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TRANSMISSION EFFECTS

Ground Plane Effects

Sound rays traveling near the ground can be reflected back into the
air, refracted into the ground, and/or absorbed. Each of these effects
can be produced with a concurrent phase shift. The amount of shift
depends on the acoustic impedance of the ground vis-3-vis that of air as
well as such parameters as frequency and arrival angle. Transmission
close to and nearly parallel with the ground results in considerably
more attenuation than predicted by inverse square spreading and atmos-
pheric absorption. Current theoryl-3 maintains that this excess atten-
uation is caused by a cancellation effect between the primary wave and
reflections from an "image'" of the source beneath the surface. This
theory holds that, if the angle between the reflected ray and surface of
the ground is small enough, there is a phase change of up to 180° in the
reflected ray, causing the primary ray and the reflected ray to cancel
one another and create a shadow zone (increased attenuation). If the
surface of the ground had the characteristic impedance of solid earth,
the angle at which this cancellation would take place would be extremely
shallow, only a tiny fraction of a degree. However, in actual practice,
the surface of the ground appears to "breathe"; as a consequence, the
mismatch between the acoustic impedance of the air and that of the
ground surface is not nearly as severe as it would otherwise seem. The
net result is that the predicted canceling effect can take place at some-
what steeper (and practically significant) reflection angles.

This part of the theory is meant to explain the attenuation pro-
duced in still, homogeneous air at frequencies from approximately 500 Hz
up through the audio region. At lower frequencies (typically below
500 Hz}, other transmission phenomena such as ground waves and surface
wavesl-3 create a different transmission mode that penetrates the shadow
zone.

The results of this experimental study show good correlation with
the theoretical predictions for surface and ground wave propagation.
At higher frequencies, however, the actual attenuation is often greater
than theory predicts.

Wind Shear Effects

When a fluid (such as air) flows through a system bounded by a
rough surface (such as common ground cover), the flow velocity at the
rough surface drops toward zero. As the distance from the rough surface
increases, the velocity increases until it finally equals the free
stream velocity. Hydrodynamic theory indicates that the average, or

APL-UW 7815 1
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integrated, wind velocity over a rough surface will vary logarithmically
as a function of height, provided that the flow is turbulent. These
conditions are met for almost all wind velocities and terrains of in-
terest in highway noise work. The height of this logarithmic region
varies from 50-100 ft, for very smooth surfaces, up tc as much as 2000 ft
for very rough surfaces; for typical grass or field crops, it appears to
extend at least several hundred feet.

This nonconstancy of wind velocity with height means that sound
rays transmitted through a windy medium will not travel in straight
lines. Rays traveling in the same direction as the wind will tend to be
bent downward, whereas rays traveling into the wind will tend to be bent
upward. This effect is shown schematically in Figure 1. To intersect
the receiver, rays traveling downwind from the source, Sj, must be
initially directed at an upward angle; Tays traveling upwind from the
source, S2, must be directed somewhat downward. Note that the ''cupping"
effect on the transmission path due to wind shear is not wavelength
dependent; sound of all frequencies will be "bent” the same amount.

WIND
VELOCITY
VECTORS

DOWNWIND
RAY PATH

»- ] UPWIND
RAY PATH

I - RECEIVER S

Figure 1. Schematic representation of sound ray path in upwind
and dowmrind directions when wind shear ig8 present.

Combined Effect

Note from Figure 1 that sound traveling with the wind would tend,
on the average, to follow a path farther from the ground than it would
if no wind were present. Conversely, transmissions into the wind would
tend to travel much closer to the ground than they would if there was

2 APL-UW 7815
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no wind shear. Thus, propagation in a downwind direction tends to re-
duce the ground plane attenuation, and propagation in an upwind direc-
tion tends to enhance the effect. But how strong, in practice, are
these effects? Over what distances and at what listening heights are
they important, and what wind velocities are required to substantially
affect acoustic transmissions? The experimental measurements show that
the combined effects of wind shear and ground plane effects can be quite
substantial even at relatively low wind velocities.

A-WEIGHTED DATA

Experimental Procedures

To eliminate as many variables as possible, the type of ground
investigated was limited to two simple flat surfaces, one covered with
grass mown to a height of 2-3 in.*, and the other with weeds 18-24 in.
high, Cross sections of the experimental geometries are shown in
Figure 2 for the grass field and in Figure 3 for the weed field. 1In
these drawings, the horizontal scale is compressed by a factor of 25 to
1 compared to the vertical scale; as a result, any height irregularities
are amplified by a factor of 25. To the eye, both fields appear quite
flat.

For all the tests involving A-weighted data, the noise sources were
located nominally 1 m above the ground, and aligned as shown in Figures 2
and 3. The receiving microphone was located in the middle of the line
at the position labeled "0" on the drawings. The sources were replaced
in the same positions each day that experiments were conducted. Because
we could not control the wind, many measurements were required to find a
sufficient number of conditions similar enough to be grouped together
statistically for plotting. (The data in this report were collected
over a period of months.)

Testing was done both at discrete frequencies and with a pseudo-
random noise source. The results presented in this report are for
pseudorandom noise. This noise was generated digitally using a 16-stage
shift register. The frequency of the clock used to step the shift reg-
ister was 10 kHz; thus most of the data shown in this report are labeled
"10 kHz clock frequency." The electrical drive to the speakers had the
spectrum shown in Figure 4. Note that the energy falls off above 4.5 kHz,
with a null occurring at the clock frequency of 10 kHz.

A photograph of the field setup is shown in Figure 5. Since the
horns closer to the microphone were in the field of, and could obstruct,
the transmissions from the horns farther out, the size of the horns used

*

an intramural athletic (IMA) field, frequently mowed
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Figure 3. Profile for weed-field experiments.
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in these tests* was rather small (8 in.). Their response fell off
rather rapidly below 200 Hz. To the ear, the resultant sound was much
like freeway traffic noise, less some of the very low frequency rumble.
Since the noise was generated digitally, it was relatively easy to
reproduce the amplitude and spectrum exactly.

The horns were all hard-wired to a pickup "camper' used as a con-
trol center. From the camper, the signal could be quickly switched to
any of the eight horns in the line. The microphone tower at the center
of the line was also hard-wired to the camper. This tower was designed
so that a microphone placed on the boom could be positioned remotely
to any height between 0 and 14 ft (see Figure 6). By turning a knob at
the control center, the boom would go up or down and a digital readout

Figure 6. Remote microphone tower.

*University Sound Company, Model IBA-8,
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would display the microphone height. The signals received at the micro-
phone were amplified by a General Radio P-42 preamplifier and brought
back to the camper, where they were further amplified, processed by an
rms detector and logarithmic amplifier, and displayed on a strip-chart
recorder. Also at the center position was an instrumented tower which
measured the wind speed at heights of 2.17, 4.88, 8.75, and 12.96 ft;
because the anemometers used were nondirectional, the tower also in-
cluded a wind direction indicator so that the measured wind speeds could
be broken into components parallel and perpendicular to the line of
speakers. The wind tower was offset from the line of speakers by 20 ft
(see Figure 5). In this position, it did not disturb the readings at
the microphone, and yet it was close enough that the wind data were a
good representation of the wind at the microphone tower.

Figure 7 shows a sample of typical data from the strip-chart re-
corder. The upper trace was time-shared between wind direction and wind
speed, as indicated in the figure. Because the recorder was sufficiently

20—' _— —r—*—ﬁ——— - ——= |80°
- - e— i ._ — e .. T Coe - - —_ — e |44. i
g Ll sy DY 3
Q : DR v ST ' I § 1 T :%‘
w10 L TS, &
I LLTTTRTPTTHLI TP | ) | T e
o z ! ‘N .'|‘ 9 g Ll ,_720 O
=z _ | A N .‘_‘ BN . PO !'J -—i08°* E
3 coe e e LT O i S - l4gr &
BRUSH ACCUCHART Gould Inc., Instrument Systems Division

575%91-4— CALIBRATION
a LEVEL

SIGNAL LEVEL

Figure 7. Typical strip chart, IMA grass field, 10-kHz clock frequency
noise.
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fast to resolve the signals from the individual commutator contacts on
the direct-current anemometer, there was a clear-cut distinction between
the wind speed (wide part of upper trace) and the wind direction (middle
line in trace). Wind speeds could be recorded from 0 to 20 mph; wind
direction covered 360°, with 0° representing a wind exactly parallel
with the direction of transmission and 180° representing the opposite
direction. The lower trace in Figure 7 is the signal level at the
microphone. At 2 dB per major division, the full scale of this trace
was 20 dB. Since the dynamic range frequently exceeded 20 dB, the gain
had to be adjusted during the course of the measurements. The calibra-
tion level was initially set using a General Radio 1562A microphone
calibrator; the initial calibration was then incremented as necessary
using an accurate 2-dB per step potentiometer incorporated in the sys-
tem. The setting of the potentiometer was noted by hand on the chart.
The symbol 'N4QO" written under the first signal on the left of the
chart means the horn being energized was 400 ft north of the microphone,
and the "28" indicates the setting on the calibrated potentiometer. At
this setting, the line with the hand-drawn "66" on it represents a sound
level 66 dB above the standard sound pressure reference level of

0.0002 dynes per square centimeter. Transmission was then shifted to
the horn 400 ft south of the microphone; as can be seen, this caused a
change of roughly 20 dB in the signal received, or nearly full-scale
deflection. Next, the transmission was switched to N300. Because the
signal would have been off scale (as can be seen in the first brief
moment after the switch), the operator lowered the potentiometer setting
to 24, and the line that previously represented 66 dB now represented

70 dB. The transmission was then switched to S300, which necessitated a
potentiometer setting of 28, and so forth. Many hundreds of feet of
such data were taken, and it was from these data that the results shown
for the A-weighted data were drawn.

Data Reduction

The wind speed and direction data recorded on the strip chart were
"eye averaged' to produce a representative value for wind speed and wind
direction; the parallel component of the wind speed was then calculated
from these data. The sound levels recorded on the strip chart were eye
averaged to arrive at a representative value. The records were then
searched to find cases for the same horn on the same field where the
parallel components of wind velocity were sufficiently close that they
could be grouped. This was done for a variety of microphone heights
between 0 and 14 ft.

The A-weighted data in this report have been categorized into two
groups, one in which the parallel component of wind velocity 1is below
2 mph as measured on the 8.75-ft high anemometer, and one in which the
parallel component of wind velocity is above 2 mph. Figure 8 is typical
of the graphs shown in this report. Each data point is an average value

8 APL-UW 7815
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of all data falling in that category; i.e., same microphone height,
noise source, horn distance, horn direction, and parallel wind velocity.
The range of values indicated by the standard deviation is represented
by bars on each side of the data points. The number by the point in-
dicates how many measurements were used to compute the average value.
Many of the points in the graphs are based on one or two measurements.
The highest number is four. These data were often taken quite far apart
in time, even on different days. The average velocity (¥) of the winds
used to compose the graph, along with the standard deviation (g}, are
shown under ''total wind." For the graph in Figure 8, the average value
of the winds was 1.14 mph, and the standard deviation was 0.72 mph. The
main parameter of interest, the wind component parallel to the trans-
mission, is also indicated on the graph; in this case, it had an average
value of 0.6 mph with a standard deviation of 0.6. In general, a solid
line is used to represent sound that is being transmitted against the
wind and a dashed line to represent sound that is being transmitted with
the wind. The height of the noise source was nominally 1 m above the
ground in all cases.

Results

Figures 8-11 represent transmissions in opposite directions over a
grassy field under relatively calm wind conditions as a function of the
receiving microphone's height. Figure 8 is for a 100-ft transmission.
This transmission was very similar for both directions, indicating very
little wind shear effect. The ground plane effect appears as a notice-
able dropoff in signal level below a height of approximately 6 ft as the
microphone approaches ground level. Figure 9 is for the same conditions
as Figure 8, except that in this case the transmission path length is
200 ft in each direction. Once again, there is a noticeable dropoff in
signal level as the microphone nears the ground due to the ground plane
effect, but in this case the effect commences at a somewhat greater
height. Figure 10 is for the same wind conditions, but for a distance
of 300 ft. 1In this case, wind shear is obviously exerting an influence
at heights below 6 ft, even though the average parallel wind-velocity is
only 1.2 mph. The effect of wind shear on the ground plane interaction
is indicated by the definite difference between the upwind and downwind
measurements at microphone heights below 6 ft. Figure 11 is similar to
the preceding figures except that the transmission path has been stretched
to 400 ft in each direction. The effect of wind shear is apparent over
almost the entire transmission, even though the average parallel wind
velocity is only 1.3 mph.

10 APL-UW 7815
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Figures 12-15 are for transmissions over the grassy field at winds
above 2 mph. Again, at 100 ft (Figure 12) the wind shear effect is not
strong, although the ground plane effect is obvious below 2-3 ft. At
200 ft (Figure 13), a definite difference begins to appear between the
two directions; at heights below 6 ft, the sound level received at the
north microphone is about 6 dB higher than that received at the south
microphone. The average parallel wind velocity was 3.4 mph. Figure 14
is for a distance of 300 ft; the average parallel wind velocity was
5.8 mph. There is a very pronounced wind-shear effect below 12 ft. At
6 ft, which is close to a typical ear height, there is a difference of
about 18 dB between the two paths. Figure 15 is similar to Figure 14
(the parallel wind velocity was 3.9 mph) except that the distance is
400 ft. Once again, the very big difference that relatively small winds
can create is clearly visible. At a height of 4 ft, the difference
between the transmissions over the two paths is nearly 20 dB.

The topography of the weed field, as determined by survey, is indi-
cated in Figure 3. (Note that the horizontal scale is compressed by a
factor of 25 to 1 compared to the vertical scale.) Since the only
sufficiently flat region available for the tests was approximately
600 ft long, the horns were located at 75-ft increments. Figures 16-19
show the results obtained at wind speeds below 2 mph. Figure 16 is for
a distance of 75 ft. Little wind shear is evident, and ground plane
effects are limited to below 2 ft. Figure 17 is for a distance of
150 ft. Again, there is little difference between the transmissions in
the two directions, indicating little wind-shear effect; however, the
ground-plane effect begins to appear at a somewhat greater height. At
225 ft (Figure 18}, there is still not much effect from wind shear,
although the effect of the ground plane extends even higher. Figure 19,
for a 300-ft spacing, shows definite effects of wind shear, particularly
around the 4-ft elevation, even though the average parallel wind veloc-
ity is scarcely over 0.5 mph.

Figures 20-23 show the results obtained at winds above 2 mph. Fig-
ure 20, for a distance of 75 ft, shows little evidence of wind shear.
However, Figure 21 begins to show a strong wind-shear effect, even though
the distance is only 150 ft and the average value for parallel wind is
only 4.2 mph. At a microphone height of 4 ft, there is a difference of
about 15 dB between the two directions. Figure 22 is similar to Fig-
ure 21 except that it is for a distance of 225 ft, and the wind shear-
ground plane effect begins at a higher microphone height. At a distance
of 300 ft (Figure 23), ground plane-wind shear effects produce a very
pronounced difference in the transmissions over the two paths even at
the maximum microphone height of 14 ft. There is a difference of nearly
15 dB over almost the whole range of microphone heights.

14 APL-UW 7815
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The foregoing data have been for relatively small horns with a
clock frequency of 10 kHz. Noise propagation data were also taken using
larger horns at a slightly different location on the weed field during a
previous part of the study. These larger horns produced good transmis-
sions to frequencies slightly below 100 Hz., The resulting noise (par-
ticularly with a lower, 3.6-kHz clock frequency) sounds to the ear much
like that of a large waterfall. Figure 24 shows the results obtained
at the lower frequency for a nominal distance of 300 ft and a parallel
wind velocity component of slightly over 8 mph, which is almost twice
as high as that in Figure 23. As can be seen, there is a very pronounced
difference between the downwind and the upwind propagation.* At the 1-ft
level, there is about a 30-dB difference between the two directions;
this differential remains to heights above 4 ft. Figure 25 also shows
data taken in the weed field using the larger horn, but with a clock
frequency of 10 kHz. Again, there is a very large difference between
noise propagation in the two directions of transmission. The parallel
wind velocity component was 8.5 mph.

Figure 26 represents one of the checks that was made on the valid-
ity of the measurement system. In this case, the data are for the weed
field transmissions. It was assumed that the signal levels received at
the highest microphone elevation for each of the four distances in the
downwind direction (when the signal levels were not changing much with
receiver height) approximated free-field transmission. The median value
for these data was plotted along with the standard deviation. These
data points were then compared with a falloff of 6 dB/octave (the solid
line in Figure 26), which is the predicted falloff due to inverse square
spreading only. As can be seen, there is very good agreement between
simple inverse square spreading and the readings at the highest micro-
phone position. This helps confirm that the sources were all equally
intense and that the distances the sound traveled were approximately the
distances that were measured; it also implies that the rest of the re-
cording system was not grossly out of calibration at any time during the
tests.

*In Figures 24 and 25, the dashed lines represent the downwind direc-
tion and the solid lines the upwind direction.
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SPECTRAL DATA
Test Site

The same site was used to collect the spectral data that was used
for the A-weighted weed-field tests (see Figure 3). The setup was the
same as before except that this time two larger, 20-in. diam horns with
[-60 drivers were used.* One of the speakers was placed north of the
microphone and one south of it. The speakers were moved to the desirted
test distance by hand, and the center of the driver was always 4 ft from
the ground.

The speakers were driven by a pseudorandom digital noise generator
using a clock frequency of 10 kHz. The speaker-driver combination used
for the tests was such that data as low as 200 Hz could be analvzed,

The signals from the 1/2-in. electret microphone were fed through a
General Radio Model 1560 P-42 preamplifier and back to the instrumenta-
tion camper, where they were processed by the B&K 2131 one-third octave
spectrum analyzer shown in Figure 27.

Figure 27. View inside instrumentation camper showing B&K
one-third octave spectrum analyzer and other
equipment.

*University Sound Company, Model PH Trumpet.
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Experimental Procedures

The general procedure used for taking the spectral data was similar
to that for the A-weighted data reported earlier except that an indivi-
dual measurement was somewhat more time consuming both to make and to
reduce. As a result, measurements were made only on the weed field and,
predominantly, at distances of 150 ft and 225 ft. During each measure-
ment, data were taken from two directions, north and south of the micro-
phone. Because of slight differences in the terrain, each section was
treated independently during the data analysis. Once again, since we
could not control the wind, it was necessary to take several hundred
spectra to acquire data under a sufficiently wide variety of wind con-
ditions.

The procedure for each measurement was as follows. First the ambi-
ent noise level was rTecorded using the B§K 2131 one-third octave analyzer
so that any one-third octave data bins that did not show a signal-to-
noise ratio of at least 8 dB could be removed from the data file. Next,
the Brush multi-channel strip-chart recorder was activated to monitor
the wind speed and direction while, at the same time, the north speaker
was activated. After approximately 1 sec (to ensure the sound had
traveled to the microphone}, the B§K 2131 integration period of 4 sec
was started, and upon completion of the sampling period the spectrum was
stored in the digital memory of the spectrum analyzer. The output of
the noise generator was then switched from the north speaker to the
south and, after a 1-sec delay, the B§K 2131 integration period of 4 sec
was started, the data sampled, and the spectrum stored.

This completed one run. The spectra produced by the north and
south speakers were read out frequency by frequency and recorded by hand
on a data sheet. The wind speed and direction data, recorded on the
strip chart, were then eye averaged and recorded on the same sheet as
the spectral data.

The switch from the north to the south speaker was made as quickly
as possible to increase the chance that wind conditions would be the
same for both terrains.

The microphone was calibrated each day before the beginning of the
runs and at numerous intervals during the course of a day's testing.
This was done using a General Radio Model 1562A calibration unit which

generated a 1000-Hz tone at 114 dB.

Data Reduction

Each horn, while being driven by the stable pseudorandom noise
source, was calibrated by raising it approximately 8 ft off the ground
and pointing it straight into the air where, at a distance of 11 ft, a
precision B§K 1/2-in. microphone was suspended on a line between two
towers. The resulting frequency spectrum is shown in Figure 28.
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Figure 28. Speaker calibration/normalization. The decibel level shown
at _each one-third octave frequency is the average of three
calibration tests 11 ft from the mterophone.
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The field data were put on computer cards to facilitate analysis.,
As part of the data reduction, the received levels for all the one-third
octave frequency bins were adjusted to an effective source level of
103 dB at 11 ft by adding the amounts shown in Figure 28. All of the
spectra, together with their associated wind velocities and other data
such as microphone height, were entered into a CDC 6400 computer. The
computer then sorted the data into various wind velocity bins using, in
turn, each anemometer as the reference. 1In addition, the difference be-
tween various anemometers was investigated as a possible reference for
the wind bins. Trials were made using, in turn, the data for each of
the anemometers and also the differential wind shear as the wind cri-
terion to determine which would yield the least scatter in the data.
After a number of trials, it became apparent that differential wind
shear was no better a parameter than the wind velocities at the higher
anememeters. Therefore the data presented in this report have all been
referenced to the wind velocity at the 8.75-ft high anemometer. The
wind velocity used for the data ordering was the component parallel to
the "flight" direction of the sound rays measured.

Since the wind was uncontrollable, the data were not uniformly
distributed among wind bins. Data were fairly dense in some wind ve-
locity ranges and rather thin in others. In many cases, the data were
too sparse to simply divide the wind speeds into relatively narrow bins
and then average the data points falling within that bin. Instead, a
method was needed that would use nearby data peints to help enhance the
validity of any given bin. With this in view, we chose five overlapping
wind-velocity bins *3 mph wide and centered at -10, -5, 0, +5 and +10 mph
{see Figure 29). A least-squares regression fit to a linear curve was
obtained for each bin. This was done for all frequencies, wind bins,
distances, and microphone heights for which there were sufficient data
to justify the procedure. Each of the resulting best-fit curves was
then read at its center point to determine the acoustic effects at that
wind velocity. To give the reader a feel for the amount of "smoothing"
produced by this process, Figure 30 shows two typical ''sound level vs
wind speed" plots together with the piecewise linear fit. Note that at
250 Hz the top figure shows almost no variation with wind, whereas at
2000 Hz the bottom figure shows considerable wind dependence.

WIND BINS

-5 mph DATA 5 mph DATA
10 mph pATA __ > ™Ph omph paTA > TPLPM 10 mph DATA

— ™ =~ — —_—

7

AN

-1z -1 -8 -6 -4 -2 8] 2 4 3 8 10 12
WIND VELOCITY (mph)

Figure 29. Wind bin selection.
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Figure 30. Least-squares regression fit to data points.
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Results

Comparison of Zero-Wind Data with Theoretical Predictions

Current theory indicates that the excess attenuation for sound
propagating near the ground is caused by the canceling effect facili-
tated by a large phase change that occurs in reflections from the ground
at low angles of incidence; it also predicts that this shadow zone will
be penetrated to some degree by surface and ground waves (see References
1-3). This theory applies only to isotropic propagation (i.e., when
there is no wind shear or thermal gradients) and to flat ground. Fig-
ures 31 through 46 show the experimental results for zero wind at 150 ft
and 225 ft. Also plotted in the figures are the theoretical curves for
(1} ground and surface wave effects and (2) the ground reflection effect.
The theoretical predictions for surface and ground waves agree rather
well with the spectra obtained at low frequencies. In Figure 38, for
example, the ground and surface wave predictions taken alone do a re-
markably good job of predicting the actual levels obtained at a micro-
phone height of 0 ft. However, at the higher frequencies (where the
surface and ground wave predictions are not applicable}, the ground
reflection theory does not do a particularly good job of predicting the
experimental results actually obtained.

Figures 31 through 38 show the results obtained at the various
microphone heights for a distance of 150 ft. If the system had been in
free space (and only inverse square spreading had occurred), the expected
level at this distance (adjusted for all frequency bins) would have been
80.3 dB. At some frequencies, the data for the 14-ft high microphone
(Figure 31) exceed this level by as much as 4 dB. At 6 ft and below,
the received levels show more attenuation than predicted by simple
inverse square spreading at all frequencies. At 4 ft, this excess
attenuation amounts to at least 9 dB; at 0 height it is perhaps as much
as 27 dB for frequencies where the ground and surface waves are not
dominant. This amount of attenuation was not predicted by the theory
given in References 1 and 3.

Figures 39 through 4o show the results obtained at 225 ft. Once
again, the theory does not predict the attenuation found experimentally
for frequencies above 500 Hz, where ground and surface waves have no
effect.
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The theoretical curves were based on the values for ground imped-
ance indicated in Reference 1. One might be tempted to think that a
better match to the experimental data could be obtained by a different
choice of ground impedance parameters. This is not the case. If the
geometry is such that some place within the frequency band the path
length of the reflected signal is at least one wavelength longer than
the direct path between the source and the receiver, the theoretical
model requires that there will be at least one frequency where the
received level will rise to a level commensurate with inverse square
spreading or up to as much as 6 dB higher, depending on the effective
reflectivity coefficient of the ground. The phase change occurring upon
reflection can influence where in the frequency band this signal enhance-
ment will occur, but it can not prevent it from happening. However, in
many cases (for example, Figure 36) the experimental data show no such
fluctuations; in fact, the actual attenuation is considerably higher
than the theoretical predictions throughout the spectrum above 500 Hz.

To summarize, the theory given in Reference 1 does a very good job
of predicting the effects of ground and surface waves, but does not
appear applicable for predicting the experimental results at higher fre-
quencies, where considerably greater attenuation was found than was pre-
dicted.

Effects of Wind

Appendix A shows the received spectral levels (normalized to 103 dB
at 11 ft for all bin levels) obtained experimentally at each microphone
height under five different wind conditions: +10, +5, 0, -5, and, when
enough data were available, -10 mph wind. The "+" indicates that the
wind component parallel to the transmission was traveling in the same
direction as the sound, and a "-" indicates that it was in the opposite
direction. For the 14-ft microphone, the effects caused by the wind are
not great. However, for the lower microphones, they can be quite dra-
matic. Figure 47 (Figure A6 in the appendix) shows several interesting
characteristics for a distance of only 150 ft and a microphone height of
4 ft. First, note that the lower part of the frequency band is not much
affected by wind velocity. These are the frequencies where ground and
surface waves predominate. This low-frequency immunity to wind condi-
tions will be seen to hold for all the curves. At the higher frequen-
cies, however, the wind velocity plays a very dominant role. In Figure 47,
for example, a 10-mph tailwind increased the received sound level about
9 dB above what was received for zero wind, and a 5-mph tailwind increased
the received level by 4 to 5 dB; on the other hand, a S5-mph headwind
decreased the sound level by up to 8 dB vis-i-vis still air. Between 1
and 3 kHz (where the ear is most sensitive), the difference in received
sound between a headwind of 5 mph {as measured with the anemometer
8.75 ft above the ground) and a wind of 5 mph in the opposite direction
was approximately 10 dB.
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In the downwind case, the sound rays were bent upward (see Figure 1)
so that a greater part of their travel was spent farther from the ground;
in the upwind case, the rays were forced to travel very near the ground
during a greater part of their travel. This raising and lowering of the
propagation path reduced and enhanced, respectively, the effect of the
ground plane on the transmission. In the case of the 14-ft high receiver,
none of the rays were sufficiently near the ground to show much effect.

In the case of the lower microphones, however, the differences between
the effective ray paths were sufficient to produce a rather great differ-
ence between the levels received in the two directions of propagation.

As was seen for zero wind, the theory given in References 1-3 does
not adequately account for the effects observed at higher frequencies.
That is, the theory that the shadow zone is created by a reflection
phenomenon does not account for the amount of excess attenuation actu-
ally observed. This could possibly be due to the fact that the ground
was not perfectly flat. However, it is the author's opinion that the
shadow zone is caused by the ability of the ground surface to absorb and
dissipate some of the energy in sound rays passing nearby, and that this
phenomenon (although very complicated) is much more closely akin to dif-
fraction than to reflection. A more complicated solution of the wave
equation which does not "simplify out' such possible effects would be
required to test this hypothesis.

IMPLICATTONS FOR FIELD MEASUREMENT OF HIGHWAY NOISE

This work clearly shows that wind conditions should be taken into
account when measuring noise levels in the field. The level of sound
that will be measured from a particular source not only will vary with
the emitted level but will be strongly influenced by any existing wind.
In general, for transmission paths over ordinary ground at listening
heights of 4-8 ft, the noise level will be considerably higher when
measured downwind from the noise source than when measured upwind from
the noise source. If measurements (even from the same spot and with the
same traffic level) are made under different wind conditions, the re-
sults obtained can vary widely.

It is particularly important that, when establishing the existing
noise level prior to making changes in a roadway, the measurements be
made downwind in all cases. 1In regions with a prevailing wind that
occurs at those times of day when the roadway is noisiest, it might be
appropriate to make some upwind measurements. However, the wind's
velocity and direction relative to the sound's direction should always
be measured and this information, along with a statement of the height
at which it was gathered, should accompany the acoustic data. The accom-
panying information should clearly state that the data were taken upwind
and that this may well have reduced the sound's intensity, but that this
was felt to be a typical condition for this particular measurement site.
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For assessing, after construction, whether the noise level meets
PPM 90-2 or other specifications, the fairest method would be to measure
only during relatively calm periods or when the wind is blowing sub-
stantially parallel with the road.
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