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Atmospheric Effects on Traffic Noise 
Propagation 

ROGER L. WAYSON AND WILLIAM BOWLBY 

Atmospheric effects on traffic noise propagation have largely 
been ignored during measurements and modeling, even though 
it has generally been accepted that the effects may produce large 
changes in receiver noise levels. Measurement of traffic noise at 
multiple locations concurrently with measurement of meteoro
logical data is described. Statistical methods were used to evaluate 
the data. Atmospheric effects on traffic noise levels were shown 
to be significant, even at very short distances; parallel components 
of the wind (which are usually ignored) were important at second 
row receivers; turbulent scattering increased noise levels near the 
ground more than refractive ray bending for short-distance prop
agation; and temperature lapse rates were not as important as 
wind shear very near the highway. A statistical model was devel
oped to predict excess attenuations due to atmospheric effects. 

Outdoor noise propagation has been studied since the time 
of the Greek philosopher Chrysippus (240 B. C.). Modern 
prediction models have become accurate, and the advent of 
computers has increased the capabilities of models. However, 
primarily because of their dynamic nature, atmospheric effects 
on traffic noise propagation have not been predicted well. 

A research effort involving quantitative analysis of data and 
correlation of measured meteorological effects on traffic noise 
propagation at relatively short distances common to first and 
second row homes along heavily traveled roadways is described. 
Project planning and the collection, reduction, and analysis 
of data are described. 

METHOD OF RESEARCH 

The problem, simply stated, is to determine the physical 
mechanisms that cause atmospheric (weather) effects on traffic 
noise levels and to predict these levels accurately. The solution 
is complicated by the interacting effects of geometric spread
ing, shielding (diffraction), reflection, ground impedance, 
atmospheric absorption, and atmospheric refraction, all of 
which must be considered in the modeling process. 

These effects may be considered to act separately on the 
noise levels received by an observer as reported by many 
sources including the well-read text by Beranek (1) and the 
FHWA methodology (2). Using this concept, the receiver 
noise level may be defined as 

(1) 

where 

Lx = time-averaged sound level at some distance x (in 
dB), 

Vanderbilt Engineering Center for Transportation Operations and 
Research, Vanderbilt University, Box 1625, Station B, Nashville, 
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L 0 sound level at a reference distance, 
Ageo attenuation due to geometric spreading, 

Ab insertion loss due to diffraction, 
L, level increases due to reflection, and 
Ac attenuation due to ground characteristics and envi

ronmental effects. 

It should be noted that all levels in dB in this paper are 
referenced to 2 x 10-s N/m2 • 

The last term on the right side of Equation 1, A,, consists 
of three parameters: ground attenuation, attenuation due to 
atmospheric absorption, and attenuation due to atmospheric 
refraction. 

where 

attenuation due to ground interference, 
attenuation due to atmospheric absorption, and 
attenuation due to refraction. 

(2) 

The effects of rain, sleet, snow, and fog are not considered 
here. With the careful site selection used for this research, L, 
and Ab were considered negligible, so Equation 1 could be 
written 

(3) 

To evaluate the relationship between Lx and A,er, the other 
variables needed to be known; this was done by normalizing 
the data for refractive effects. After all terms in Equation 3 
except A,er were determined in various ways, allowing the 
data to be normalized, excess attenuation from atmospheric 
refraction was calculated. Once sample data were on a com
mon basis, comparison of each sample period for changes in 
excess attenuation due to atmospheric variables could be 
determined. These relationships were then evaluated to deter
mine statistical correlation. 

Once data were normalized, the statistical approaches pre
sented a realistic way to correlate the effects of random atmos
pheric motion. Statistical methods used were regression anal
ysis, Gaussian statistics, and hypothesis testing. 

DATA COLLECTION 

Data were collected in March and April 1987 along 1-10 in 
Houston, Tex. 1-10 at this location consisted of three main 
lanes in each direction, two frontage roads in each direction, 
and a center, high-occupancy vehicle (HOV) lane, all at grade. 
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The t:rontage roads we re eparated by a small grassy median 
from 1hc main lanes, whereas the I lOV lane wa . eparated 
by Jer ey era h barriers. he south side of the highway facilit)', 
where sampling wa don , coo ·i ·ted of a large open field with 
mown grass. Figure 1 shows general site layout and the mea
surement site locations in regards to 1-10. Table 1 presents a 
complete listing of the data collected. 

During data collection, specific sets of atmospheric con
ditions were desi red . A total of 29 periods of dam were finally 
collected , ranging in duration from 4.2 to 24.7 min (2 to 148 
1.0-sec averages). Table 2 present the average weather c()n
ditions for each sample period. Weather data were collected 
concurrently; in this way, a comprehensive spatial data base 
was developed. Periods 24 and 29 were deleted due to incom
pleteness of data. 
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An on-site mobile laboratory housed required instrumen
tation and provided shelter and convenience. Meteorological 
sensors and microphones were connected by long shielded 
cables to the mobile laboratory. All cables were carefully 
checked, and calibrations were conducted with the cables in 
place. Reco1diug was uuut:: uu sluuiu 4uality tapes using a 
precision RACAL tape recorder at a speed of 15 in./sec to 
ensure high-quality recording. Proper, careful calibrations were 
recorded on each tape. Precise calibrations were repeated for 
each instrument. To quantify the noise data, the tapes were 
analyzed using a Norwegian Electronics real-time analyzer. 
The selected output of this noise analyzer was in one-third 
octave bands from 16 to 10,000 Hz for each microphone. A 
data-averaging time of 10 sec was used because the atmos
pheric changes and effects on noise data are minimized on 
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TABLE 1 DATA COLLECTED BY LOCATION 

Measurement Traffic u-v-w Asperated Shielded Relative 

Station Noise Wind Speed Temp. Temp. Humidity 

A x 

B x 

c x x x 

D x x x x 

E x x 

E** x x 

F x x x 

G x x 

H x x 

H** x 

MEL III x 

A,B: Tower 1 

C,D,E,E**: 

F,G,H,H**: 

Tower 2 (E** at 0.5 meters) 

Tower 3 (H** at 0.5 meters) 

*Also collected manually were: 

- soil type and relative moisture content 

- traffic data 

vehicle counts (by lane classification) 

vehicle average speeds 

vehicle types 

- cloud cover 

- relative humidity (sling psychometer) 

- unusual noises 

this time scale. Weather data were collected using a Balconies 
minicomputer with half-sec recording intervals of all weather 
data and output to nine-track computer tapes. 

Each data file was reviewed for accuracy and completeness. 
A series of FORTRAN computer programs was written, tested, 
and run for each sample period to format these VAX
compatible, ASCII data files. Indirectly measured parameters 
were calculated such as lapse rate "/, vertical wind gradient 
du/dz, turbulent intensities iu, iv, iw, standard deviations, 
Richardson number Ri (3), and Tatarski's refractive index 
function ( 4). A mathematical description of Ri and Tatarski's 
refractive index function is given in the appendix at the end 
of this paper. The meteorological data were averaged in 10-
sec intervals to match the noise data averaging procedure. 

From the final meteorological and noise data files, various 
data combinations were sorted and combined. These files 
were manipulated to contain specific information of interest 
for correlation analysis. Statistical testing, as well as corre
lation analysis, was done using a commercial software statis-

tical testing package (5). Figure 2 displays graphically the 
series of events needed to combine and analyze the data. 

ANALYSIS 

After formatting was accomplished, data were mathematically 
adjusted to normalize for traffic, distance, ground interfer
ence, atmospheric absorption, and the reference microphone. 
Formatting also allowed combinations of various data sets for 
statistical testing. Logarithmic averaging was done for each 
sample period. The following discussion explains how each 
term in Equation 3 was determined or calculated. 

Reference Level (L0) 

Noise levels measured at Site B were used as the reference 
levels L 0 for data normalization. Site B presented a measured 
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TABLE 2 AVERAGE WEATHER CONDITIONS BY SAMPLE PERIOD 

Sample Avg. Avg. Avg. V Cloud l:'/U Lapse Wind 
Period RH(%) Temp (C) 10 M (m/s) 

1 78 23 2.10 
2 80 23 2.42 
3 79 23 2.21 
4 49 14 2.80 
5 47 14 2.93 
6 37 19 1.29 
7 37 19 2.37 
8 32 22 2.70 
9 41 20 0.29 

10 45 20 0.44 
11 49 19 3.30 
12 48 20 4.10 
13 44 21 1.66 
14 31 22 2.93 
15 33 22 0.37 
16 50 19 0.23 
17 28 26 1.38 
18 27 26 1.47 
19 28 24 1.79 
20 29 2'1 1.10 
21 31 20 3.64 
22 31 20 3.59 
23 31 20 3.50 
25 62 12 2.23 
26 30 23 2.92 
27 29 23 3.40 
28 58 21 3.35 

reference level at a known distance for each sample period 
that could be used to normalize each of the other microphone 
levels. Use of Site B as a reference level is similar in concept 
to energy-mean emission levels developed for STAMINA (6), 
except an overall traffic noise level was developed rather than 
extrapolating for a single-vehicle pass-by. The normalization 
process was necessary to allow for traffic variations in each 
sample period. 

Site B was evaluated to determine if it was affected by 
meteorology by first comparing modeled to measured values 
for each sample period using sample-period-specific traffic 
data. During the modeling runs, the atmospheric absorption 
algorithm in STAMINA 2.0 was bypassed with comment indi
cators and no ground attenuation was assumed. The results 
of the computer model were then compared to the measured 
data. Differences in the values were expected because of the 
averaged national emission levels used in the model. If only 
the emission levels were in error, relatively constant differ
ences should have occurred. However, differences ranged from 
- 3.3 to 0.4 dB. Figure 3 shows the differences for each sample 
period. The changes in these differences indicated that per
haps some other changing phenomenon was influencing the 
measured noise levels at the reference microphone. 

To identify the interference phenomenon, statistical cor
relations using the least squares analysis method were used 
along with testing of the null hypothesis. The null hypothesis, 
simply stated, is that traffic noise levels are not affected by 
atmospheric phenomena . 

Cover Class Rate (C/m) Shear (m/s/m) RI# 

0.4 B -0.036 0.031 -1.64 
0.4 B -0.030 0.049 -0.56 
0.4 B -0.044 0.056 -0.57 
0.2 A -0.140 -0.017 -17.60 
0.2 A -0.137 -0.054 -1.71 
0.9 B -0.010 -0.019 -1.75 
0.5 B -0.145 -0.048 -2.24 
0.8 c -0.094 -0.044 -1.83 
0.8 B O.D35 0.027 1.15 
0.8 E 0.052 O.Q28 1.75 
0.9 c -0.080 -0.086 -0.40 
0.9 c -0.095 -0.092 -0.41 
0.1 A -0.026 -0.073 -0.23 
0.0 B -0.123 -0.024 -7.59 
0.0 A 0.007 O.Q18 -0.26 
0.0 A 0.261 0.002 2708.10 
0.0 . -0.107 0.059 -1.09 n. 

0.3 B -0.032 0.069 -0.29 
0.3 B O.Dl8 0.060 0.08 
0.4 B 0.027 0.041 0.33 
0.0 B -0.142 -0.045 -2.48 
0.0 B -0.108 -0.046 -1.83 
0.0 B -0.096 -0.046 -1.69 
0.0 B -0.035 0.078 -0.26 
0.0 B -0.125 0.088 -0.58 
0.0 B -0.041 0.126 -0.11 
0.0 B -0.159 0.002 -1020.89 

To prove the null hypothesis at a 95 percent level of con
fidence, a correlation coefficient r of less than 0.374 would 
be expected for a two-variable correlation, here an atmos
pheric phenomenon compared with excess attenuations. For 
a multiple regression correlation that contained three varia
bles, in this case noise levels, wind shear, and lapse rate, a 
value of less than 0.454 would be expected for r. These values 
are for testing absolute values of correlation coefficients, to 
prove or disprove the null hypothesis, from standard index 
tables supplied in texts (7). 

When the reference location (Site B) was evaluated, the 
null hypothesis could not be proven. The results could be 
interpreted to mean that even at this small distance from the 
traffic source, noise levels are affected by atmospheric phe
nomena. This does not necessarily mean noise levels are affected 
but that it cannot be proven that they are not affected. How
ever, the probability that they are affected is high because 
the other effects were carefully eliminated from consideration 
during the normalization process. 

Geometric Spreading (Ageo) 

In order to normalize for energy loss due to geometric spread
ing, the amount of attenuation for each microphone had to 
be evaluated. Use of the STAMINA program provided an 
easy way to accurately allow for geometric spreading, with 
the atmospheric absorption algorithm being bypassed and no 
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FIGURE 2 Data reduction flow chart. 

allowance being made for ground interference. Using STAM
INA in this way, correction factors (in dB) could be deter
mined for geometric spreading. 

Ground Attenuation (Ag•d) 

Modeling was considered as a method to correct each site for 
ground interference, especially by using the Penn State Model 
(8). However, any increased accuracy of these methods above 
actual measured levels was doubtful. 

During data collection, considerable effort was spent trying 
to measure a base-case sample period. Ideally, the base-case 

period would contain no wind or temperature gradient. 
Although a quiescent atmosphere never really occurs, con
ditions were very favorable for a base case to be developed 
in two of the periods, 6 and 15, in which the wind shear and 
lapse rate were both small. In these cases, convective mixing 
dominated, but again, winds were slight. Small amounts of 
refraction would be expected from these weather conditions. 
Each of these sample periods had the same difference ( -1.5 
dB) from the modeled STAMINA level at the reference site. 
Similar differences occurred at the other sites. Accordingly, 
an average of Sample Periods 6 and 15 without atmospheric 
influence other than absorption was used as a reference datum 
point to determine ground attenuation. 
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FIGURE 3 Level differences-measured minus predicted at reference microphone at Site B. 

Atmospheric Absorption (Aabs) 

The American National Standards Institute (ANSI) standard 
method (9) was used to determine correction values for each 
sample period, microphone, and one-third octave frequency 
band. This process allowed a normalization of data for varying 
weather conditions and propagation path lengths, because 
atmospheric absorption is a linear function of path length. 

Final Combinations of Normalized Data 

Once all terms of Equation 3 were determined (as previously 
discussed), the measured noise data were adjusted to solve 
for refractive excess attenuation (A,ef)· The first step in this 
process was to adjust each frequency band for atmospheric 
absorption. Once corrected, the one-third octave band values 
were combined logarithmically to develop A-weighted Leq 

values, representative of each sample period. The final prod
uct was normalized, time-averaged, A-weighted refractive 
excess attenuations. From the reduced data values, A,ef was 
determined for each 10-sec interval in each sample period by 
evaluating Equation 3. Table 3 presents these values for 
refraction only, whereas Table 4 includes ground interference. 

REFRACTIVE EXCESS ATTENUATION 
OBSERVATIONS 

After derivation of the refractive excess attenuations, Tables 
3 and 4 were reviewed to distinguish trends in the data. The 
data presented in Table 3 show that when averaged for all 
sample periods, no effect is seen at Site A or E. However, 
individual sample periods show strong effects. At Site A, 
values range from -2.9 to 3.7 dB. At Site E, values range 

from -1.2 to 1.8 dB. Likewise, Sites C and D show small 
effects in the aggregate but wide variances from sample to 
sample, with Site C values ranging from -0.9 to 3.4 dB and 
Site D values from -0.9 to 2.3 dB. Sites F and G show slightly 
greater ranges. Because these represent normalized values, 
it can be assumed that these ranges are the result of varying 
weather conditions 

One theory (10-12) hypothesizes that a primary mechanism 
for causing increased noise levels near the ground is the scat
tering of the skywave by turbulence. In this paper, skywave 
is used in the acoustical sense (as the referenced literature 
does) to mean a sound wave propagating at or above 5 degrees 
from horizontal. If this mechanism is significant, decreased 
refractive excess attenuations should result at sites nearer the 
ground than for the sites at higher elevation because of 
decreased effect with distance from the skywave propagation 
path. This relation is indeed the case as shown in Table 3 in 
general for individual sample periods. Accordingly, scattering 
of the skywave from turbulence is a strong mechanism that 
increases noise levels near the earth's surface. 

Ray bending due to refraction has also been considered a 
process that could change noise levels near the ground (13 ,14). 
Whether this phenomenon can occur with enough bending to 
affect receivers typical of first and second row residences, 
which are usually less than 150 m from the roadway, was 
investigated. Established equations were evaluated for these 
short distances using an arbitrary worst case scenario (chosen 
on the basis of experience), with lapse rate equal to 0.3 degrees/ 
m and wind shear equal to 0.98 (m/s)/m. A chord of 150 m 
(used to simulate a distance typical of second-row residences) 
would mean the horizontal wave front would be displaced by 
approximately 2 m. Consequently, even in unusual cases, only 
a 2-m displacement could be expected at 150 m from the 
source. For typical conditions and shorter distances, a much 
smaller effect on traffic noise levels \.Vould be expected, except 
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TABLE 3 REFRACTIVE EXCESS ATTENUATION LEVELS-REFRACTION ONLY 

Sample Refractive Excess Attenuations (dB) 
No. Mic A Mic C Mic D 

1 0.7 0.3 0.5 
2 -2.7 0.9 0.2 
3 -2.9 -0.3 0.1 
4 -0.4 0.5 -0.4 
5 -0.2 0.6 -0.5 
7 0.2 0.6 -0.5 
8 -0.4 0.2 -0.9 
9 0.2 -0.2 -0.9 

10 0.4 0.1 -0.5 
11 0.1 -0.5 -0.1 
12 0.2 -0.9 -0.0 
13 0.8 1.3 0.2 
14 0.5 1.5 0.4 
16 -0.3 -0.9 0.2 
17 0.7 2.6 1.4 
18 -0.8 0.4 -0.2 
19 -0.6 0.7 2.3 
20 -1.2 0.2 0.2 
21 -1.3 0.9 0.3 
22 -1.1 0.9 0.7 
23 -1.3 0.1 0.7 
25 2.7 0.2 0.4 
26 3.7 3.4 1.0 
27 1.8 2.3 0.2 
28 0.1 1.9 0.5 

MAX 3.7 3.4 2.3 
MIN -2.9 -0.9 -0.9 

AVG 0.0 0.7 -0.2 
STD 1.4 1.0 0.7 

perhaps for changes in ground interference, because the angle 
of the wave striking the ground would change. 

To further evaluate the effects of ray bending, refractive 
excess attenuations were reviewed. One would expect levels 
of refractive attenuation to be similar at sites along the pro
jected curved ray path. The data in Table 3 do not support 
this theory. Therefore, turbulent scattering appeared to have 
a greater effect on receiver noise levels near the highway than 
ray bending. 

Quite noticeable (see Table 4) was the effect that ground 
interference had on the 1.5-m-high sites (E and H). As expected, 
ground interference became Jess prominent with increasing 
height. A review of Table 4 shows similar refractive excess 
attenuation trends at Sites C and F, which were both 10 m 
high. Also apparent are the larger attenuations with decreas
ing height at each tower. 

Also of interest in Table 4 are the similar values that occur 
for microphones of similar height , with the exception of Site 
A . Site A, being within 10 m of the edge of the pavement, 
would appear to behave differently from the atmospheric effects, 
because the values are between those derived for the 3-m and 
10-m sites. However, if the angles from the roadway surface 
to the microphones are considered, Site A follows the pattern 
established at the other sites. Accordingly, the results at Site 

Mic E Mic F Mic G Mic H 

0.9 0.5 -1.1 -1.7 
1.3 -0.0 -0.7 -1.9 
0.4 4.7 -0.1 -1.5 

-0.4 2.1 1.0 -0.6 
-0.7 1.6 0.9 1.1 
-1.2 1.7 2.0 0.3 
-0.9 2.5 4.5 4.1 
0.8 -0.1 -1.2 -2.2 
0.8 -0.0 -0.6 -1.7 

-0.2 -0.1 0.2 -0.8 
-0.5 -0.4 -0.2 -1.9 
1.3 2.0 2.9 1.7 
0.3 3.5 5.3 5.2 
0.8 -0.7 0.5 -1.0 
1.8 4.9 3.4 3.1 

-1.2 1.1 1.3 1.0 
-0.4 0.8 -0.I -0.8 
-0.l -0.2 -0.6 -1.2 
0.4 1.9 3.0 1.9 
0.5 1.4 2.6 1.9 
0.1 1.0 1.8 0.5 

-1.2 -1.0 6.5 -1.4 
-0.3 2.8 0.5 -0.1 
-1.0 1.2 -0.5 -1.2 
-0.0 2.1 0.9 -1.5 

1.8 4.9 6.5 5.2 
-1.2 -1.0 -1.2 -2.2 
0.0 1.3 1.3 0.0 
0.8 1.5 2.0 2.0 

A are not different but would appear to be following the same 
pattern as Sites C and D most of the time (but not always) if 
the angle to the roadway centerline is considered. The prox
imity to the highway for Site A most probably causes the 
irregularities in the pattern because the propagation path is 
much shorter and less affected by the changing atmospheric 
phenomena. This is reinforced when an irregularity occurs, 
because during most of these cases the Richardson number 
has a large absolute value . Accordingly, sites of similar height 
away from the roadway display similar refractive excess atten
uation when ground effects are included. 

SIGNIFICANCE OF VARIABLES 

In order to model any phenomenon , it must be assumed that 
the event is repeatable and dependent on key variables. To 
establish the significance of each variable, correlation analysis 
and null-hypothesis testing were used. To test for the signif
icance of variables, microphone locations were assumed to 
be independent and evaluated singularly. In this way, no over
all bias would occur at any sample site. In all testing, the 
traffic refractive excess attenuations were considered to be 
the dependent variable. The null hypothesis was as stated 
before. 
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TABLE 4 REFRACTIVE EXCESS ATTENUATION LEVELS-GROUND INTERFERENCE 
INCLUDED 

Sample Refractive Excess Attenuations (dB) 
No. Mic A MicC Mic D 

1 1.9 2.9 1.0 
2 -1.5 3.5 0.7 
3 -1.7 2.3 0.6 
4 0.8 3.1 0.1 
5 1.0 3.2 0.1 
6 1.4 2.7 0.4 
7 1.4 3.2 0.0 
8 0.8 2.8 -0.4 
9 1.4 2.4 -0.4 

10 1.6 2.7 0.0 
11 1.3 2.1 0.4 
12 1.4 1.7 0.5 
13 2.0 3.9 0.7 
14 1.7 4.1 0.9 
15 1.0 2.5 0.6 
16 0.9 1.7 0.7 
17 1.9 5.2 1.9 
18 0.4 3.0 0.3 
19 0.6 3.3 2.8 
20 0.0 2.8 0.7 
21 -0.1 3.5 0.8 
22 0.1 3.5 1.2 
23 -0.1 2.7 1.2 
25 3.9 2.8 0.9 
26 4.9 6.0 1.5 
27 3.0 4.9 0.7 
28 1.3 4.5 1.0 

MAX 4.9 6.0 2.8 
MIN -1.7 1.7 -0.4 

AVG 1.2 3.2 0.7 
STD 1.4 1.0 0.7 

Wind Effects 

The effects of the wind were examined for statistical signifi
cance at each measurement location . These variables included 
the average wind speed vector for the orthogonal coordinates, 
with the x-axis along the centerline of 1-10 and the positive 
direction to the east. In meteorology, the x-, y-, and z-axes 
are commonly referred to as u, v, and w, respectively, the 
convention used in this paper (see Figure 1) . Also examined 
was the wind shear at Towers 2 and 3. 

Correlation coefficients (r) ranged from 0.003 to 0.797. To 
disprove the null hypothesis for 25 samples and 2 variables, 
a value exceeding 0.381 was required for r as previously dis
cussed (7). Sample Periods 6and15 were not included because 
they were used to normalize for ground effects. Again, it must 
be noted that if the null hypothesis is not proven, it does not 
necessarily mean that the variables are correlated . However, 
because the data have been normalized to eliminate all other 
variables except for refraction from wind, temperature, and 
turbulence , it can be assumed that there is a significant cor
relation if r exceeds the critical value. 

Of importance in the analysis was the inclusion of the u 
and w components of the wind. From a point source, only 

MicE Mic F Mic G Mic H 

2.8 2.6 -0.9 -0.7 
3.2 2.1 -0.5 -0.9 
2.3 6.8 0.1 -0.5 
1.5 4.2 1.2 0.4 
1.2 3.7 1.1 -0. l 
1.7 1.8 -0.7 -1.5 
0.7 3.8 2.2 1.3 
1.0 4.6 4.7 5.1 
2.7 2.0 -1.0 -1.2 
2.7 2.1 -0.4 -0.7 
1.7 2.0 0.4 0.2 
1.4 1.7 0.0 -0.9 
3.2 4.1 3.1 2.7 
2.2 5.6 5.5 6.2 
2.1 2.4 0.2 -0.5 
2.7 1.4 0.7 0.0 
3.7 7.0 3.6 .u 
0.7 3.2 1.5 2.0 
1.5 2.9 0.1 0.2 
1.8 1.9 -0.4 -0.2 
2.3 4.0 3.2 2.9 
2.4 3.5 2.8 2.9 
2.0 3.1 2.0 1.5 
0.7 1.1 6.7 -0.4 
1.6 4.9 0.7 0.9 
0.9 3.3 -0.3 -0.2 
1.9 4.2 1.1 -0.5 

3.7 7.0 6.7 6.2 
0.7 1.1 -1.0 -1.5 
1.9 3.3 l.4 0.8 
0.8 1.5 2.0 2.0 

the v components of the wind would be expected to affect 
the noise propagation because wind effects on receiver noise 
levels are related to the angle of propagation, from the source 
to the receiver. However, the traffic stream propagates noise 
at various angles to the receiver depending on the location of 
the vehicle as it travels on the roadway. To ensure that the 
results were not biased, the u components of the wind were 
included in testing. Also, because the microphone arrays were 
at various heights, to maintain the scientific method and not 
prejudice results, the w coordinate vector components of the 
wind were also evaluated. However, none of the evaluations 
for any u or w wind vector component proved significant, with 
the exception of those for Tower 3. This finding is significant. 
If it is assumed that there is indeed a correlation, then the u 
vector component of the wind is not an important factor at 
61 m from the roadway, at which the null hypothesis was 
proven, but does begin to play an important role as distances 
increase to 122 m, at which the null hypothesis was disproven. 

As expected, all v vector components of the wind , as well 
as the v wind shear, proved to be statistically valid for at least 
one microphone location, with many correlating at multiple 
microphone locations. The greatest frequency of significant 
correlations occurred at the first two towers, which is impor-
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tant because wind plays a significant part in influencing noise 
levels at relatively close distances to the highway. 

The v vector components of the wind also correlated with 
measurements at Tower 3, but to a lesser degree. A probable 
cause is that the wind is not constant at all towers and the 
further tower is affected somewhat differently. To further test 
this probable cause, wind parameters at both towers were 
analyzed using autocorrelation. A close following of the pat
tern of each suggests that the use of Taylor's frozen turbulence 
hypothesis (15) is valid for the wind field. However, wind 
parameters were sometimes quite different. For example, in 
Sample Periods 4 and 16, the magnitudes are opposite. The 
varying wind field could cause Tower 3 to sometimes behave 
in a fashion dependent on more than a measurement at a 
single point, and reduce the amount of correlation. Regard
less, the number of significant hits (correlation values above 
the null hypothesis level) strongly shows the importance of 
the v wind component parameters. 

Further testing was also done for the v wind components. 
A review of statistical plots showed that in many cases two 
distributions actually occurred when the v wind components 
were correlated to noise levels, because of the positive and 
negative wind vectors. This effect is substantial because it 
shows that for locations near the highway, perhaps two regres
sion analyses are required, one for the positive and one for 
the negative wind vectors. Further statistical testing showed 
this to be true as correlation coefficients increased and the 
numbers of hits at sample locations also increased. For exam
ple, the testing of the v component of the wind at Site C hit 
with an r value of 0.421. Testing for only the positive wind 
vector (of v) increased r to 0.585 and also had hits at Sites 
A, E, and G, at which the r values were 0.775, 0.534, and 
0.540, respectively. The high correlation value (0.775) at Site 
A shows the strong influence the v component of wind has 
on traffic noise levels close to the highway. The negative 
component also had correlation values of 0.719, 0.678, and 
0.553 at Sites C, F, and G, respectively. Because the number 
of sample periods for each correlation decreased, the critical 
value required to disprove the null hypothesis increased to 
0.532 for positive values and 0.514 for negative values. Because 
r2 increased significantly, a stronger linear relationship was 
shown between the independent and dependent variable. 
Accordingly, a significant finding is that the positive and neg
ative wind vectors should be modeled separately. 

Temperature Effects 

Data in this classification included lapse rate, thermal inten
sity fluctuations, and standard deviation of the temperature 
averages. Although the intensity fluctuations and standard 
deviations of the temperature averages are actually turbulence 
characteristics, they are included here to help eliminate con
fusion. As with the wind parameters, correlations were made 
between the measured temperature parameters (the indepen
dent variables) and refractive excess attenuations (the depen
dent variable). 

As before, statistical testing of the null hypothesis for all 
temperature parameters was conducted. Two-thirds (14 of 21) 
of the tested parameters disproved the null hypothesis or were 
assumed statistically valid, for at least one location. So, although 
the rate of significant correlation was less than the 100 percent 
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rate shown for the v components of wind, the matches were 
still highly significant. In some cases, r values were greater 
than those calculated for the v components of the wind. An 
interesting finding is that the wind speed tended to correlate 
better at the front towers, whereas the temperature became 
more important with distance. 

One interesting result occurred in Sample Period 16. A very 
strong inversion occurred and noise levels measured at the 
top microphones (10 m high) showed an increase. Noise levels 
at the lower microphones were relatively unaffected. These 
data indicate that levels at greater heights may be affected 
more by inversions than those near the earth's plane close to 
the highway. This finding coincides with the finding of Larsson 
(16). Accordingly, inversions probably show increased effects 
at distances greater than those of concern here due to ray 
bending, which was shown earlier to be not as important as 
turbulent scattering near the roadway. 

Turbulence Effects 

To eliminate effects of any preconceived biases of the 
researcher, many different turbulence parameters were eval
uated. These parameters included the standard deviation of 
each wind vector at each measurement location, the intensity 
of turbulence for each wind vector at each measurement loca
tion, the standard deviation of each wind measurement loca
tion, the Pasquill-Gifford stability class estimations (17), the 
Richardson number, and Tatarski's refractive index structure 
function. 

Statistical hits occurred with nearly equal frequency at all 
three towers. The significance at all three towers points out 
the importance of turbulence on traffic noise levels near road
ways. The evaluation of Tatarski's turbulence index function 
showed a correlation at only one site, whereas the Pasquill
Gifford stability classes showed no significant correlation. 

The Richardson number showed significance at Tower 3, 
Sites G and H. However, some absolute values of the Rich
ardson number during evaluation proved to be quite large. 
Because the area of importance for the Richardson number 
is small values around zero, the decision was made to limit 
the values to the range -10 to + 10. Using this scenario, 
correlation at more measurement locations disproved the null 
hypothesis. 

The standard deviation of the wind and turbulent intensity 
also correlated with many statistical hits. An important trend 
of these correlations was that the significance close to the 
roadway was offset by decreased significance at the rear tow
ers. This trend indicates that turbulent intensities are more 
important than other phenomena near the roadway than would 
be expected from data at greater distances. Indeed, it appears 
that the wind speed and the resulting fluctuations are the most 
important meteorological effects on sound levels very near 
roadways. 

In summary, v components of the wind, temperature 
parameters, and turbulence are the significant parameters that 
should be considered in any model. Figure 4 tabulates the 
number of significant weather parameters tested for each of 
these three general weather classifications by location. Mul
tiple correlation appears to be appropriate and would help 
compensate for reduced wind correlations at distances such 
as those associated with Tower 3, which was 122 m from the 
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FIGURE 4 Statistical hits by location and general weather classification. 

highway centerline. Multiple correlation may also compensate 
for reclncecl temperature correlation at distances less than 
those demonstrated at Tower 2, which was 61 m from the 
highway centerline. 

MULTIPLE CORRELATION 

The next part of the analysis centered on selection of variables 
for multiple correlation. Each of the three general defined 
classes of variables previously discussed (wind, temperature, 
and turbulence) were evaluated for significance. Criteria used 
during evaluation were significant correlation at the most loca
tions, the largest r values, and increased predictive accuracy 
at all locations. 

That the average wind speed is the best parameter available 
to characterize the wind is obvious. The selection for tem
perature was less obvious and included more evaluation. The 
lapse rate, which was significant at Towers 2 and 3, is more 
easily determined than the other parameters. Accordingly, 
the lapse rate was selected for the temperature parameter. 
The selection of the turbulence parameters was also difficult. 
Turbulent intensities were shown to be valid for the v com
ponent of the wind near the roadway, but at distances away 
from the roadway (i.e., at Tower 3) this could be a short
coming. The limited Richardson number proved to be valid 
at all sites on Tower 3. Accordingly, statistical testing was 
used to determine which parameter should be selected. 

When only wind components of standard deviation were 
included in multiple correlation testing, there were no sig
nificant correlations; r was less than 0.506. This result meant 
that the null hypothesis was proven at all sites. However, 
when the Richardson number was included as an independent 
variable, three locations became significant (r ~ 0.545). These 
locations were E, F, and H, with r values of 0.625, 0.550, and 
0.583, respectively. Further testing by eliminating vector stan
dard deviation components one at a time reduced the values 
of the correlation coefficients. Accordingly, it was determined 
that all three vector components of standard deviation values 
along with the Richardson number, lapse rate, and the aver-

age v vector wind speed should be correlated to provide the 
best estimate of refractive excess attenuation. For complete
ness, and because u components of the wind were shown to 
be significant with distance, all three axis components of the 
standard deviation of the wind were used. 

Table 5 presents the results of testing with various indepen
dent variables. Terms used to describe variables tested in 
Tables 5 and 6 are standard deviation of wind speed perpen
dicular to roadway (VSTD); standard deviation of wind speed 
parallel to roadway (USTD); standard deviation of the ver
tical wind speed (WSTD); the Richardson number (RI#); 
thermal, vertical lapse rate (GAMMA); and average wind 
speed perpendicular to roadway (VAVG). 

As presented in Table 5, Test 1, the r values proved to be 
significant (r ~ 0.608) at Sites C and F. To further increase 
the correlation, the sample periods were divided into positive 
and negative wind speeds as before. After separation, the 
correlation coefficients tended to increase and be statistically 
valid at more sites. For example, the positive wind speed case 
was statistically valid at all sites. Additionally, all correlation 
coefficients, except at Site G, were greater than 0.8, which 
is significant because it means that over 64 percent of the 
variance of the dependent variable can be explained by var
iations of the independent variables. 

MODEL DEVELOPMENT 

After significant parameters were identified, an analytic model 
based on statistical testing was derived. To accomplish this 
task, all refractive excess attenuations were divided by dis
tance to normalize each measurement site. The variables are 
assumed to be normalized for distance henceforth. This nor
malization process for distance is valid because Taylor's frozen 
turbulence theorem was assumed. Making this assumption 
was similar in nature to using the ANSI standard for atmos
pheric absorption (but not quite as valid because of the much 
greater random nature and small scale of turbulence com
pared with those of temperature and humidity variations). 
However, in this work, homogeneous turbulence was assumed 
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TABLE 5 CORRELATION RESULTS FOR MULTIPLE REGRESSION TESTS 

Test Independent 0.95 Sign. 
No. Variable Tested Value Mic A Mic C Mic D Mic E Mic F Mic G Mic H 

1 VSTD, USTD, WSTD,RI#, 0.608 
GAMMA, & VAVG 

2 USTD, WSTD, USTD 0.545 
& RI# 

3 USTD, WSTD, USTD 0.506 

4 USTD, USTD & RI# 0.506 

5 USTD, WSTD & RI# 0.506 

6 USTD, WSTD, RI#, VAVG 0.578 
& GAMMA (NEG CASE) 

7 USTD, WSTD, RI#, VAVG 0.578 
& GAMMA (POS CASE) 

8 USTD, WSTD, RI#, VAVG 0.578 
& GAMMA 

9 USTD, USTD, WSTD, RI# 0.608 
GAMMA & VAVG 
(NEG CASE) 

10 USTD, USTD, WSTD, RI# 0.608 
GAMMA, & VAVG 
(POS CASE) 

in the sound propagation path at the relatively short distances 
of concern. Additionally, because ground attenuation was 
normalized in the calculation procedure, the effect of height 
was minimized and not accounted for in model development. 

The excess attenuations, now on a consistent basis for dis
tance, were averaged to form a single dependent variable for 
each sample period. In this way, each sample period was 
reduced to a single refractive excess attenuation normalized 
for distance that could be expected for the meteorology values 
measured during that sample period. 

Table 6 presents correlation coefficients calculated using 
combinations of the variables determined to be significant. If 
the data are considered collectively, Tests 9 and 10 disprove 
the null hypothesis. Independent variables of Test 9 included 
the average wind speed and lapse rate. Test 10 included the 
standard deviation of the u vector coordinate wind speed, the 
lapse rate, the limited Richardson number, and the average 
wind speed. 

However, if the data sets are once again divided into pos
itive and negative wind speed vectors , one-half of the selected 
variable combinations disprove the null hypothesis for the 
positive case. For the negative case, 6 of the 10 tests disprove 
the null hypothesis. From a review of Table 6 it can be seen 
that many of the correlation coefficients exceed 0.7. Corre
lation values of this magnitude are considered to be quite 
good on the basis of past experienee with air pollution modeling. 

0.560 0.762 0.560 0.429 0.664 0.501 0.585 

0.453 0.432 0.516 0.625 0.550 0.484 0.583 

0.361 0.339 0.312 0.483 0.468 0.334 0.457 

0.435 0.427 0.507 0.282 0.487 0.477 0.532 

0.453 0.345 0.455 0.538 0.550 0.479 0.583 

0.461 0.709 0.560 0.700 0.809 0.737 0.694 

0.897 0.764 0.796 0.776 0.788 0.605 0.823 

0.560 0.737 0.516 0.591 0.661 0.496 0.585 

0.488 0.736 0.568 0.700 0.657 0.781 0.729 

0.907 0.874 0.809 0.843 0.802 0.612 0.823 

The best fit of the data , as expected, occurs when all var
iables that were determined to be significant are included . 
For the positive wind speed case, a value for r of 0.807 was 
calculated. For the negative wind speed case, the r value was 
calculated to be 0.785. From this evaluation of the data, a 
model was developed to predict refractive excess attenuations 
from traffic sources. The derived model is presented in two 
parts-the positive wind speed case and the negative wind 
speed case. Accordingly , to use this model , the sign of the 
wind speed must be determined before proceeding. 

For the positive wind speed case, 

Arel= [-26.4 - 131.3('y) + 23.4(VAVG) 

- 1.2(Ri) - 38.6(WSTD) - 70.2(VSTD) 

+ 73.7(USTD)]/1000 (dB/m) (4) 

Variables are as previously defined . The standard error of 
estimate for this model is 0.019 dB/m. Of note is the left side 
of Equation 4. The refractive excess attenuation is divided by 
distance and has the units dB per meter. After Equation 4 is 
evaluated, the user must multiply by the propagation path 
distance to determine the absolute refractive excess atten
uation. The denominator on the right side of Equation 4 was 
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TABLE 6 CORRELATION RESULTS OF VARIOUS MODELING SCENARIOS 

Case No. 

Pos & Neg Wind 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Neg Wind Only 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Pos Wind Only 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Case Descriptions: 

\.ritirnl AhsnlntP. 
Value of Significance 

(0.95 Sign. Level) 

0.632 
0.506 
0.545 
0.601 
0.601 
0.601 
0.506 
0.454 
0.454 
0.545 

0.768 
0.664 
0.703 
0.739 
0.739 
0.739 
0.664 
0.608 
0.608 
0.703 

0.787 
0.683 
0.722 
0.758 
0.758 
0.758 
0.683 
0.627 
0.627 
0.722 

1. VARIABLES= RI#, USTD, VSTD, WSTD, VAVG, GAMMA 
2. VARIABLES = USTD, VSTD, WSTD 
3. VARIABLES = RI#, USTD, VSTD, WSTD 
4. VARIABLES = RI#, USTD, VSTD, WSTD, VAVG 
5. VARIABLES = USTD, VSTD, WSTD, V AVG, GAMMA 
6. VARIABLES = RI#, USTD, VSTD, WSTD, GAMMA 
7. VARIABLES= RI#, VAVG, GAMMA 
8. VARIABLES= RI#, GAMMA 
9. VARIABLES = VA VG, GAMMA 

10. VARIABLES= RI#, USTD, VAVG, GAMMA 

Correlation 
Coefficicn t 

0.574 
0.314 
0.316 
0.467 
0.573 
0.370 
0.496 
0.274 
0.494 
0.559 

0.785 
0.400 
0.744 
0.780 
0.680 
0.773 
0.665 
0.659 
0.495 
0.667 

0.807 
0.690 
0.697 
0.758 
0.785 
0.768 
0.634 
0.633 
0.501 
0.662 

added for convenience because the calculated variable coef
ficients were very small numbers. 

As before, variables are as previously defined (VA VG is 
a negative quantity). The use of this equation is the same as 
that of the positive wind speed equation; the user must mul
tiply by propagation path distance to obtain an absolute value 
of the refractive excess attenuation. The standard error of 
estimate for Equation 5 is 0.015 dB/m. 

For the negative wind speed case, 

Aref = [33.4 + 107.3('y) + 4.6(VAVG) 

+ 3.9(Ri) - 150.5(WSTD) - 15.6(VSTD) 

- 26.2(USTD)]/1000 (dB/m) (5) 

These models have been developed for short-range prop
agation typical of first- and second-row homes at the first
and second-floor heights. Additionally, measurements were 
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taken during free-field propagation and the model validated 
only from approximately 10 to 100 m from the highway in 
perpendicular distance. Validation efforts could be done to 
extend these limits. 

These results must also be presented with a word of caution. 
Although the data base is considered the best developed for 
short-range traffic noise propagation concurrently with weather 
data, data have been taken at only a single location. More 
measurements are needed at additional sites to validate and 
refine this analysis. 

CONCLUSIONS 

Specific findings and conclusions reported in this paper are 
as follows: 

• Atmospheric phenomena may affect traffic noise levels 
even very close to the roadway; 

• The components of the wind speed parallel and vertical 
to the highway may become important at approximately 120 
m from the highway, a distance typically associated with 
second-row receivers; 

• Deviations in noise levels due to refraction were mea
sured to be 7. 7 dB at 122 m from the centerline of the highway, 
4.3 dB at 61 m from the centerline, and 6.6 dB at only 38.1 
m from the centerline; 

• Turbulent scattering of noise from skywaves appears to 
be a prominent mechanism in increasing noise levels above 
that expected close to the earth's plane near the roadway; 

• At very close distances to the highway, the angle formed 
by the receiver location and highway is more important than 
the elevation of the receiver; 

• Ray bending due to wind shear and temperature lapse 
rates does not appear to be as important as turbulent scat
tering very near the roadway; 

•For distances beyond 38.1 m from the roadway, similar 
refractive excess attenuations appear to occur at equal heights 
above the ground plane; 

• Regression analysis shows that negative and positive per
pendicular components of the wind should be modeled sep
arately for increased accuracy; 

• Temperature lapse rates do not exert significant influence 
on refractive excess attenuations within 61 m of the roadway, 
but become important with increased distance such as beyond 
122 m; 

• Strong inversions do not appear to significantly affect 
refractive excess attenuations within 122 m of the roadway 
near the earth's plane but become significant with height; 

• Turbulence appears to have an effect comparable to that 
of the combined wind and temperature parameters within 122 
m of the roadway; and, 

• A combination of all three vector component standard 
deviations of wind speed, Richardson number, lapse rate, and 
wind speeds perpendicular to the roadway appear to form an 
effective model with very good correlation results. 

DIRECTIONS FOR FUTURE RESEARCH 

Atmospheric effects on traffic noise propagation have not 
been well researched. While this research effort has added to 
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the topic, much more research is needed. In general, three 
important areas of research are needed-more measure
ments, more theoretical development, and better character
ization of the turbulence close to roadways. 

The data base created by the measurements for this project 
is the most detailed known for traffic noise and concurrent 
meteorology very near roadways. However, the data are for 
a single site and probably contain some site bias. Additionally, 
the data are for a flat open area and do not include the effects 
of diffraction that are important to the development of noise 
walls. Multisite measurements are needed to validate and 
refine this initial work. The model developed is based on 
statistical methods. Much more work is needed to incorporate 
theory into the prediction process. Another area of future 
research relates to a basic meteorological science. Better 
methods that apply to air pollution prediction as well as traffic 
noise are needed to characterize turbulence along roadways. 

After validation, the results of the derived mathematical 
models (Equations 4 and 5) could be used to correct results 
from prediction models such as ST AMINA. To accomplish 
this, excess attenuation would have to be determined using 
Equations 4 and 5 and results subtracted from the predicted 
results of the model used. The weather data collection effort 
would add some cost to the overall project, including costs 
for equipment, labor, and time. Cost from project to project 
would vary, but would be small when compared to the cost 
of an ineffective barrier. Accordingly, the additional cost would 
be well worthwhile to help ensure proper design. 
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APPENDIX 

RICHARDSON NUMBER 

Ri = (g/TA){('y - f)/((du/dZ)2]} 

where 

g = gravitational acceleration, 
u = average wind speed, 
'Y = existing (or true) lapse rate, 

(A-1) 
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r = adiabatic lapse rate, 
TA = absolute ambient temperature, and 
Z - height between measured locations. 

TATARSKl'S REFRACTIVE INDEX FUNCTION 

where 

T0 = absolute temperature, 
c0 = phase velocity, 

( Cv)2 = mechanical turbulence structure, and 
(CT)2 = thermal structure function. 

The mechanical turbulence structure is given by 

The thermal structure function is defined as 

In these equations, 

(A-2) 

(A-3) 

(A-4) 

V1 , V2 = fluctuating wind velocities at two points separated 
by a distance r, and 

T1 , T2 = fluctuating temperatures at two points separated 
by a distance r. 
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