
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD254671

Approved for public release; distribution is
unlimited.

Distribution authorized to U.S. Gov't. agencies
and their contractors;
Administrative/Operational Use; JAN 1961. Other
requests shall be referred to Wright Air
Development Division, Wright-Patterson AFB, OH
45433.

ADS, USAF notice, 28 Aug 1979





I 
ti S; 

■art 

at a 

1 

UNCLASSIFIED 

AD 254 671 
Reproduced 

luf, ike 

ARMED SERVICES TECHNICAL INFORMATION AGENCY 
ARLINGTON HALL STATION 
ARLINGTON 12, VIRGINIA 

I ^CLASSIFIED 



NOTICE: When government or other drawings, speci- 
fications or other data are used for any purpose 
other xhan in connection with a definitely related 
government procurement operation, the U. S. 
Government thereby incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Govern- 
ment may have formulated, furnished, or in any way 
supplied the said drawings, specifications, or other 
data is not to be regarded by implication or other- 
wise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any 
patented invention that may in any way be related 
thereto. 



WADC TECHNICAL REPORT 57-353 

PART III 

5K       SOUND PROPAGATION NEAR THE EARTH'S SURFACE 
io AS INFLUENCED BY WEATHER CONDITIONS 

CD 
O r~- 
<r «ex: 

H. J. Sabine 

V. J. Raelson 

3£ M. D. Burkhard 

Armour Research Foundation 

JANUARY 1961 

Contract No. AF 33(616)-5091 

WRIGHT AIR DEVELOPMENT DIVISION 

/XEROX^ 



WADC TECHNICAL REPORT 57-353 

PART III 

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

H. J. Sabine 

V. J. Raelson 

M. D. Burkhard 

Armour Research Foundation 

JANUARY 1961 

Contract No. 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 - 27-1.008 



FOREWORD 

This report was prepared by the Armour Research Foundation of Illinois 
Institute of Technology under Contract No. AF 33(6l6)-509T for the Aerospace 
Medical Division,   Wright Air Development Division,*   Wright-Patter son Air 
Force Base,   Ohio.    The work was in support of Project No.   7210,   "Generation, 
Propagation,  Action,  and Control of Acoustic Energy,"   Task No. 71709,   "Experi- 
mental Studies of Acoustic Energy Generation and Propagation. "   Technical super- 
vision of the research program was the responsibility of Dr.  Henning E.   von 
Gierke and John N.  Cole of the Bioacoustics  Branch,   Biomedical Laboratory, 
Aerospace Medical Division. 

The work was carried out by H. J.   Sabine and V. J.   Raelson,  under the 
supervision of M. D.   Burkhard.    The airplane was piloted by N.   Collings and 
R.   Petras,   and the field recording site was operated by K. E.   Feith and E. D. 
Williams.    Data reduction and processing were carried out by K. E.   Feith, 
C.   Caccavari,   and D.   Lubman. 

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

The effects of weather on the propagation of sound from high-power 
elevated sources,   such as large rockets,   were studied at altitudes to 80,000 feet 
and over horizontal ranges to 15 miles.    This  study continues work reported in 
Parts I and II on shorter range propagation. 

A theoretical analysis is reported of the principal atmospheric factors 
affecting long range propagation;    (a) molecular absorption as a function of tem- 
perature and absolute humidity at various altitudes,   (b) variation of the charac- 
teristic impedance of air with altitude,   and (c) large scale refraction due to wind 
and temperature gradients.    Of these,   only molecular absorption at high altitudes 
significantly affects propagation. 

Limited measurements of atmospheric attenuation were made,   using a 
propeller airplane sound source at altitudes to i4,000 feet and ranges to 4 miles. 
The results agree in general with those predicted by extrapolation of previous 
data for smaller altitudes and ranges,   except that residual attenuation due to 
scattering is smaller., 

PUBLICATION  REVIEW 

.ifMtas. 
de WILTON,   Capt,,   MC,   USN 

Acting Chief,   Biomedical Laboratory 
Aerospace Medical Division 
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SECTION I 

INTRODUCTION 

The establishment of an increasing number of missile bases near 
residential areas creates a growing problem of community annoyance due to 
the noise levels encountered in high-power rocket launching operations.    One 
of the important factors in predicting noise levels in the vicinity of a launch 
site is knowledge of the sound propagation characteristics of the atmosphere 
and their variation with weather conditions.    This has been the subject of an 
extensive experimental study,   as described in Parts I and II,   in which attenua- 
tion from an airborne source to ground was measured as a function of source 
elevation from 2° to 90° for a large number of weather conditions.    These 
measurements covered a horizontal range of 2 miles,  and extended to an 
altitude of 4800 ft. 

The ranges and altitudes from which objectionable noise can be 
received from the launching and flight of large rockets are considerably 
greater than those studied heretofore.    The purpose of the work covered in 
this report has been to survey the meteorological factors which would be 
expected to influence propagation characteristics over distances of up to 
15 miles and to estimate the degree of accuracy with which the present short 
range data may be extrapolated. 

In Section II, the procedure is outlined for estimating the distances 
and source elevations which are of interest in considering noise propagation 
from rocket launchings. 

Section III presents a theoretical analysis of those meteorological 
factors which would be expected to have the largest and most predictable 
effects on attenuation for the ranges and altitudes involved.     These factors 
are:    (1)   molecular absorption as a function of absolute humidity and tempera- 
ture,  (2)   variation of the characteristic impedance of air with altitude,  and 
(3)   refraction due to wind and temperature gradients.    Representative data on 
altitude profiles of these variables and their effect on attenuation are given. 

A brief extension of the previous experimental program to higher 
altitudes was made,  as described in Section IV,   in order to indicate whether 
propagation characteristics differed significantly from those at lower altitudes. 

In Section V,  various experimental methods and techniques for obtain- 
ing attenuation data at long ranges and high altitudes are discussed. 

Manuscript released by the authors August 1959 for publication as WADC 
Technical Report. 
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SECTION II 

ESTIMATED RANGE OF ROCKET NOISE 

As a first step in surveying the problem of long-range propagation,  it 
is desirable to estimate the maximum distance from a launch site at which the 
noise of the largest rockets may be objectionable,  and also the significant 
ranges of frequency and source elevation.    The procedure for making the 
estimate of maximum distance is that which has been developed and used to 
date by WADC**.    It is based on the known relation between mechanical jet 
power and the sound power of rocket sources^ and on studies of community 
response to the noise from various air base operations^.    Tentative criteria 
for the degree of acceptability of noise in a residential area have been set up 
in terms of the total monthly equivalent noise exposure (ENE) level.    This 
figure is derived from the sound pressure level,   the frequency spectrum,   the 
time pattern of each individual exposure,   and the total number of exposures 
per month.    The sound pressure level is obtained from the known sound power 
output and directional pattern of a given source,  which in the case of rockets 
may be either a launch or a static firing,   and from an assumed average atmos- 
pheric attenuation over the distance involved. 

This procedure has been applied to a case intended to represent the 
most severe conditions for community acceptance coupled with the most 
intense rocket noise source.    These assumed conditions are: 

Off-base housing 
Night-time launch firings 
Five launches per month 
Rocket mechanical power =4x10    watts (approximately 500, 000-lb 

thrust). 

The maximum acceptable monthly ENE for these conditions is given as 91 db. 
The distance from the launch site corresponding to this value,  and to the other 
conditions assumed,  is about 13 miles, 1   so that 15 miles   may  be  taken  as the 
maximum horizontal range of interest. 

The frequency spectra of the larger rockets are uniform within 5 db 
over the five octave bands, 35-75 to 600-1200 cps,  with peaks generally in the 
75-150 band.    The range from 50 to 1000 cps may.,  therefore,  be taken to 
include all frequencies of significance. 

The variation of sound pressure level on the ground with source eleva- 
tion angle for a rocket in vertical launch is governed both by the distance from 
the launch site and the directional pattern of the source.    Data given in 
WADC TR 57-547*  show the sound pressure level as a. function of time during 
a vertical launch at a given acceleration and' for various launch site distances. 

^References are designated by superscripts, 
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1 
These curves are shown here in Fig.   1 with the abscissa converted to source 
elevation angle.    It is seen that the maximum sound pressure level occurs at 
a source elevation of 25° to 35° for vertical launch,  depending only slightly 
on launch site distance.    The levels are  10 db down at 55° to 60°.    These 
curves are based on limited data on air-to-ground atmospheric attenuation. 
However,  the results of the detailed study reported in Part II indicate that the 
levels between 0° and 15° would average considerably lower than shown. 
Therefore,  the range of source elevation angles of most significance may be 
taken as approximately 15° to 45°.    At the maximum horizontal range of 
15 miles,  these elevations would correspond to altitudes of 20, 000 to 80,000 ft. 

Sound levels at the ground for these ranges are obtained by extrapola- 
tion of attenuation data for much shorter ranges. It is of interest to consider 
more closely the factors influencing propagation over these longer ranges. 
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SECTION III 

THEORETICAL ANALYSIS OF ATMOSPHERIC ATTENUATION 

The three meteorological factors which can be expected to have the 
most significant effects on atmospheric attenuation over long propagation 
ranges are:   (1)   molecular absorption as a function of absolute humidity and 
temperature,  (2)   variation of the characteristic impedance of air with altitude, 
and (3)   refraction due to wind and temperature gradients.    Some attenuation 
can also be attributed to scattering due to air turbulence.    The theory pertain- 
ing to this effect is,  however,  not yet developed to the point where an accurate 
analysis can be made.    It is necessary,   therefore,   to utilize available experi- 
mental data in estimating attenuation due to turbulence. 

MOLECULAR ABSORPTION 

The following equation for attenuation due to molecular absorption as a 
function of absolute humidity and temperature has been derived theoretically^; 

*h 
kf(T+ 4^ 

db/1000 ft. (1) 

(h/h  )2 + (h  /h)2 

*        m v   m     ' 

where 

T   =   temperature, °F 
f     =   frequency,  kc ~ 
h    =   absolute humidity,   gm/m 
h    =   absolute humidity at which maximum absorption occurs, m 7 r 

When the frequency,   i, is taken as the geometric mean of an octave band in 
kilocycles,  the constant, k, is found from the experimental work in Part II to 
have a value of 0.1.    Also,  it is found empirically that with the above units 
nm — fl'2#    Equation (1) may then be written: 

_     0. 1 f (T + 45) 
a,    ^  db/1000 ft. (2) 

? 7 
li  /f   +   ilYT 

Plots of the attenuation coefficient, afc, as a function of absolute humidity and 
temperature are given in Fig.  2.    For values of humidity greater than about 
twice the value,  hm, corresponding to the peak of each curve,   the above 
equation can be simplified to: 

a 
,2 

h ^   0. 1 (T + 45) (f/hp db/1000 ft. (3) 
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The absolute humidity near the ground in most areas of the United States 

is almost always high enough that the approximate formula may be used for 
frequencies up to 1000 cps.    However-,  the absolute humidity in general 
decreases considerably with altitude,  and may reach low enough values to 
attain the peaks of the attenuation curves,  resulting in significant attenuations 
at frequencies below  1000 cps.    The decreasing humidity with altitude,  on the 
other hand,  is normally accompanied by decreasing temperature which tends 
to offset the increase of attenuation with altitude due to humidity alone. 

VARIATION OF CHARACTERISTIC IMPEDANCE OF AIR WITH ALTITUDE 

We will consider next the variation of the characteristic impedance, pc, 
of air with altitude as a factor in atmospheric propagation.    Suppose,  for 
example,  the acoustic power output of the source in a given direction is known 
at all altitudes,  and the sound pressure is measured only on the ground.    Then 
the sound pressure is determined only by the value of   pc   at the ground (which 
can be assumed to be constant),  by the power output of the source,   and by 
atmospheric factors which cause a variation in sound intensity along the path 
from source to ground.    These factors would include spherical divergence, 
molecular absorption,   refraction,   and scattering,   but not a variation in   pc. 
If,   however,  the output of the source is known in terms of sound pressure 
near the source as a function of altitude,  rather than power output,   then the 
variation of   pc   with altitude must be included as one of the factors which 
govern the sound pressure on the ground in relation to the pressure near the 
source.    From the relation, I = p2/pC,  it follows that for a given intensity,  I, 
the change in sound pressure level due to a change in   pc   is given by; 

(pc), 
(SPL)1    -   (SPL)2   =    10 log  i      db 

(pc). 

Since    pc   decreases with altitude,   sound pressure levels on the ground are 
higher for a given intensity than they would be if   pc   were independent of 
altitude. 

The corrections    to be applied in estimating the ground sound pressure 
level from a known sound pressure level near the source are given in Table 1. 

Table 1 

Variation of Characteristic Impedance 
pc of Atmosphere with Altitude 

Source Altitude,   thousand ft pc (cgs) Correction,   db 

0 
10 
20 
30 
40 
50 
60 
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41. 7 
29. 7 
20. 8 
14. 1 
9. 1 
5. 7- 
3. 5 

0. 0 
1. 5 
3. 0 
4. 7 
6. 6 
8. 6 

10. 8 



REFRACTION 

Propagation of sound energy by a refracted path from source to 
receiver results in general in a deviation in intensity at the receiver from that 
which would be observed if sound having the same intensity near the source 
were propagated in a straight line.    This anomaly may be either an attenuation 
or a gain with respect to the straight-line intensity and may be one of three 
general types. 

The first type,  as shown in Fig.   3A,   is clue directly to the curvature 
of sound rays in a velocity gradient.    From geometrical considerations it can 
be shown that if two adjacent rays leave the source at a given angular spacing, 
and arrive at a given observation point,   the distance between the rays will be 
different if they have travelled by circular arcs,  corresponding to a constant 
velocity gradient,   than if they have travelled in straight lines.    The difference 
in spacing will result in a change in intensity with reference to straight line 
transmission.    If the rays are concave upward,   the intensity will be less than 
for straight line propagation,  and, if concave downward,  the intensity will be 
greater. 

The second type of anomaly,   shown in Fig.   3B,  is due to shadow 
formation where the sound velocity in the direction of propagation decreases 
with altitude.     The limiting ray,  which is tangent to the ground,   defines the 
shadow boundary,  and, if the shadow were perfect,  no sound would exist in the 
shadow zone.    However,  a small amount of sound energy crosses the shadow 
boundary due to diffraction and scattering,   resulting in highly attenuated 
intensities in the shadow zone. 

The third type,  Fig.  3C,   results from the action of a compound 
velocity profile in which the velocity first decreases with altitude and then 
reverses to an increase with altitude.    Sound rays entering the upper layer in 
which the velocity increases with height will be concave downward,  but on 
continuing into the lower layer will become concave upward.    As shown in the 
figure,   it is possible geometrically for rays originating above the ground near 
the point of reversal of the profile to be focussed at ground level,  resulting in 
a gain in intensity over the straight line propagation. 

Theory 

The usual calculations of the sound attenuation in atmospheric propa- 
gation which is due to refraction have assumed that sound velocity depends 
only upon temperature and wind velocity and that both vary only with height. 
In addition,  it is usually assumed for the purposes of calculation that the 
atmosphere can be sufficiently well approximated by a layered medium in 
each layer of which the temperature and wind velocity gradients are constant. 
In terms of these assumptions a system of formulae can readily be obtained 
which makes it possible to trace a ray of sound from the source at high 
elevation to the ground**.    Also,  these formulae provide an estimate of the 
intensity attenuation anomaly which can be attributed to refraction.    In this 
way,   the intensity on the ground of sound originating at a known source at any 
height above the ground can be calculated once the distribution of temperature 
and wind with height are known. 
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It can be shown that the paths of rays through a given layer of constant 
velocity gradient are arcs of circles whose radii and coordinates of centers 
are determined by the velocity of sound, ci, as the ray enters the i th layer, 
the velocity gradient,  gj, within the J.th layer, and the angle, 0i, the"ray makes 
with the horizontal as it enters the_ith layer.    In Fig. 4,  if   Pi   is the point at 
which the ray enters the layer,  then the circle lies in the plane determined by 
the vertical through   Pi   and the direction of the ray at   Pi.    The radius,  ri, of 
the circle is given by the formula: 

r.   =    !i  (4) 
g. cos 9„ 6i l 

The maximum penetration into the layer of a ray whose entrance angle is    0. 
is  given by: 

hi = — (—V -!» <5) 1
 g. cos 9 5i i 

This assumes,  of course,   that the layer is at least as thick as    hi.     The 
horizontal distance between the point, Pi, and the point where the ray leaves 
the layer again,   assuming the layer is thick enough so that the entire path is 
within the layer,   is: 

2 c    tan 6. 
2D.    =   —! i (6) 

Si 

For some angle of entrance, 9C, the ray will have a depth of penetra- 
tion, hi, just equal to the thickness of the layer, z. This critical angle, 0C, is 
given by: 

6     =   cos"1       -i  (7) c c. + g.  z 
1     &1 

Associated with this angle,  0   , is the horizontal distance,  D   , given by; 

c, tan 0 

»c   = -C (8) 
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If the lower boundary of the layer coincides with the ground,  then the ray 
having the critical angle,  0  , will form a shadow boundary,   and the horizontal 
distance of the shadow  zone on the ground from the source will be equal to   DQ. 

For those rays whose angle of penetration, 0., is greater than   0     we 
have the following relationships: 

sin 0 (i+1) 1  - 
c. 

i    , 

2 
cos    0. 

l 

1/2 

(9) 

where 0(i+l) is the angle of penetration oi the ray in the next layer beyond the 
i_th layer. The velocity, c(i+1), attained by the sound as it leaves the^ith layer 
i* given by.' 

-(i+l) 
>   z + c 
'i l 

(10) 

where    z   is the depth of the_i th layer.    The horizontal distance travelled by 
the ray in passing through the layer is given by: 

X     = 
l 

sin 0    - sin 0, 
i ( i+1)) (11) 

where    r,    is given by Eq.   (4). 

With these formulae one can predict the passage of any ray through a 
layered atmosphere,  following the ray from layer to layer.    "When a ray is 
moving through a layer,   the center of the circle on which it lies will be in that 
direction toward which the velocity decreases.    Thus,  a ray moving downward 
into a layer in which the velocity increases with depth of penetration will be 
concave upward. 

The intensity anomaly due to curvature of refracted rays may be 
expressed as: 

A   =    10 log db 

where   I   is the actual intensity in the refracted ray and   IQ   is the intensity at 
the same point due to straight line transmission from the same source.    It 
can be shown? that for a linear sound velocity gradient in which   Co   is the 
sound velocity at the receiver height,  and   c   is the velocity at source height, 

A   =   20 log   — B  c0 
(12) 
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Sound Velocity Gradients in the Atmosphere 

The problem of analyzing the effects of refraction on propagation over 
large distances and from high altitude sources may be simplified by consider- 
ing only the sound velocity gradients above an altitude of about 5000 ft.    In 
this region,  wind and temperature gradients tend to be more uniform with 
height and subject to less fluctuation with time than at lower altitudes. 
Furthermore,   although refraction phenomena were not studied specifically in 
the previous program,   the average propagation and the extent of deviation 
with weather variables was explored thoroughly for source altitudes up to 
5000 ft. and distances up to 2 miles. 

The total sound velocity gradient,   g, is given by; 

g    =    gw    +    gT    sec" 

where    gw   is the gradient of the component of wind velocity in the direction of 
sound propagation,   and   gj   is the  sound velocity gradient due to temperature. 
The value of   g       is given approximately by: 

gT  *   1.07 GT 

for a temperature of 68°F,  where    G™   is the temperature gradient in °F per 
foot. L 

The variation of temperature with height is a meteorological 
measurement that is  routinely made at many weather installations throughout 
the world.    In addition,   it has been the subject of an extensive theoretical 
and statistical treatment.    For this reason its major features throughout the 
troposphere and in the lower stratosphere are well known. 

In the lowest 5000 ft. or so of the atmosphere the temperature gradient 
varies considerably with the synoptic  situation,   the time of day,   and with wind 
conditions.    Above this layer,   up to the trcpopause,   the temperature gradient 
is considerably more  stable.    Statistical averages of many soundings give a 
mean value,or lapse rate,   of approximately -4°F per  1000 ft. for the tempera- 
ture gradient in this portion of the atmosphere,   corresponding to a sound 
velocity gradient of approximately -0.004 see"*. 

This temperature gradient is essentially constant at all times of the 
year and at all latitudes.    Although winter soundings may be colder than 
summer soundings at all levels in the troposphere for the same location, 
nevertheless the lapse rate will be approximately the same.    The most pro- 
nounced variations in average soundings for this layer of the atmosphere are 
in the height of the tropopause with season and with latitude.    This variation 
lies within the range of 30,000 to 50,000 ft.    In addition,  the winter soundings 
at high latitudes commonly exhibit gradients below the tropopause that are 
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less to much less than the average.    The temperature gradient existing at a 
given time is essentially constant with height above 5000 ft.and may exhibit 
only minor modifications associated with the boundaries of air masses of 
di^'erent temperatures.    The frontal boundaries form relatively thin layers 
within which the normal negative lapse rate may be decreased or become 
positive.    These interruptions in the overall gradient are in general,   however, 
not large enough to cause appreciable changes in the large scale refraction of 
sound. 

The lower stratosphere extending from the tropopause to a height of 
about 85, 000 ft.is generally a region in which the temperature gradient is 
either zero or slightly positive.    This region is the normal termination level 
for current radiosonde observations.    Other evidence indicates that in the 
region between 80,000 and 150,000 ft. the temperature gradient becomes 
positive and is of the order of +2°F per  1000 ft. 

The sound velocity gradient due to wind component depends both on 
the scalar wind velocity gradient and on the direction of the wind with respect 
to the direction of sound propagation.    Above 5000 ft. ,  the wind velocity 
increases approximately linearly with height up to the tropopause, beyond 
which it normally decreases.     The wind direction in general tends to change 
gradually with height,   and typically varies over a range of 45° between 5000 
and 40, 000 ft.     This change in direction when added vectorially to the scalar 
velocity gradient results in curves of wind component versus height having a 
wide variety of shapes,  depending on the direction in which the component is 
chosen.    When the component direction is close to that in which the scalar 
wind velocity is a maximum,   that is,   near the tropopause,   the  gradient of the 
component will be essentially constant with height between 5000 ft.and the 
tropopause and will be of the order of,  or somewhat greater than,  the scalar 
velocity gradient.    Maximum values of wind component gradient,   gw»   depend- 
ing on the  scalar wind velocity at the tropopause,   are of the order of + 7 ft/sec 
per 1000 ft. or + 0. 007 sec"   ,    As in the case of temperature gradients,   actual 
wind component gradients may show irregularities associated with frontal 
boundary layers. 

An actual sound velocity profile computed from soundings taken on 
a winter day in northern United States is shown in Fig.   5.    Idealized sound 
velocity profiles representing the extremes of the possible combinations of 
wind and temperature gradients are shown in Fig.   6.    In Fig.  6A a wind 
component gradient,  gyj,  of -6 ft./sec per  1000 ft. up to the tropopause,   repre- 
senting sound propagation against the average wind direction,   is added to the 
average sound velocity gradient, gf? due to temperature.    In Fig.   6B the same 
wind component gradient is  shown, but with sound propagation taken in the 
direction with the v/ind.    Iti the absence of wind,   or with sound propagation 
taken in a direction at right angles to the average wind direction,   the total 
sound velocity profile would approach the profile,  c-p, due to temperature 
alone. 
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1 
Intensity Anomalies due to Refraction 

We may analyze each of these three representative profiles in terms 
of the three types of intensity anomaly due to refraction as outlined previously. 

For any negative sound velocity gradient up to the 40, 000-ft. height, 
the sound field of an ascending source such as a rocket will have a shadow 
whose boundary touches the ground at a horizontal distance which increases 
with source height and decreases with increasing negative gradient.    For the 
representative maximum negative gradient of -0.01  sec-* shown in Fig.   6A, 
the distance of the shadow boundary is calculated from Eq.   (8) as shown in 
Table 2. 

Table 2 

Distance from Elevated Source to Shadow Boundary 
for Sound Velocity Gradient of -0.01 sec-! 

Source Hei Lght Distance t 
1000 ft. on Ground 

5 6.5 
10 8.6 
20 12.1 
30 14.5 
40 16.3 
50 17.7 

Critical Angle Source Elevation 
6   ,    degrees from Shadow 

Boundary,   degrees 

17.3 8.5 
24.0 12.4 
34.6 17.4 
42.8 21.5 
49.9 24.9 
56.3 28.1 

For smeller negative gradients,   the distances to the shadow would be corres- 
pondingly larger.    It is seen,  therefore,   that shadow attenuation in the 
presence of maximum negative velocity gradients cannot be expected at less 
than  15 miles from the launch site after the source has reached an elevation 
of about 23 degrees.    As noted before,  this is about the elevation at which a 
typical vertical launch produces maximum sound level.    Shadow attenuation is 
significant,  in other words,  only for low source elevations where the sound 
level is already less than the peak value attained during a launch. 

The rays which reach the ground in the presence of a negative 
velocity gradient are concave upward and therefore are attenuated with 
respect to straight-line transmission.    This attenuation increases only with 
the negative gradient and with the height of the source    (assuming a constant 
gradient with height) and is independent of horizontal distance or source 
elevation.    Using again the value of -0.01 sec-1 as a typical maximum 
negative gradient,   the attenuation computed from Eq.  (12) as a function of 
source height is given in Table 3. 
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Table 3 

Attenuation Due to Curvature of Rays for 
Sound Velocity Gradient of -0.01 sec-* 

Source Height,   1000 ft.      Attenuation,  db 

10 0.8 
20 1.7 
30 2.7 
40 3.8 

These attenuations are not large enough to be considered of practical impor- 
tance.    (A positive gradient of the same value would result in corresponding 
gains in intensity rather than attenuation. ) 

An important effect of refraction which should be noted is its effect 
on the apparent directivity of the source.    Referring to Table 2,  for example, 
it will be seen that the angle at which the sound left the source,  which is given 
by the critical angle,   0c»  is considerably larger than the corresponding source 
elevation angle.    This may result in a sound pressure level observed on the 
ground which differs appreciably from that which would be predicted from the 
directional pattern of the source in the absence of refraction.    In general,  the 
effect of refraction at distances less than that of the shadow boundary will be 
to alter the shape of the sound pressure-time stimulus curve observed on the 
ground for a rocket launch,   such as  shown in WADC TR 57-547,    from that 
determined on the basis of straight-line propagation. 

Finally,   it is of interest to determine whether the typical sound 
velocity profiles in Fig.  6 are capable of producing abnormally high intensities 
on the ground due to focussing of sound rays,  as illustrated in Fig.  4C. 
Aside from the slight convergence of downward concave rays produced by a 
single linear positive gradient,   as described above,   true focussing occurs 
only in the presence of a velocity profile which is concave in the direction of 
sound propagation.    The effect of a convex profile,  as for example that of 
Fig.   6B,   is illustrated in Fig.   7.    All rays,   regardless of source height,   are 
refracted downward below the level at which the gradient reverses and upward 
above this level.    It can be seen by inspection of the geometry that there is no 
possibility of focussing of sound rays. 

Figure 8 shows the refraction patterns for the concave gradient of 
Fig.   6A for various source heights.    It is seen that rays which enter the 
layer of positive gradient above the tropopause at less than the critical angle 
for that layer or originate within the layer at an ascending angle,  are refrac- 
ted downward and are eventually focussed in the layer below.    However,   these 
focussed rays do not reach the ground for any source height.     Those rays 
which do reach the ground when the source approaches the top of the upper 
layer (80, 000 ft) are seen to be nearly parallel rather than divergent,   indi- 
cating that abnormally high intensity would be expected.    From the fact that 
the rays are spaced apart at the ground by about the same amount as at the 
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40, 000-ft.level it can be estimated that the intensity at the ground would be of 
the order of 4 db higher than if the rays travelled the same total distance in a 
straight line with normal square law divergence. 

It can be shown by further geometric constructions that focussing on 
the ground can occur with a concave velocity profile similar to Fig.  6A,   but 
only if the shape of the profile is such that there is some height at which the 
velocity is greater than at the ground.    In view of the normal predominance 
of the essentially constant negative temperature gradient (up to the tropopause) 
over positive wind component gradients,   it is probable that a large scale 
concave gradient of the required shape would occur very infrequently,  if at all. 
Consequently,   the possibility of significant increases in intensity over those 
expected from normal square law propagation which can be attributed to 
focussing may be assumed to be negligible for the range of distances and 
source heights heretofore considered in connection with large rocket launch- 
ings.    It should be noted,   however,  that conditions theoretically capable of 
producing strong focussing on the ground may occur at heights below 5000 to 
10,000 ft,in the presence of certain types of weather fronts,  where marked 
changes of wind direction with height,  together with small temperature 
gradients,  may produce sharply increasing sound velocity profiles in certain 
directions of sound propagation^.    However,   such profiles are usually quite 
irregular,  and it would require much detailed calculation to estimate the 
amount of intensity increase which would be expected.    Moreover,  the noise 
from a rocket launching propagated through these lower layers would originate 
at low source elevations,  where the sound level observed on the ground is 
considerably lower than the maximum during the launch.    Also,  layers at low 
altitudes having a profile such as to cause focussing on the ground would be 
relatively shallow in comparison to the vertical flight of a large rocket,  and 
the observation of focussed sound at a given ground location would be of 
momentary duration as compared to the total noise-time exposure produced 
by the launching. 

It may be concluded,  therefore,  that refraction phenomena as a 
whole cannot be expected to have a consistent or significant effect on long 
range propagation. 
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I 
SECTION IV 

EXPERIMENTAL PROGRAM 

In the previous experimental program to measure the attenuation of 
sound from an airborne source as a function of weather,   the altitude of the 
source was limited to 4800 ft.    It was desired to obtain an indication,  by a 
limited extension of the previous program,  of whether the attenuation for 
higher source altitudes differed significantly from that observed for the lower 
altitudes.    The plan adopted was to use as a noise source an airplane of as 
large a size as available within the resources of the project and to fly a series 
of overhead passes to the highest altitude of which the airplane was capable or 
at which sound levels on the ground were measurable.    The flying time avail- 
able was 20 hours,  which limited the possible number of complete flight 
programs to a maximum of 6 or 7.    It was intended to select days for the 
flights which represented as wide a range as possible of absolute humidity, 
which was shown by the previous study to have a larger effect on attenuation 
than any of the other parameters measured.     Wind and temperature were 
chosen as additional parameters.    In order to insure that meteorological 
conditions would be as uniform as possible over the duration of a day's flight 
program,  weather conditions characterized by homogeneous air masses and 
the absence of fronts were preferred.    Also,   the flight programs were 
scheduled in the middle of the day,  when rates of change due to solar heating 
are at a minimum. 

DATA COLLECTION 

The flight program consisted of four overhead passes at each altitude, 
two of these being in the direction of the wind (as measured at the ground) and 
two in the opposite direction.    The airplane was tracked either visually or by 
radar,   and its positions corresponding to elevations of 30° and/or 45° were 
recorded.     From the known altitudes,   the distance intervals along a given 
elevation line could be determined,   and the attenuations were measured by 
comparing the observed sound pressure levels along each line. 

Since the site previously used at La Fox,   Illinois,   was not available 
and was furthermore subject to rather high ambient noise from air,   rail,   and 
highway traffic,  a quieter site near Streator,  Illinois,  was located and secured. 
This was in open,   level farm country well removed from traffic noise.    The 
ambient noise was in general extremely low and was due mainly to wind,  birds, 
and insects,   and an occasional tractor. 

A preliminary test was made at the  site on June 27,   19 58.    The air- 
plane was a Beech AT-11.    This is a two-engined propeller airplane essentially 
similar to the single-engmed Beech BT-13 used in the previous program.    The 
sky was clear and the airplane was tracked visually,  using a theodolite for 
determining its elevation.    The airplane flew successive overhead passes on 
an east-west course at altitudes of 2500,  35O0,   5000,   7000,   10,000,   and 
14,000 feet,  corresponding to 3-db steps in inverse square law attenuation. 
The pilot was guided from the ground by verbal radio communication. 
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Visual location of the airplane at 30°  source elevation became difficult 

at 7000 ft.and virtually impossible at 10,000 ft.    It was possible to locate the 
45° elevations at both ends of the pas3 for only one of the four passes at 
14,000 ft.    Overall sound pressure levels were high enough above ambient 
noise to be measurable at 10, 000 ft. altitude for 45° elevation and at 14, 000 ft. 
for 90° elevation.    The sound measuring and recording equipment was the 
same as used previously,   except that the microphone had a single instead of 
a double wind screen,  thus increasing the low-frequency ambient noise slightly. 

No weather observations were made on the ground for the preliminary 
test except for determination of wind direction.    However,  temperature and 
relative humidity readings were made in the airplane at all altitudes,  from 
which absolute humidity was calculated.    Data were also available for the 
same day on wind velocity and direction,   temperature,  and relative humidity 
as a function of altitude from U.  S.  Weather Bureau soundings taken at 
Peoria,  Illinois,  approximately 50 miles southwest of the site.    These    read- 
ings agreed very closely with those taken in the airplane. 

Since the preliminary tests showed that attenuation measurements up 
to at least 10. 000 ft. altitude were feasible,  a permanent installation was made 
of the necessary weather,   sound recording,   and tracking equipment.    The 
trailer used in the previous program was moved to the site.    Anemometers 
and wind vanes were installed at heights of 5 and 25 ft.with electrical connec- 
tions to indicating meters inside the trailer.    A surplus Navy Model SO-4 
surface scanning radar was obtained and installed for the purpose of tracking 
the airplane.     This type of radar had sufficient power to detect the airplane at 
all distances in the flight program,  but due to its horizontal scanning system, 
considerable difficulty was experienced in covering the vertical angle traversed 
by the airplane in executing the passes,   and in distinguishing the airplane from 
ground clutter at low altitudes.    A fully satisfactory tracking technique with 
this equipment had not yet been worked out by the time the project was termin- 
ated.     Views of the installation are shown in Figs.   9 and  10. 

During the installation of the equipment the AT-11 airplane became 
unavailable and was replaced by a Twin Beech passenger plane,   shown in 
Fig.   11,  which was of the same general type and power rating,  namely,   two 
engines of 450 hp each.    Instrumentation was installed in the airplane for 
measuring absolute humidity as a function of altitude.     This was done by 
reading wet and dry bulb temperatures inside the cockpit while maintaining 
circulation of outside air.     The outside air temperature was also read from 
the airplane's thermometer. 

An effort was made to obtain an indication of variation in noise output 
of the airplane with altitude.    A Western Electric Type 633 microphone was 
installed in a receptacle placed in the cockpit window so that the microphone 
diaphragm was slightly recessed from the outer surface of the airplane.     The 
microphone fed into a portable tape recorder which was operated by an 
inverter from the airplane's 24-voIt system.    The microphone was located 
slightly behind the plane of the propellers.    Trial flights involving take-off, 
cruise,   and glide,   in which the power settings and air speeds could be varied 
independently,   showed that at high frequencies the noise monitored by the 
microphone was due almost entirely to airflow over the skin of the airplane, 
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and varied only with air speed.    At low frequencies the noise varied with 
propeller RPM and power setting rather than air speed.    However,  the 
difference in sound pressure level in all octave bands for two different pro- 
peller RPM's and corresponding air speeds in level flight was much less when 
monitored outside the cockpit than when measured on the ground with the plane 
passing overhead.    The comparative data for propeller speeds of 1750 and 
2100 RPM,   corresponding to slow cruise and maximum air speed,  are given 
in Table 4. 

Table 4 

Variation of Sound Pressure Level with Propeller RPM 
for Airplane in Flight 

Difference in SPL,  db,   2100 -  1750 RPM 

in octave bands 

75 
150 

1200 
2400 

Measured on ground, 
5000-ft overhead pass 

Measured outside 
airplane cockpit 

13 14 18 17 12 

It was concluded that the monitoring system as installed would indicate gross 
changes in noise output at low frequencies,   but was considerably less  sensitive 
than desired.    Time did not permit the development of a more satisfactory 
system. 

There were a number of unforeseen problems and equipment difficul- 
ties in setting up the tracking and communication system at the Streator site 
which resulted in the discontinuing of a number of flight programs before 
obtaining a full set of data.    At the end of the project,  only two flight programs 
yielded data above 5000 ft, altitude.    One of these was the preliminary trial 
flight of June,   1958,  and the other was a program of passes at 5000,  7000, 
10,000,   and 14,000 ft.   completed on March 7,   1959.    Another partially 
completed program on November 6,   1958,   covered passes at 2500,   3500,  and 
5000 ft.altitudes only. 

The data were processed as follows:   At the moment the airplane was 
sighted crossing the 30° (or 45°) elevation at each end of the pass,   an electri- 
cal marker was placed on the magnetic tape recording of the noise.    The tape 
was later played through octave band filters and the output from each band 
was recorded on a Bruel and Kjaer graphic level recorder which was set at 
its minimum writing speed of 50 db per second.    A typical record is shown in 
Fig.   12.    The marker signal on the magnetic tape was transferred to the 
graphic record in the playback.    A correction was applied to the position of 
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this marker to account for the fact that the sound received at the microphone 
originated at a point behind the airplane at the moment of sighting.    This 
correction was Dlaced to the riaht of the sighting mark on the recorder chart 
by an amount corresponding to a time interval of   d/c, where   d   is the 
distance to the airplane at the elevation angle marked,  and   c   is the velocity 
of sound.    An average smooth line was then drawn through the fluctuating 
signal on the recorder chart.    The intersection of this line with the corrected 
marker lines at each end of the pass was taken as the sound level at the 
corresponding elevations ( + 30° or +45°) and the maximum height of the 
average line was taken as the level at 90°. 

RESULTS 

The absolute humidity and temperature are plotted as a function of 
height for Flight Noss   400 (June,   1958) and 402 (March,   1959) in Fig.   13. 
The data aloft were obtained from the U.   S.   Weather Bureau soundings made 
on the respective days at Peoria,  Illinois.    It will be noted that there is 
considerable difference in both temperature and absolute humidity for the two 
days.    Winds on both days were light near the ground,  but increased steadily 
with height with comparatively little change in direction. 

Mean sound pressure levels observed in octave bands at 30° and 90° 
source elevations for Flight 402 are listed in Table 5,  together with total 
attenuations,   A,   referred to the levels measured for the 5000-ft. source altitude, 
For this flight the airplane was operating at essentially full power (450 hp per 
engine) at a propeller speed of 2100 RPM.    At; the  14, 000-ft pass,   however, 
the power was reduced because of fuel shortage,   so that the sound pressure 
levels are not exactly comparable with those observed for the lower passes«. 
Sound pressure levels observed for Flight 400 with another airplane of the 
same type are similar,   except that power was maintained constant at all 
altitudes up to and including 14, 000 ft. 

The mean values of overall attenuation, A, for each of the two flights 
are plotted against distance interval referred to the minimum source distance 
for each flight in Figs.   14 to  16.     These are shown for a source elevation of 
9-0* for both flights and for the average of the 30° elevations for Flight 402. 
The inverse square law attenuations,   given by    20 log (d2/dj),   and the theore- 
tical attenuation due to square law plus humidity are shown for comparison. 
The humidity attenuation, Aj-[ = ah (d2-di), is computed from Fq;   (1),   using 
the observed values of absolute humidity and temperature at various altitudes 
as given in Fig.   13.    It is seen that the observed total attenuation agrees 
closely with that predicted by square law and humidity,  but in general is some- 
what higher.    This excess is termed residual attenuation, A0,  and is attributed 
to the effects of scattering due to turbulence and to other unknown factors.    It 
will be noted that for Flight 402 the absolute humidity aloft was quite low, 
resulting in humidity attenuations comparable to or considerably in excess of 
that due to inverse square law at frequencies as low as the 300-600 cps band. 

Values of residual attenuation, A0, for the two flights are plotted 
against distance interval in Figs.   17 and  18c    For Flight 400,   the reference 
distance is 2500 ft. ,   at 90° elevation.    For Flight 402,  the 90° and 30° data 
are shown together,   but the reference distance for 90° is 5000 ft and for 30°, 
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Table 5 

Mean Sound Pressure Levels Observed for Flight 402 

(Attenuations, A; are referred to levels at 5000-ft. source altitude) 

Octa^ /e Fre quency Band 

Source Source 75 150 300 600 1200 
Elevation Altitude 150 300 600 1200 2400 

SPL A SPL A SPL A SPL A SPL       A 

90° 5, 000 65.7 67.3 67.3 59. 7 43.0 
7, 000 62.8 2.9 64.5 2.8 64.2 3. 1 53. 0 6.7 32.5    10.5 

10,.000 57.5 8.2 57. 8 9.5 57.3 10.0 44.2 15.5 23.5   19.5 
14,000 50. 5 15. 2 48.0 19.3 42. 0 25.3 28.0 31.7 

+ 30° 5,000 48.3 51.0 49.4 37.8 
7,000 45.8 2.5 47.0 4.0 43. 0 6.4 29.8 8.0 

10,000 40. 1 8.2 40.9 10. 1 34. 1 15.3 26.3 11.5 

Ambient before 
after 

42 
30 

35 
25 

29 
23 

23 
21 

20 
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10,000 ft.    In Part II,  average values of   A0   were obtained for a large 
number of flights for distances up to 10, 000 ft. ,  for source altitudes up to 
5000 ft. ,  and for source elevations of 15° to 90°.    It was found that these data 
could be expressed by the empirical relation 

a 
A 

o 
o d2-d1 

=   0. 11 f1^3     db/1000 ft. 

where   f   is the geometric mean frequency of an octave band.    Curves of   A0 

versus distance interval given by this equation are included in Figs.   17 and 18 
for comparison.    The data from the two flights is much too limited to permit 
an accurate comparison with the previous data representing the average of 
several hundred flights.    However,  the attenuation coefficients, a0, for source 
altitudes above 5000 ft.as given by the slopes of the curves of   A0   versus 
distance,  appear to be considerably smaller than those for the lower source 
altitudes.    As in the previous case,  the variation with frequency is fairly 
small,  although the data are not sufficiently precise to show a regular trend. 
The apparently high values of attenuation for the 9000-ft. distance interval in 
Flight 402 are due to the lower sound pressure levels during the 14, 000-ft. 
pass occasioned by the reduction in source power mentioned previously. 
Lower residual attenuation coefficients,  a0, for high altitudes seem reasonable 
in view of the tendency for turbulence of a small enough scale to cause 
scattering to diminish with altitude.    It would require considerably more 
experimental data,  however,  to establish reasonably accurate average values 
of residual attenuation for the higher altitudes and longer ranges.    As a 
conservative estimate, it could be stated that for distance intervals having a 
minimum altitude of 5000 ft and a minimum angle from the horizontal of 30°, 
the residual attenuation for any frequency is not more than 0.5 db per 1000 ft. 
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SECTION V 

EXPERIMENTAL METHODS FOR MEASUREMENT 
OF LONG RANGE PROPAGATION 

Experimental data on sound attenuation in the atmosphere presented 
in this report,  being limited principally by the capabilities of the airplane 
employed as a sound source,  were restricted to a maximum sound propagation 
range of about 4 miles for the 30° elevation angle.    At this range a signal 
sound pressure level was only 30 to 40 db in the three lowest octave bands. 
If the ambient noise conditions were at all adverse this level could not have 
been detected.    Full power settings were required for the airplane.    Because 
high frequencies are attenuated more than the low frequencies it is impossible 
to establish accurately the attenuation for these ranges. 

With the advent of rockets the noise propagation problem has become 
more serious for communities in the vicinity and the data obtained is barely 
within the range of interest.    Several alternative techniques for determining 
the attenuation of sound from more intense sound sources have been considered 
for extension of the data to ranges greater than 4 miles.    These include higher 
performance aircraft,   high-altitude shell bursts, and observations at rocket 
launching sites. 

One of the main advantages for using a manned aircraft is that some 
control can be exercised from the ground over the location of the airplane and 
hence the propagation ranges can be controlled with some degree of certainty. 
Basically,   the requirement is a sound source having more acoustic power, 
which can be met by aircraft with higher power ratings than the one used for 
this program.    Considering first propeller-driven aircraft,   one may use 
four-engine aircraft in place of the two-engine craft used here.    Also,   higher 
power engines might be used.    For example,  the two engines on the Beechcraft 
were rated at 450 horsepower each,   for a total of 900 horsepower.    A Super 
Constellation 1049G with its four 3400-horsepower engines and larger pro- 
pellers might produce as much as a 20-db increase in sound pressure level at 
the ground compared to the Beechcraft.     Thus, one would expect to be able to 
measure sound transmission over ranges of the order of 10 miles.    These 
estimates are based on maximum power setting operation;    cruising settings 
would yield sound levels no greater than used in the present program.    While 
the use of higher power craft produces more sound it also results in much 
higher airplane speeds.    This in turn would require more elaborate tracking 
equipment at the ground observing station than has been incorporated in the 
program so far,.    Provision must be made in this case to reliably detect the 
airplane and note its position at ranges considerably greater than the maximum 
acoustic propagation range in order to g^'ve the pilot time to make necessary 
corrections to his course.    One other consideration is the actual expense of 
operating such an aircraft.    The cost of operating the Twin Beechcraft in the 
present program was almost double that for the earlier phase of the program 
which used a single engine BT-13 type plane. 
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Jet aircraft have also been considered in connection with the program. 
While jets produce substantial sound levels,   their speed makes it quite un- 
desirable to use them for very precise flight programs.    The craft would most 
likely have passed over the critical portion öf its flight pattern before'correc- 
tions could be made to the flight patterns.    The directional characteristics of 
the jet are not a serious difficulty because the procedures could be worked out 
such that the sound coming from the same angle relative to the airplane could 
be observed at different distances.    The same expensive tracking equipment 
would be required for the jet aircraft as was indicated for a higher performance 
propeller type. 

High-altitude shell bursts have been considered because they provide 
easily reproducible non-directional sound sources.    Shell bursts can be 
positioned quite accurately in altitude and range.    In clear weather optical 
techniques may be employed to determine the altitude and range,  but fusing is 
sufficiently reliable to permit adequate pre-selection of the detonation position. 
For such a program multiple microphone and recording channels are required. 
An array of microphones in the form of a cross with approximately 2 to 4 
miles in each arm and a minimum of three microphones each would be required 
It would be preferable to have six or seven microphones in each arm to insure 
adequate data.    Each microphone would be connected to a recording channel 
and timing signals supplied to each one.    The signal would be in the nature of 
a pressure wave which would be Fourier-analyzed to obtain spectral informa- 
tion.    These techniques have been used for soundings of high-altitude tempera- 
ture and wind up to as high as  100 miles.    In this case narrow band detectors 
were used,   as the investigation was only concerned with the time of arrival 
of the pressure wave.    Aside from the initial expense of setting up a micro- 
phone array and accumulating the recording channels the operational expense 
for such an approach would be quite low.    Shell burst sites may be of two 
types,  either a site in which ordnance tests are carried out,   in which case 
guns with their associated sighting equipment could be used to locate the shell 
bursts.    For higher altitudes any of a number of rocket-launching sites could 
be used.    All of these are equipped with radar and optical tracking facilities 
which enable the accurate determination of rocket positions.    These rocket 
launching sites are distributed throughout the world so that various weather 
conditions can be obtained readily.    Adequate sites exist,   for example,   at 
Ft.   Churchill on Hudson's Bay,   Wallops Island on the Virginia Coast,   Guam, 
and Cape Canaveral. 

Since the primary reason for extending the range over which sound- 
propagation attenuation is studied is for application to the noise associated 
with rocket launches,  the most straightforward method is to make observations 
of the noise of actual launchings.    This procedure is highly desirable to 
verify that the results of predictions of noise attenuations are realistic. 
Unfortunately,   the rocket-launching observations are less desirable when it 
comes to studying the phenomenon of sound attenuation over long ranges. 
Trajectories of rockets are more or less fixed.    Facilities for actual observa- 
tion of rocket launches are quite good in that all of them are well equipped 
with tracking equipment which enable precise determination of rocket positions 
as a function of time.    All of the sites mentioned above are  so equipped. 
There are usually military facilities nearby which have available much of the 
auxiliary services such as data-handling equipment.    It is even likely that by 
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this time some of these sites may be equipped with multiple microphone and 
recording systems. 

In peace-time testing conditions, weather variables are somewhat 
more limited than might be anticipated in other operational situations.    One 
serious objection to using observations on the noise of rocket launching* is 
the lack of distinction between atmospheric attenuation of the sound over the 
greater propagation ranges and the change in source output power as a function 
of altitude.    In the present study this consideration has been unimportant 
because the change in physical properties of the atmosphere over the range of 
altitudes is negligible.    However,  this may not be the case with rockets or 
with other sources at high altitudes.    Estimates can be given as to the probable 
effect of altitude on sound power output from a typical rocket motor.    LightniH^1 

has given an expression for the acoustic power of a jet: 

_        ,2-1 __8     -5  ,2 
P   =   kp,   p       Uc       d rl   ro o 

where 

p,    =   density of jet 

p      =   density of wind medium 

U     =   velocity of jet 
d      =   diameter of jet 

c      =   local velocity of sound. 

Simple calculations for typical rocket-operating conditions show that the 
pressure in the exit gases from a jet is approximately constant with altitude, 
being about 12 psi.    This suggests that the density,   pj,   of the jet should be 
also more or less constant with altitude.    It is assumed that the velocity,   U, 
and the diameter of the jet are fixed.    The power may then be expressed as 
follows: 

F   =   k/p    c5 ro    o 

The relative change in sound power output of the source is indicated by the 
following tabulation which gives the relative db change in   P   as a function of 
altitude.    Zero db corre-sponds to the sound power level at sea level: 
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Altitude,   ft. P in db 

0 0 
5, 000 3.5 

10,000 7.4 
15,000 11. 1 
20,000 14. 5 

Schultz       has recently given an estimate of the effect of altitude on output of 
jets as a function of altitude under the assumption that the density in the jet, 
pi ,  is proportional to the atmospheric density at the particular altitude. 
Under these conditions the sound power varies with altitude approximately 
according to the following tabulation: 

Altitude, ft. P in db 

0 0 
5,000 -0.9 

10, 000 -2.0 
15,000 -4.9 
20,000 -8.3 

It is seen that the two assumptions involved here lead to substantially 
different results even at the relatively low altitude for rocket operations of 
20, 000 ft.     The difference of 24 db in sound power output from the rocket 
motor at this altitude leads to significant uncertainties when one attempts to 
make predictions of the noise levels to be anticipated in the vicinity of launch- 
ing sites. 

This latter consideration of the effect of altitude on the output of 
rocket motors is of sufficient importance that the propagation of sound from 
sources at high altitudes must be studied by methods independent of any 
effects which might be contributed by the changes in the source power.    A 
really comprehensive program would involve both aspects,  namely,   determina- 
tion of the effect of altitude on a sound source as one quantity to be determined, 
and the attenuation of sound or overall propagational characteristics of sound 
as the second aspect.    In this way it will be possible to obtain scientific 
results which accurately describe the phenomena involved in acoustics of 
rocket launching and to enable the use of this data in accurate prediction of 
annoyance. 
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SECTION VI 

SUMMARY AND CONCLUSIONS 

A survey has been made for the purpose of estimating the effect of 
meteorological conditions on the propagation of sound from high power rocket 
launchings over distances up to  15 miles from the launch site and for source 
heights up tö 80, 000 ft.    Primary consideration has been given to conditions 
existing above a height of 5000 ft.and to source elevations between 15° and 45°. 
The range of significant frequencies is taken as 50 to 1000 cps.    The principal 
conclusions from the stud^r are as follows: 

1.    Molecular absorption may account for relatively large attenuations 
at high altitudes.    The attenuation coefficient, a, , may be computed from the 
formula: 

n      T    C   /-Pi 4c \ 
=   „   1 iJT+45) db/iooOft. (1) 

h        b/7f+f/h2 

where 

f   =   geometric mean frequency of an octave band,  in kilocycles 
T =   temperature, °F 
h  =   absolute humidity,   gm/m   . 

The normal decrease of absolute humidity with altitude in the atmosphere 
produces increasing attenuation,   which,   however,  is partially offset by the 
normal decrease of temperature with altitude.    Attenuations of the order of 
1 db per 1000 ft.in the 300-600 cps band are possible in dry air at altitudes 
above 10, 000 ft. 

2. Large scale wind and temperature gradients in the atmosphere up 
to 80,000 ft. generally produce sound velocity profiles which decrease with 
height,   resulting in upward refraction.    This causes sound shadows on the 
ground within which high attenuation may be expected.    However,   these 
shadows do net occur at distances of less than 15 miles unless the source 
elevation is less than about 25°.    In general,   shadow attenuation will be 
observable only in the initial stages of a launch and will not be effective at 
the  source elevations where the sound level on the ground reaches a maximum. 

3. It is possible for intensities on the ground to be abnormally high 
for a given distance from the source due to the convergence and focussing of 
sound rays.     The sound velocity profile necessary to produce focussing on the 
ground from an elevated source is in general one which is concave in the 
direction of sound propagation and in which the velocity at some height equals 
or exceeds that at the ground.    Such profiles are comparatively rare and occur 
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at altitudes up to 10,000 ft. chiefly as a result of rapid change of wind direction 
through frontal boundaries.    Large scale profiles of this shape,  up to 40,000 ft. 
can occur only with unusually steep positive wind gradients in the direction of 
sound propagation.    In general,   abnormal intensities due to focussing would 
be of a transient nature during the rocket launch and can be regarded as an 
unimportant factor in propagation within the ranges considered in this study. 

4.    Experimental measurement of attenuation for source altitudes up 
to  14,000 ft,  for source elevations between 30° and 90°,   and for ranges up to 
4 miles,  were made on two days with widely differing temperatures and 
absolute humidity.    The data shows that the attenuation,  taken as the difference 
in  sound pressure level on the ground with the source at two distances, dj and 
d2> at the same angle of elevation,   can be accounted for within a few db by 
three components,   as given by the expression: 

A    = 20 log (d2/d1)   +   ah (d£  d^   +   AQ 

The first term is due to spherical or inverse square law divergence,   the 
second to molecular absorption as given by Eq.   (1),   and the third,  termed 
residual attenuation, A0,   to other causes,  principally scattering due to turbu- 
lence.    At source altitudes up to 5000 ft. the value of   A0   was shown by a 
previous study to be of the order of 1 db per  1000 ft. ,   varying with the  1/3 
power of the frequency.    The limited experimental data in this study indicates 
that the value for altitudes up to 15,000 ft. may be not more than 0. 5 db per 
1000 ft. at any frequency. 
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Fig.   2-A   -   Relation of Molecular Attenuation Coefficient, ah» to 
Temperature, T, and Absolute Humidity, h.    75-150 cps. 
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Fig.   2-C   -    300-600 cps 
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Fig.   2-D   -    600-1200 cps 
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Fig.   2-E    -    1200-2400 cps 
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A   Curvature B   Shadow Formation 
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C   Focussing 

Fig.   3    -    Intensity Anomalies due to Refraction 
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Fig.   6    -   Idealized Large Scale Sound Velocity Profiles Representing Maximum 
Wind Gradient, g-yy,   Combined with Normal Temperature Gradient, 
gT,    Gradients are in ft/sec per 1000 ft. 
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Fig.  8    -   Refraction in Concave Sound Velocity Profile Shown in Fig.   6-A 
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Fig.  9    -    View of Streator Test Site 
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~1 

Fig.   10    -    Interior View of Trailer Showing Radar 
and Sound Recording Instrumentation 
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Fig.   il    -    Twin Beech Airplane Used as Sound Source 

WADC TR 57-353 Pt III 41 



u 
Hi 

XI 
u 
O M 
U O 
<D *+* 

tf   CD 

£c 
O O 
U "H 

^   U 
CO cy 

•—■  J-i 

°>S 
»ü 
<D    . 
U   1) 

to rt 

u u 

&< 
c o 
g- 
«5 
Ö0CO 
d    CTjrp 

3   M   ° 

« s 
Q > 
hO.. 

T5 VM ---■ 

** re 

OH 
i 

•r-l 

WADC TR 57-353 Pt III 42 



-I 

o OJ 
o O 
^r 00 * 

If) N h- 1 r- in 
X N X i 
<3 OJ e> r- 
_J » _J i 

LL (0 U- K> 

en 

OJ 
O 
OJ 

CO co <dr oj o oo 

133d   0001    '1H9I3H 

to OJ o , 

o 

to 
a 

s 
E 
«.2 
5 ° 
§£ 

^£ 

CO 

3 Q 

CO   5 

.Si* 

O     - 
en D 

on 
I—< 

■i-( 

WADC TR 57-353 Pt III 43 



CO 
o 

UJ 
> 

UJ 
CC 

in 
co 

CC 
a. 

D 
O 
CO 

UJ 
> 

UJ 
CC 

5 10 20 

DISTANCE    FROM   SOURCE,    1000   FEET 

Fig. 14 - Mean Sound Pressure Levels for Flight 400 for 
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