bz db/°F/1000 ft
" 5 - 600 ft
Py = log W ft/sec W =12.4 logeW k3:0.12 b3 db/mph

The slope of the linear approximations for Pp and Py are taken for the part
of the curve corresponding to a range of plus and minus the standard
deviation of the weather parameter, The termperature gradient, AT, is
converted to units of °F per 1000 ft., but refers specifically to measure-
ments taken at heights of 5 ft, and apprexirmately 500 to 600 ft. The lower
height is more critical because of the comparatively rapid change of gradient
with height near the ground. The wind velocities are converted to miles per
hour,

The regression equation fer predicting residual attenuation, Ay, for
source elevations of 2° to 15° is written:

A = Kﬂ+k1 (Wcos @ - Wcos 8} mph

+ k., (AT - AT} °F{1000 ft

+ky (W - W) mph
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Inserting the average values for  Wcos @, AT, and W obtained in the study,
and the conversion factors for the regression coefficients, the above equation
becomes:

A = 10+ 1.5b1 (Wcos @ - 5.3) mph

- 0,3 b, (AT + 4.5) °F/1000 ft

+0.12 b, (W - 9.5) mph

Values of A_ as a function of frequency, distance, wind direction, and source
elevation are obtained from Table V or from Fig, 16. The regression
coefficient values, by, b,, and by, are obtained from Table VI. It is to be
noted that since these are simple rather than multiple regression coefficients,
only one of the two wind terms should be used in the equation for a given
computation. The reason for this is that since the wind component and the
scalar velocity are closely interrelated, their separate effects on attenuation
cannot be considered additive in a simple regression equation, However,
since the temperature gradient is largely independent of wind velocity, the
temperature term should be used in combination with one of the wind terms,
The choice of wind terms to be used depends on which has the largest effect
on attenuation., This is determined from the plotted values of normalized
regression coefficients, bOp, given in Figs. 25 to 34 and Figs. 37 to 44. As
noted previously, the temperature gradient, AT, is taken as positive for a
temperature at ground higher than at the measuring altitude,

Attenuations predicted by the above regression equation have been
compared with a number of individual observations for 2° upwind dive passes
in the 300-600 cps band, These have been selected to cover a wide range of
wind velocities and temperature gradients, There is fair agreement for
values of A, ranging from 0 to 8 db and, within this range, the regression
equation is probably accurate to + 3 db, However, for higher values, the
observed attenuations are generally considerably smaller than the predicted
values. This may result from the fact mentioned previously that,as either
the wind gradient or the temperature gradient changes so that the shadow
boundary crosses the microphone position,the attenuation rises more or less
suddenly and cannot be properly represented as a linear function of either
gradient,

The total atmospheric attenuation, A,, is by definition the sum of the

residual attenuation, A, and the humidity attenuation, Ay, due to molecular
absorption, From Eq. (13):

-~ 2
Ay = 0.1 (£/R)° (T +45) (d, - d;) db

where
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geometric mean frequencg of octave band, kilocycles
absolute humidity, gm/m

temperature, °F

distances, 1000 ft.

The total attenuation, A, including spherical divergence, is then given by:

A = A +AL+20 loglo(dzldl)

As discussed previously, the above expression for Ay is an approximation
which holds for values of ahsolute humidity, h, which are more than twice the
value of humidity, hpy, for which maximum molecular absorption occurs at a
given frequency, For values of h less than one-half hy, the same approxi-
mation is used except that h2 is in the numerator. For values of h within
the range, hy,,/2 to 2hy,,, the exact formula for molecular absorption should be
used. Using the experimentally determined constant based on the regression
coefficients obtained in this study, as in Eq. (13), the exact formula is:

0.1 f(T +45) (d, - dy)
Ay = > > db (14)
(/b )% + (h /b)

Values of hyp,, taken from Reference 1, p. 14, and of peak values of absorp-
tion, apy, computed from Eq. {14) for values of h=h,,, are given for various
frequencies and temperatures in Table X {Appendix A),

SECTION VI

SUMMARY AND CONCLUSIONS

The experimental program described in Part I, in which the effects of
weather variables on the atmoespheric propagation of sound from an elevated
source to ground were statistically evaluated, has been extended to include
source elevation angles below 15°, and to include a second test site, where
the climate and ground cover differed appreciably from that at the first site,
Some of the observations made at the first site were repeated for a check on
the previous data, Reliable data from the two programs have been obtained
up to an altitude of 4800 ft, and to a horizontal distance of approximately
one mile, for source elevation angles of 2° to 90°, The weather variables
chosen for the study have been based on data which would be obtained
routinely at a typical air base, The range of weather and climatic conditions
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for which measurements of propagation were obtained is believed to be wide
enough to be representative of the United States as a whole,

The conclusions drawn from the combined results of the work reported
in Parts ] and II are as follows;

1. Those weather variables which have been found to have a statisti-
cally significant effect on sound propagation are:

Absolute humidity

Temperature

Temperature gradient

Wind velocity

Wind velocity gradient

Wind direction relative to direction of sound propagation,

2, The effects of absolute humidity and temperature may be combined
into a single function which accounts for molecular absorption. For the range
of absolute humidities usually encountered, the attenuation coefficient due to
molecular absorption is given approximately by:

ay; = 0.1 (T + 45} lehz db/1000 ft
where
T = temperature, °F
f = geometric mean of an octave frequency band, kilocycles
h = absolute humidity, gm/m3,

For the average values of absolute humidity and temperature of 8 gm/m3 and
60°F, respectively, obtained in the two programe, the attenuation coefficient
given by this formula is approximately 2 db/1000 ft, for the 2400-4800 cps
octave band,

3. Residual attenuation, obtained by deducting the attenuation due to
spherical spreading and molecular absorption from the total attenuation, is
essentially linear with distance above an altitude of about 500 ft, for all
frequencies, for all source elevations from 5° to 90°, and for all distances
from source to ground up to 5000 ft. The average residual attenuation
coefficient within this region is given by:

a = 0.11¢/3

o db/1000 ft,

where f is the geometric mean irequency of an octave band in cps. This is
equivalent to approximately 1 db/1000 ft. in the 600-1200 cps band, The
residual attenuation may vary by + 3 db from the value given by the above
equation, but this variation shows no significant correlation with any of the
measured weather parameters, or with the change of test site.
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4. The attenuation is independent of wind direction with respect to the
direction of sound propagation for source elevations of 5° and higher, Results
reported in Part I showed higher attenuation of sound propagated with the wind
than against the wind when the airplane noise source traversed a circular path
about the ground observation point. However, this effect did not appear when
the same source was moving directly toward the observation point, alternately
with and against the wind, Therefore, the effect previously observed has been
attributed to directional characteristics of the .source rather than to atmos-
pheric causes,

5, The rate of attenuation between ground and an altitude of a few
hundred feet is in general considerably greater than at higher altitudes,
particularly for low angles of source elevation, The average residual attenua-
tion for source elevations of 5° to 15° at a source distance of 2500 ft,
{referred to a 300 ft, distance) ranges from 4 db for the 150-300 cps band to
14 db for the 1200-2400 cps band, The attenuation in this region has a varia-
tion of £ 5 db, but shows little or no correlation with any of the measured
weather parameters.

6. For a'source elevation of 2° it is possible for sound shadows to
form in the presence of strong wind and temperature gradients which cause
upward refraction. When the observation point is in a shadow zone, high
attenuations are observed which are found to agree reasonably well with
theoretical predictions, The statistical evaluation of the observed data shows
on the average larger attenuations for gound propagation against the wind than
with the wind at 2° source elevation and larger attenuations in either direction
than for any higher source elevation, There is also a high degree of
statistical correlation of attenuation with the weather parameters which
determine the position of the shadow boundary, namely, temperature gradient
and wind velocity component opposite to the direction of sound propagation,
However, since the variation in attenuation with respect to the position of the
shadow boundary is highly non-linear, the correlations do not lend themselves
to accurate prediction of attenuation in individual cases,
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FIG. 1 - GROUND VIEW OF ILLINOIS SITE

FIG. 2 - AERIAL VIEW OF ARIZONA SITE
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FIG. 6 - DIVE PASS GUIDE LIGHTS AND MICROPHONE
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APPENDIX A
TABLES

Table I

Airplane Passes

Code Type Altitude Range Elevation Direction
1 Circle 600 ft 1200 ft 30°
2a Overhead 600 600 90° Against wind
2b Overhead 600 600 90° Wind on plane's left
2¢ Overhead 600 600 90¢*° With wind
2d Overhead 600 600 90° Wind on plane's right
3 Circle 1200 2400 30°
4a,b,c,d Overhead 1200 1200 90° See pass 2
5 Circle 2400 4800 30°
ba,b,c,d Overhead 2400 2400 9Q° See pass 2
7a,b,c,d Overhead 4800 4800 90" See pass 2
8 Circle 600 2400 14,5°
9 Circle 1200 4800 14, 5°
10 Circle 2400 9600 14.5°
11E, 11E2 Dive 157 From East
11w, 11wz Dive 15° From West
12E, 12E2 Dive 10° From East
12W, 12wW2 Dive 10° From West
135, 13E2 Dive 5e From East
13w, 13wW2 Dive 5e From West
14E, 14E2 Dive 2° From East
14W, 14W2 Dive 2° From West

Note: Overhead passes were used to obtain data on propagation from the
airplane directly overhead only., Hence, the elevation angle is given
as 90° and the altitude and range are the same.
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Table II

Weather Parameters

Measuring Illinois Arizona Overall Standard
Parameter Altitude, ft Min. Max. Min, Max, Mean Deviation
T Temp., °F 5 54 87 42 83 69 8.5
600 56 86 50 82 71 8.5
1200 54 B4 50 80 69 8.5
2400 55 79 41 75 65 8.5
4800 45 77 36 70 60 8.5
g Temp. gradient, 600 -23 10 -32 5 - 4.2 4.5
°F /1000 ft, 1200 -11 8 -14 4 - 0.6 2,6
measured 2400 -3 5 -6 4 1.2 1.7
between 5 ft and 4800 -1 5 - 4 4 0.8 0.8
W Wind velocity, 600 1.7 44.9 1.5 42.7 14 9
ft/sec,averaged 1200 4.0 46.6 2.2 26,7 16 10
between ground 2400 5.6 49,1 2.8 24,3 18 12
and 4800 6.1 53.3 5.6 26.5 20 13
G Wind gradient, 600 17 19
ft/sec /1000 ft, 1200 14 11
between ground 2400 15 9
and 4800 20 10
h Absolute humidity, 3 5 22 1 12 9.5
gm/m?,
{for band 5)% 2
(for band 6} 3
H = (T+45)/h° 3 0.3 3 1 54 4.1
(for band 5)* 20
(for band 6) 10
W cos § Component 600 7.7 6.9

of wind parallel to
dive pass, ft/sec,
averaged between
ground and

WADC TR 57-353 Pt Il 88



Table II {Continued)

Measuring Illinois Arizona QOverall Standard
Parameter Altitude, ft Min. Max, Min, Max, Mean Deviation
(W cos 3)2/3 3.6 2.3
2/3
(AT) *F between 600 : 1.96 1,04
ground {5')
and
log,, W averaged 600 2,43 .70
between

ground and

* Values of h less than those indicated for frequency bands 5 and 6 were not
used in correlations, since humidity function, H, is not valid.
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Table IV

Comparison of Mean Weather Parameters for lst and 2nd Years

Illinois Illineis and Arizona
lst year Znd year
Temperature, °F 53 69
Temperature gradient, °F /1000 ft, 1.2 -4.2
between 5 ft and 600 ft
Wind velocity, ft/sec, averaged 19 14
between ground and 600 ft.
‘s 3
Absolute humidity, gm/m 6.1 9.5
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Table VI

Simple Regression Coefficients, b, of Residual Atmospheric Attenuation, Ao’
with Respect to Weather Parameters for Dive Passes

C‘;) = standard deviation of parameter,
Frequency Source Direction Distance b, bz by b4
band elevation of interval W cos @ (AT)Z‘F3 log W (W cos ¢)2/3
angle propagation ft CG;=6.9 1; 04 .?0 2.25
1/05=.145 .96 1,44 . 445
75-150 2° Upwind 425-300 - 0,096 -1.58 1,60 0,293
600 0 - - -
850 0.432 -2.45 6.87 1,23
1200 0,706 -4.03 8,96 2. 05
1700 0.593 -3.38 5.90 1,73
2400 0,022 -3.98 2,05 0.036
3400 -0,027 -1.50 0.849 -0,081
4800 -0,126 -0.909 0.557 -0, 241
6800 -0, 257 -2,99 -2,06 -0,780
9600 -0.528 -0.119 -1,11 -1, 19
Downwind 425-300 0,085 -0.851 1,17 0.214
600 0 - - -
850 0.165 -2.24 3.96 0,383
1200 0.442 -2.84 5.68 1.16
1700 0.536 -2.20 5.65 1,48
2400 0,317 -1,06 3.03 0. 877
3400 0.075 -0,508 0,652 0.266
4800 -0.089 -0,656 0. 568 -0.233
6800 0.133 -0.162 -0.625 0.300
9600 0.063 1,78 1,87 -0.072
5° Upwind 425-300 0.102 -0.895 1.67 0.333
600 0 - - -
850 0,201 -0,280 2.71 0.569
1200 0,232 -1.50 4, 89 0. 656
1700 0.326 -1.42 3.87 0.944
2400 0.230 -1.85 2,32 0.676
3400 0,301 -2.03 3.03 0.919
4800 0.319 0.454 4,27 . 0.988
6800 0.394 0,105 2,82 0,580
9600 0.239 2,19 4.75 0.210
Downwind 425-300 0,070 -0.061 0,475 0.210
600 0 - - -
850 0.012 -0, 195 0. 890 0.040
1200 0.241 -1.36 3.83 0.726
1700 . 0.112 -1.12 1.21 0,378
2400 0,279 -0.966 1.71 0.699
3400 0.100 -0.945 0.817 0.180
4800 0,232 1,47 3,06 0,449
6800 0,252 2,93 3,57 0.618
9600 0.201 2,18 -1.32 . 0.577

Data below line are based on less than 80 per cent of the number
of cases at 425 ft and are subject to question,
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Frequency Source Direction
band elevation of
angle propagation
75-150 10° Upwind
Downwind
i5° Upwind
Downwind

WADC TR 57-353 Pt 11

Table VI(Continued]

Distance b1 b b3 b4
m";”*“ W cos @ (aT)>!3 log, W (W cos )%
425-300 0,069  -0.224 1,54 0.199
600 0 _ . _
850 -0.039 1.68 0.041  -0,114
1200 _0.022 0. 586 1.32 _0.072
1700 0. 003 0.341 0.809 0.047
2300 0.038  -0.145 1.06 0.114
3400 0.163  -0,666 2.10 0.455
4800 0.203  -0.888 3,87 0. 545
6800 0.675  -0.008 6.13 1.75
9600 0.536  -0.644 5. 40 1.46
425-300 -0.075 0.919  -0.116  -0.222
600 0 : - -
850 -0.232 3,12 -1.85 0.682
1200 _0.438 3,50 ~1.60 1.29
1700 _0. 280 2 96 _1.54 -0.792
2400 Z0.183 3. 26 1. 76 0. 500
3400 _0.231 3.98 -1.54 -0.748
4800 _0.397 2. 80 1,79 S1L11
6800 0,308  -0.62 _3.47 -1.01
9600 _0.424 2,16 21,61 1,39
425-300  0.0189 -0.327 0.538 0.050
600 _ i i )
850 ] _ - ]
1200 i . ] _
700 5,100 0317 -0.268  -0.332
2400 ~0., 049 1.49 _0.467  -0.148
3400 0.065 0. 582 2.45 0. 144
4800 0.228 0. 369 2.93 0. 554
6800 0.059 1.99 3. 84 0. 124
9600 0. 154 1.95 5. 66 0.322
425.300 -0.044  -0.103 0.332  -0.087
600 0 - - i
850 _0. 289 3,27 -3.98 -0.855
1200 ~0. 409 3,02 _4.76 _1.23
1700 0,415 2. 67 2. 13 -1.20
2400 _0.229 1.73 2,13 -0, 648
3400 -0.317 3.93 _2.01 _0. 876
4800 _0.631 6.18 _4.88 _1.81
6800 0,403 7.53 1,44 J1.31
9600 0.164  -1.80 -4.79 _0.658
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Frequency Source

band

150-300

elevation
angle

ZD

50

Table VI{Continued)

Direction
of
propagation

Upwind

Downwind

Upwind

Downwind

WADC TR 57-353 Pt II

Distance

b

by

b b

. 1 3 4
1nt?trva1 W cos @ (AT)2/3 loge W (W cos 0)2/3
425-300 0,289 -1,05 3.39 0.862
600 . . . .
850 0,480 -1.80 5.99 1,50
1200 0.810 ~2.79 8,27 2.49
1700 0,695 -2,.62 5.47 1,88
2400 0,693 -4, 24 4,69 1,77
3400 0.421 -1,58 2.42 1.04
4800 -0, 140 0.824 -1,26 -0.175
6800 -0.588 3,37 -0.229 -1.49
9600 -0.335 4,95 -0,162 -0.780
425-300 0. 048 -1,17 0,938 0.154
600 -0,067 -1,60 0. 399 -0.235
850 -0,127 -1.09 -0,081 -0.472
1200 0.020 -1.47 1,63 0.021
1700 0,012 -0.999 2,14 0. 037
2400 -0.103 -1.20 0.427 -0,278
3400 -0,057 -1.20 -1.27 -0.176
4800 -0,203 ~-0.210 -1,77 -0,578
6800 -0, 245 0.818 -1.74 -0.699
9600 -0.483 3.69 -2.87 -1,20
425-300 0.073 -0.392 0.917 0,216
600 0,124 0.102 0.803 0, 359
850 0.243 -0.369 2.72 0.720
1200 0.349 -1.42 3.83 1,03
1700 0.327 -1.52 3.88 0.976
2400 0.342 -2.25 3.82 1,04
3400 0.330 -1.82 2,27 0,998
4800 0,178 -0.917 2.19 0.516
6800 0.191 1.47 -0.193 0.680
9600 -0, 047 0.608 -0.405 0,021
425-300 0.099 -0.040 0.530 0.309
600 G, 023 0,693 -0,113 0,086
850 -0.077 1,21 -0.952 -0.194
1200 0.087 0,624 1,51 0,277
1700 0.076 0,482 0,734 0.275
2400 0.078 0,412 1.63 0.258
3400 0,011 0.925 0,973 0,053
4800 -0,163 1.73 -1,03 -0,466
6800 -0,332 2.16 -2,.62 -0,783
9600 0,094 -0,548 -1.94 0.327
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Table VI (Continued)

Frequency Source Direction Distance b, b, b3 b4
band elevation of interval - ¢ (AT)Z /3 1 W o(w 0)2
angle propagation ft cos ¥ °8e cos

/3

150-300 10° Upwind 425-300 0.116 -0,397 1.46 0.366
600 - - - -

850 0.046 -0.005 1.50 0.159

1200 0,055 -0.826 2.54 0,221

1700 0.020 -1.36 1.87 0. 089

2400 0,050 -2.09 1,91 0.176

3400 -0,123 -1,28 0,420 -0.326

4800 0.027 -1,24 2.78 0.117

6800 0.070 -r.72 2,85 0. 295

9600 0.401 -2.56 4. 67 1.13

Downwind 425-300 0.086 0.041 1.47 0. 249
600 0 - - -

850 -0.016 1.77 0.667 -0,050

1200 -0, 087 1.67 1,20 -0.273

1700 -0.035 1,38 1.22 -0.119

2400 -0, 007 1.26 1,01 -0.023

3400 0.026 1.57 0.838 -0,055

4800 -0,044 0,868 0,421 -0.234

6800 -0,012 1.43 2.20 -0.,110

9600 0.163 1,03 2.16 0.436

15° Upwind 425-300 0.017 -0.108 -0,225 0.039
600 0o . - - -

850 -0,068 1.99 -2.48 -0,219

1200 -0.059 1.28 -1.33 -0.198

1700 -0.160 1.40 -1.83 -0.471

2400 -0,035 0.419 -0,.654 -0.101

3400 -0,125 0.250 -0,875 -0.403

4800 -0,201 0,704 -1.77 -0.598

6800 0.110 -0.115 2.23 0.302

9600 -0.003 0.946 -3.85 0.076

Downwind 425-300 0.110 -0,209 1,49 0,352
600 0 - - -

850 -0,056 0.990 -0.320 -0,145

1200 -0.191 1.29 -0.693 -0.585

1700 -0,031 1.48 0.210 -0,102

2400 -0.051 0.861 -0.253 -0,141

3400 0.017 1,23 0,391 0.045

4800 0,002 1.26 -0,700 -0.023

6800 -0, 286 2.00 -3.67 -0.764

9600 -0.097 0.136 0.358 -0.210
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band

300-600

elevation
angle

20

50

Table VI(Continued)

Direction
of
propagation

Upwind

Downwind

Upwind

Downwind

WADC TR 57-353 Pt I1

/3

Distance b b2 b b4
interval 1 2/3 3 2
mn £t W cos @ (AT) IogeW (W cos §)
425-300 0,286 -1.57 2.92 0,827
600 0.350 -0.812 3.53 1.06
850 0,727 -4,98 8.74 2.19
1200 1,19 -5.71 10,87 3.35
1700 1.23 -4.80 9.75 3.31
2400 0.639 -3.63 7,20 .11
3400 0.318 -3.03 4,57 1.05
4800 0,297 -1,51 1,88 0.942
6800 -0.201 3,67 -0.710 -0,.329
9600 -0,337 1.59 -1.58 -0,705
425-300 -0.032 0,181 -0.620 -0,035
600 -0.004 -1,84 0,541 -0.003
850 -0,27 0. 649 -2,46 -0,823
1200 -0,024 -0,265 0.499 -0,025
1700 0,024 0.873 -0,193 0.174
2400 -0.032 0,883 -1.23 0.014
3400 -0.136 1,13 -2,92 -0, 344
4800 -0.218 2,35 -4,02 -0,652
6800 -0,314 3.27 -3,81 -1.01
9600 -0.275 3.36 -4,59 -0.855
425-300 0.094 -0.736 1,47 0,244
600 0,213 -0,724 2.43 0,589
850 0.303 -1.92 4,30 0,834
1200 0.477 -3.38 6.37 1,34
1700 0.611 -3.84 7.64 1,77
2400 0.576 -3,77 6.13 1.61
3400 0,487 -4.42 6,33 1,45
4800 0,329 -4,59 6,14 0. 857
6800 0.305 -4, 74 4,50 0.940
9600 0.302 -5,37 4,23 0.927
425-300 0.067 0.319 0.434 0.223
600 0.063 0.651 0.438 0,180
850 -0.021° 0.559 0,496 -0.0506
1200 0,145 -0.417 2.28 0.422
1700 0,167 0,573 1,15 0,514
2400 0,202 0,378 3.22 0.634
3400 0,151 0,378 2,46 0,472
4800 0,282 -0,392 3.48 0.768
6800 0,190 -0,183 2.00 0.630
9600 0.254 -0.501 2,90 0.813
100.



Table VI{Continued)

Frequency ©Source Direction Distance b b b b
band elevation of interval W ! @ ATZZIB 1 3 W (W b ¢ 2/3
angle propagation ft cos { ) C8q (Wcos 0)
300-600 10¢ Upwind 425-300 0,057 0.050 1.14 0.175
600 0.107 0.027 1,57 0.304
850 0.031 0.454 0,734 0.121
1200 -0,041 0.413 0.423 -0,097
1700 -0,075 0.420 -0.192 -0,178
2400 -0.149 -0,166 0.136 -0,441
3400 -0.177 -0.414 0,844 -0,510
4800 -0,343 0,122 -0.219 -1.05
6800 -0,288 -0, 849 -0.455 -0.929
9600 -0,038 -1.96 2,13 -0,389
Downwind 425-300 0,151 -0. 058 1,85 0,447
600 0.145 0,171 2.27 0.441
850 0.027 1.64 1,35 0. 097
1200 -0.024 1.01 1,12 -0,083
1700 0.034 0.834 1.84 0.096
2400 0.087 6.478 1.64 0,343
3400 0,107 0,308 2,47 0.255
4800 0,166 0,308 2.94 0,456
6800 0.332 -0.661 5.12 1.05
9600 0.095 -1.37 2,38 0.317
15° Upwind 425-300 0,021 -0.330 0. 640 0,071
600 0.081 -0,158 0.619 0.265
850 -0.014 1,02 -0.714 -0, 057
1200 0,047 0,050 1.73 0.126
1700 -0.052 0,701 0.572 -0.154
2400 0.036 0.454 1,16 0.135
3400 -0.058 -0.391 -0.163 -0.107
4800 0.198 0.016 0,667 0.674
6800 0.036 0,487 0.085 0.199
9600 -0.020 0.519 -1,21 0.013
Downwind 425-300 0,027 0.404 0,009 0.068
600 0.128 0.488 0,843 0,371
850 0,020 1,14 -0.131 0.063
1200 0,045 0.924 0.850 0.129
1700 0.127 1.03 1,26 0.324
2400 0.036 1.16 0. 264 0.109
3400 0.159 2,28 -0.240 0.493
4800 0.024 0,481 -1,13 0.096
6800 -0.163 1.48 -0.933 -0.401
9600 -0.066 0.134 1,12 -0,214
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Frequency Source

band

600-1200

elevation
angle

20

50

Table VI (Continued)

Direction
of
propagation

Upwind

Downwind

Upwind

Downwind

WADC TR 57-353 Pt II

Distance b1 b2 b3 b3
1ntfirva1 W cos § (AT)2/3 log, W (Wcos ¢)2/3
425-300 0,187 -1.28 2,35 0.542
600 0.736 -3.79 7.08 2,06
850 0,997 -4.98 9,37 2.72
1200 1.14 -4,19 g.66 3.21
1700 0.964 -3,33 6,14 2,75
2400 0.662 -1,85 5.98 1.89
3400 0.866 -2.39 3.75 2.35
4800 0.807 -4,50 3.66 1.91
6800 0.053 -3.90 -0.576 0.072
9600 -0,344 ~-7.45 -0.309 -0.922
425-300 0,066 -0, 248 1,54 0.177
600 -0.071 0.683 0,102 -0.199
850 0.053 -0.00 1,77 0,110
1200 0,148 -0,568 3.69 0.358
1700 0.311 -0.793 4,05 0. 809
2400 0.252 -0.478 3.79 0,633
3400 0.511 -1.55 4.78 1,38
43800 0.250 -2.48 3.06 0, 542
6800 -0.200 -2,85 1.03 -0,540
9600 -0.165 ~-3.44 1,41 -0,630
425-300 0.072 -0, 264 1,56 0.198
600 0.058 0.632 0.152 -0.156
850 0,079 -0.118 1,88 0.191
1200 0.157 ~0.562 3.70 0. 396
1700 0,340 -0.844 4,12 0,905
2400 0.324 -0,715 4,07 0.836
3400 0.520 -1,47 4,75 1.42
4800 0,249 -2.36 3,06 0.566
6800 -0,359 -2.42 0.597 -0, 873
9600 -0.313 -2.88 0.957 -0.990
425-300 0,041 0.230 0.549 0,135
600 -0.044 0.669 -0,832 -0,109
850 Cc.024 0,753 0.105 0.041
1200 0. 286 0.255 3.11 0,709
1700 0,282 0.693 2.11 0.759
2400 0,297 0.403 2.87 0. 840
3400 0.189 -0.284 1,97 0.563
4800 0,020 -0.702 1,73 Q.020
6800 -0.141 -0.771 2.44 -0.139
3600 -0.182 -3.45 0. 055 -0.563

102



Table VI{Continued)

Frequehcy' Source Direction
band elevation of
angle propagation
600-1200 10° Upwind
Downwind
15¢ Upwind
Downwind

WADC TR 57-353 Pt 11

Distance bl bZ b3 b4
lnt?trval W cos @ (AT)2/3 logeW (W cos 0)2/3
425-300 0,171 0.677 1.69 0.470
600 0.159 0,135 1,63 0.395
850 0.122 0.324 1.14 0.305
1200 0.079 -0,496 0.769 0,233
1700 0,064 -0.052 -0.168 0. 240
2400 -0,153 -0.927 -0,447 -0,389
3400 -0.002 -1,15 0.15] 0.0169
4800 -0.294 -0,582 -1,48 -0.799
6800 -0,434 1,20 -2,01° -1.19
9600 -0.107 -0.904 1,57 -0,153
425-300 0.099 -1,07 2,41 -0,794
600 0.050 -0.996 2.12 -0.171
850 -0,068 0.417 1,32 0.066
1200 -0.073 -0.363 2.05 0,084
1700 0.092 -0,054 2,25 -0.204
2400 0.065 -0.786 2,18 -0.239
3400 0, 047 -1.25 3.21 -0.135
4800 -0, 239 -0, 137 0.115 -0,278
6800 -0, 145 -0,614 i.82 -0.286
9600 -0. 245 -0.299 1,64 0,336
425-300 -0,055 -0.683 0.999 -0.171
600 6.193 0.293 0,381 0,066
850 0. 048 0.983 0. 069 0,084
1200 -0,064 0.628 0. 803 0,204
1700 -0,074 1,00 0. 348 -0, 239
2400 -0,043 0,602 0. 569 -0.135
3400 -0.112 -0,162 0,037 -0,278
4800 -0,088 0. 807 1.25 -0, 287
6800 0,147 -3.20 4,26 0,336
9600 -0,505 -4.03 2.70 -0.653
425-300 0.082 -0.553 1. 24 0,238
600

850 0.027 0.527 0.613 0.082
1200 -0,110 0.588 0. 244 -0,304
1700 0,046 1,17 0,721 0.111
2400 -0,077 0.051 -0,008 -0.172
3400 0.022 0.267 -0.199 0.567
4800 0.122 -0.517 1.08 0.270
6800 -0.492 -2.51 0,516 -1,44
9600 -0,256 -3.11 3.17 -0,.929
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Frequency Source

band

1200-2400

elevation
angle

20

59

Table VI{Continued)

Direction
of
propagation

Upwind

Downwind

Upwind

Downwind

WADC TR 57-353 Pt II

Distance b1 bZ b3 b4
1nt?trval W cos 0 {AT)Z/?’ 10gew (W cos 0)2/3
425-300 .41 -.97 3,46 1,22
600 .. 85 -2,42 6.94 2.28
850 1,09 -3.10 9,44 3.07
1200 .87 -3.90 9,59 2.60
1700 .. 608 -2.75 4,69 1,79
2400 , 245 -2,13 1.25 . 643
3400 -.003 -.093 . 708 .013
4800 . 143 3.15 1.92 . 707
6800 . 144 1,56 .05 . 865
9600 -.35 -3,66 -2.7 i
425-300 0.063 -0.018 1,10 0,250
600 0,014 -0,094 0.575 -0.061
850 0,076 -0,664 1.94 0,171
1200 0. 269 -2.33 5,02 0,747
1700 0.134 -1.93 3.37 0.477
2400 -0.433 -0.648 -2.62 -1,34
3400 -0,122 -1,32 -1,90 -0.335
4800 0.073 -3.50 -5.51 0.361
6800 1,89 1.26 3,17 3,94
9600 0,945 -4, 29 -0,874 1,93
425-300 -0,012 -0.516 -0,149 -0,019
600 0.140 -0.159 0,187 0.412
850 0,130 -1.05 0.491 0,352
1200 0.432 -0.626 2.59 1.23
1700 0.475 0.314 2.00 1.35
2400 0,219 0,251 0,941 0.561
3400 0,124 -2,08 -0, 851 0,407
4800 0.399 -2,48 -2,27 1,31
6800 -0,023 -1.49 -1,05 0,577
3600 -0.032 -3, 88 -3.15 0.150
425-300 0,192 -0,807 2.20 0.558
600 0.085 -0,400 1,11 0,201
850 0,159 -0,455 1.90 0,458
1200 0.386 -1,.21 3,13 1,02
1700 0,371 -0,964 2.75 1,07
2400 0.061 -0,115 1.90 0,224
3400 0, 107 -0,.738 0.616 0. 280
4800 0.538 -1,17 2,80 1.71
6800 1.47 -0, 346 -0, 229 3,21
9600 0.322 -6.09 -4,15 0.525
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Table VIi{Continued}

Frequency OSource Direction Distance b1 b, b3 b4
band elevation of interval
angle propagation ft W cos ¢ (AT)Z/B IOge: W (Wcos 9)2/3
1200-2400 10° Upwind 425-300 0.020 -0.602 1,15 0.102
600 0.051 0.425 1.14 0.167
850 ~-0,031 0.656 0.236 -0,073
1200 -0, 009 0,275 -0.281 0.023
1700 0,058 0.663 0,703 0.288
2400 -0.278 0,382 -1.29 -0,753
3400 -0,297 -0,301 -2,25 -0,761
4800 -0, 247 0.290 0.162 -0,443
6800 1.29 1.30 2,75 3.14
9600 1.08 6.48 -3,59 2,00
Downwind 425-300 0.051 -1,08 1.80 0.163
600 0.094 -1.09 2,23 0.284
850 -0.021 -0.062 0.821 -0,025
1200 -0.085 -0.455 0,146 -0,201
1700 0.038 -0.374 1,22 0,143
2400 -0,034 -2.49 0,711 0,012
3400 -0.228 -0,218 -1,77 -0.623
4800 -0.149 0.531 -2.13 -0,321
6800 -0.030 0.776 1.25 0.472
9600 0.136 -4.94 -2.86 0.465
15° Upwind 425-300 -0,074 -0.240 -0,.426 -0,203
600 -0, 029 0.691 -0.858 -0,001
850 -0.075 1.70 -1,05 -0,211
1200 -0.300 1.29 -1.54 -0.853
1700 -0.028 1.61 0.503 -0,115
2400 -0,131 (,780 0.396 -0,383
3400 -0.300 0,242 -1,82 -0.833
4800 -0.360 1.63 -5.04 -0.893
6800 1,75 4,08 3.57 4,31
9600 0,305 -0.739 -1.68 0.906
Downwind 425-300 0.106 -0,45!1 1.41 0.338
600 0,213 -0,316 2,27 0.637
850 0.110 0.938 -0, 064 0.345
1200 0.104 1.20 0.789 0,285
1706 0.072 1.18 0.432 0. 144
2400 -0,047 0.178 0,378 -0,179
3400 0.085 0.95 0.002 0.133
4800 -0,071 -1,04 0.090 -0, 064
6800 1.48 3.47 4,39 3,77
9600 1,37 -0,633 0.599 3.00
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Octave
frequency
band, cps
75- 150
150- 300
300- 600
600-1200
1200-2400

2400-4800

WADC TR 57-353 Pt II

Values of Maximum Molecular Absorption, a
Absolute Humidity, h

gm/rn3

1.

1.

.32
.46
.65

.92

31

84

0

Table X

o and

o’ for Maximum Absorption

a > db/1000 ft., for temperatures, °F

20

107

40

.9

1.8

3.6

14. 4

60

4.5
8.9

17.9

80

10,6

21,2



APPENDIX B

INTERPRETATION OF DIVE PASSES

To obtain sound propagation at low angles of elevation, dive passes
were flown, as explained in the body of the report. During these passes the
airplane was approaching the rmicrophone at constant air speed on a straight
line until the plane was within about 100 feet of the microphone, at which
point the pilot pulled out of the dive and climbed back to altitude.

The airplane noise received by the microphone was recorded in the
usual manner on magnetic tape and played back in the laboratory through an
octave band filter and recorded on a waxed paper chart on & high speed level
recorder.

The levels at different distances were obtaired from this level-time
chart by subdividing the record between the instant at which the plane was at
a fixed reference distance and the instant of closest approach.

The instant of closest approach is very clearly defined on the records
by the very high level reached as the plane passes. The instant of passage
over the fixed reference was radioed by the pilot to the observer on the
ground and recorded on the auxiliary channel of the magnetic tape. At the
same time a 20 db attenuator in the microphone was switched into the circuit
showing a sudden level change in the final chart for convenience in reading
the charts without reference to the other tape channel. The latter was useful,
however, for those higher octave bands for which the instrument noise was
greater than airplane noise at these distances.

The principal use of the additicnal 40 db attenuator in the microphone
line consisted of reducing the gain of the recording equipment as the plane
approached the microphone, That is, it essentially increased the dynamic
range of the recorder, preveniing overleading.

Subdivision of the level-time chart was effecied by means of the device
shown in Fig. B-1, This consisted of & set of parallel wires mounted in a
parallelogram frame with hinged corners as shown. By changing the vertical
angle of the parallelogram the total distance between the left frame edge and
the last wire could be adjusted to correspond to the start and finish of the
chart, irrespective of the actual ground speed of the airplane,

Allowance was made for the finite time it takes the sound to travel to
the microphone by placing the start mark at a distance corresponding to
L/(l1-v/c) where L is the actual distance to the starting point, v the
airplane velocity, and ¢ the velocity of scund,

This correlation, of course, does depend on the airplane ground speed,
but the error in taking the mean value was nof considered sufficiently large
to introduce the inconvenience and possible reading error of a more complex
set-up. Another small error which was similarly ignored involved the fact
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that the slant distance increases about 3.5 per cent as the dive angle changes
from 2° to 15°,

The overall distance error depends on the wind speed and was greatest
for a 15° dive with tail wind which resulted in readings being taken with the
plane at distances about 10 per cent greater than nominal,
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FIG. B-1 - BOARD FOR DETERMINING LEVELS IN DIVE PASSES
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