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ATMOSPHERIC EFFECTS ASSOCIATED WITH HIGHWAY NOISE PROPAGATION 

The prime motivator for this project was the ob-
servation that traffic noise from freeways in the 
Phoenix area was sometimes substantially higher 
than expected at distances of 1/4 mile or farther 
from the roadway.  It is evident that these higher 
than normal sound levels are caused by atmos-
pheric conditions.  The primary questions investi-
gated in this project were:  What are the atmos-
pheric conditions in the Phoenix valley that con-
tribute to higher than normal sound levels?  Are 
the conditions unique to the Phoenix valley?  Can 
the atmospheric effects be anticipated?  

The main components of the project were:  

• A review of the literature relevant to how at-
mospheric conditions affect sound propagation. 

• Detailed noise measurements in a Scottsdale 
neighborhood along the East Loop 101 Freeway 
(Pima Freeway) over a two-week period in March 
2004 and a one-week period in October 2004 out 
to distances of approximately 1/2 mile west and 
1/4 mile east of the freeway. 

• Computer modeling of sound propagation un-
der various measured and inferred atmospheric 
conditions using the Parabolic Equations method. 

• A pilot study investigating parametric models 
of tire/pavement noise.   

In addition, the schedule for the measurements was 
adjusted to coordinate with the ADOT Quiet 
Pavement Pilot Program.  The March 2004 meas-
urements were before the installation of an asphalt 
rubber friction course (ARFC) on the Pima Free-
way and the October 2004 measurements were 
four months after the ARFC installation. 

Atmospheric Parameters that Affect Sound 
Propagation 

The atmospheric parameters that affect sound 
propagation are: 

• Absorption:  As sound propagates through a 
uniform atmosphere, some of the sound energy is 
absorbed by temperature and humidity-dependent 
processes.  The sound energy absorbed increases 
dramatically at frequencies greater than 1,000 Hz.  
As a result, high frequencies tend to disappear at 
distances greater than 1/4 mile from the source.  
Changes in temperature and humidity generally 
result in relatively small changes (1 to 3 dB) in the 
overall A-weighted sound level.   

• Thermal and wind gradients:  The effective 
speed of sound in air is a function of air tempera-
ture and wind speed.  Similar to the way that light 
is bent at an air/water interface because of the dif-
ferent speeds of light in the two media, sound 
waves are refracted, or bent, when sound speed 
varies because of wind and thermal gradients.   

• Turbulence:  Turbulence causes scattering of 
sound and will result in short-term temporal varia-
tions in sound levels.  With the relatively stable 
conditions and low wind speeds common in the 
Phoenix area, sound level fluctuations due to tur-
bulence are relatively low (estimated to be ±2 dB). 

Atmospheric Conditions in the Phoenix Valley 

The Phoenix valley is characterized by light winds, 
clear skies, and, for approximately 70% of the 
time, relatively weak synoptic flow conditions.  
(Synoptic flow is defined as large scale meteoro-
logical patterns on a scale of 600 miles or greater.)   

On a typical clear sunny day, solar radiation heats 
the ground, which in turn heats the air in contact 
with the ground.  The result is that the warmest air 
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is at ground level and air temperature tends to de-
crease with elevation.  This is referred to as a tem-
perature lapse.  After sunset, the ground cools 
faster than the air causing air temperature to in-
crease with elevation.  Air temperature increasing 
with elevation is referred to as a temperature in-
version.  Temperature lapse during the daytime 
and inversion at night is the typical pattern for the 
Phoenix valley.   

As illustrated in Figure 1B and Figure 1C, a tem-
perature lapse causes sound waves to bend up cre-
ating a sound shadow and a temperature inversion 
causes sound waves to bend down and increase the 
sound at the ground level. 

The other effect of the clear skies and weak synop-
tic flow conditions is that warming of the air dur-
ing the daytime causes air to flow up the slopes of 
the local mountain ranges and cooling at night 
causes air to flow back down the slopes.  During 
the nighttime inversion conditions, down-slope 
winds in the Phoenix valley tend to be character-
ized by nearly calm, conditions at the ground sur-
face and low-speed jets 6 to 10 mph at elevations 
of 50 to 300 ft.  The wind speed profile can be 
quite complex with wind speed increasing and de-
creasing with elevation and wind direction chang-
ing with elevation.  The wind conditions are apt to 
be particularly complex and unstable around sun-
rise as the inversion conditions start to break up 
and wind directions start to change. 

Sound fields that are created by atmospheric con-

ditions can be generalized into five categories: 

1. Neutral Conditions (Figure 1A):  Sound 
propagates equally in all directions.  Completely 
neutral conditions almost never exist although neu-
tral conditions are a reasonable assumption within 
several hundred feet of a noise source.  

2. Temperature Lapse Shadow Zone (Figure 
1B):  The normal mid-day temperature lapse on 
clear, sunny days in the Phoenix valley creates a 
shadow zone around noise sources. 

3. Temperature Inversion (Figure 1C):  The 
temperature inversion conditions that form in the 
Phoenix valley on most clear nights cause sound 
waves to curve downward and increase sound lev-
els.  The result is that sound levels near Phoenix 
area freeways tend to be relatively high between 
sunset and about one hour after sunrise. 

4. Uniform Wind Gradient (Figure 1D):  The 
Phoenix valley is characterized by light winds ex-
cept for a few events per year.  As such, sound 
levels are rarely controlled by upwind shadow 
zones and downwind sound amplification. 

5. Complex Sound Fields (Figure 1E):  The 
combination of nighttime temperature inversions 
and the down-slope drainage air flow creates com-
plex sound fields.  This type of sound field is 
common in the Phoenix valley.   

The average sound levels in the Phoenix area are 
driven by daytime lapse conditions that tend to 
reduce sound levels and nighttime inversion condi-
tions that tend to increase sound levels.  The in-
creased sound levels under inversion conditions 
are what causes community annoyance.   

Layered on top of the inversion effects will be both 
hot spots from sound focusing and cool spots from 
sound de-focusing.  The hot spots tend to be in the 
downwind direction from the noise source and the 
cool spots in the upwind direction.  Focusing/de-
focusing effects can occur intermittently over 30- 
to 60-minute periods or can be a fairly consistent 
occurrence over several days.   

Diurnal Sound Level Patterns in the Phoenix 
Valley 

In Figure 2 consolidates the factors that contribute 
to diurnal variations of traffic noise in the Phoenix 
valley into idealized curves.  These idealized 
curves apply to locations more than about 1000 ft 
from major freeways and are based on the meas-
urements and modeling performed for this project.  

 
Figure 1.  Sketch of Sound Refraction Effects 
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Figure 2A shows the effects for sites that are 
downwind relative to the early morning down-
slope air flows and Figure 2B shows the effects for 
sites that are upwind.  The plots on the left show 
the approximate effects of the thermal and wind 
gradients and the plots on the right show both the 
sound levels that would exist under neutral atmos-
pheric conditions and the range of sound levels 
expected when atmospheric effects are included.   

The hourly Leqs for the neutral atmospheric case 
are based on average hourly traffic counts at the 
Scottsdale test site in October 2004.  The neutral 
case sound levels are lowest between 3 and 4 AM 
when traffic volumes are lowest.  By 6 AM traffic 
volumes have reached their typical daytime levels 
and sound levels are relatively constant until 8 PM.  
The exceptions are a small dip at 8 AM, and a lar-
ger dip between 4 to 7 PM when traffic speeds 
drop because of rush hour congestion.  After 8 PM 
traffic volumes and sound levels drop each hour 
until 4 AM when the morning commute period 
starts again. 

Next the effects of refraction by temperature and 
wind gradients are added in.  The effects of tem-
perature inversion at night and temperature lapse 
during the day are an approximately 8 dB increase 
in sound levels between sunset and sunrise relative 
to neutral atmospheric conditions and an approxi-
mately 6 dB reduction in sound levels during the 
daytime.  The transitions from inversion to lapse in 
the morning and lapse to inversion in the evening 
take two to three hours.  The more rapidly the 
temperature increases at sunrise and decreases at 
sunset, the shorter the transition periods.   

The final effect is the wind gradient, which, under 
inversion conditions, often consists of low speed 
jets at elevations of 50 to 300 ft.  We expect that 
although there is a complex pattern for the inver-
sion condition wind gradients over the Phoenix 
valley, the pattern is fairly consistent.  This means 
that there may be locations that are consistently 
acoustic “hot spots” and others that may be only a 
few blocks away that are consistently acoustic 
“cool spots.”  Without the ability to characterize 
the wind gradients at specific locations, it is not 
feasible to predict where acoustic hot spots will 
occur without extensive noise measurements. 

The sound level variation for different wind gradi-
ent conditions shown in Figure 2 are: 

• Inversion, downwind (Figure 2A, nighttime 
and early morning):  In this case the wind tends to 

strengthen the downward refraction of the inver-
sion conditions.  The result is a small increase in 
the sound levels shown as 2±3 dB in Figure 2A.  
This 2±3 dB is added to the approximately 8 dB 
caused by the inversion giving a range of 7 to 13 
dB. 

• Lapse, upwind (Figure 2A, daytime):  Wind 
directions in the Phoenix valley tend to shift 180° 
between inversion and lapse conditions, which 
means that where nighttime conditions are an in-
version and downwind, the daytime condition will 
tend to be a lapse and upwind.  Because both the 
wind and the temperature gradient tend to create a 
sound shadow, we expect the wind gradient to 
slightly reduce sound levels.  This is shown as -3 
to +1 dB in Figure 2A added to the -6 dB due to 
the lapse conditions giving a range of -9 to -5 dB. 

• Inversion upwind (Figure 2B, nighttime and 
early morning):  Now the wind gradient tends to 
counteract the temperature gradient.  The result 
appears to be that sound levels fluctuate over a 
wider range than for the downwind case.  Some-
times the wind will act to increase sound levels 
and other times it will act to decrease sound levels 
to be approximately equal to the neutral atmos-
pheric condition case.  The wind-effect range 
shown in Figure 2B is ±5 dB, which, again, is 
added to the approximately 8 dB caused by the 
inversion.  The final range is 3 to 13 dB. 

• Lapse, downwind (Figure 2B, daytime):  
Now the wind tends to counteract the sound 

 
Figure 2.  Illustration of Factors Driving Diurnal Variations 

in Sound Levels 
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shadow created by the lapse conditions.  The result 
is expected to range from no effect to almost com-
pletely counteracting the effect of the temperature 
lapse.  This is shown in Figure 2B as a 0 to 5 dB 
increase that is added to the -6 dB caused by the 
lapse conditions.  The combined range is -6 to -1 
dB. 

The combined effect of traffic speed and volume 
variations, temperature gradients and wind gradi-
ents is shown in the graphs on the right in Figure 2.  
This figure illustrates that at locations where at-
mospheric effects are important, the actual levels 
can be expected to range approximately ±10 dB 
relative to neutral atmospheric conditions.  Indeed, 
the only time the two coincide is when the lines 
cross during the morning and evening transition 
periods.   

The curves in Figure 2 are based on sunset and 
sunrise times in March and October.  In January 
when days are shorter, the higher noise levels will 
extend longer in the morning and will start earlier 
in the afternoon.  Correspondingly, the longer days 
in the mid-summer will mean that inversion condi-
tions generally will dissipate by the morning 
commute period and will not form until after the 
evening commute period.  As a result, the noise 
increases due to inversions are probably most no-
ticeable in cool months because the increased 
noise levels coincide with periods with high traffic 
volumes and when people tend to spend more time 
outside. 

Another important factor is that since the range for 
the expected levels can be up to 20 dB, it is diffi-
cult to generalize from a limited number of noise 
measurements.  However, the patterns of sound 
level variation observed in this project are believed 
to be reasonably representative of conditions in the 
Phoenix valley and at other locations in Arizona 
with similar topography and weather.    

Study Conclusions 

The key overall conclusions of this study on how 
atmospheric conditions affect long distance sound 
propagation in the Phoenix valley are: 

1. Nighttime Inversion:  The nighttime inver-
sion condition that is common from October 
through March results in sound level increases av-
eraging from 5 to 8 dB at distances greater than 1/4 
mile from freeways.  This is probably a year-round 
phenomenon since nighttime inversions occur in 
the warm weather months as well. 

2. Drainage Flow:  The nighttime down-slope 
drainage flows off the mountain ranges surround-
ing the Phoenix valley cause localized focusing 
and de-focusing of sound levels.  These can be 
consistent patterns over several days or can be iso-
lated events occurring over periods of 15 to 20 
minutes.  Focusing/de-focusing effects on the or-
der of +4 to -10 dB were observed during the 
measurements.   

3. Sound Level Variations:  Sound level varia-
tions under inversion conditions appear to be 
greatest at locations that are upwind relative to the 
down-slope flows. 

4. Seasonal Effects:  The highest sound levels 
during the October to March period will usually 
occur around sunrise when high traffic volumes 
coincide with strong inversion conditions.  The 
loudest hour during the March and October meas-
urements was consistently 6 AM.  The loudest 
hour is likely to shift with seasonal changes in sun-
rise and sunset.  

5. Onset of Refraction Effects:  The computer 
modeling indicates that there is a rapid onset of 
refraction effects between about 600 to 1000 ft 
from Phoenix valley roadways.  Closer than 500 to 
700 ft from a roadway the predicted atmospheric 
refraction effects are generally less than ±5 dB.  At 
greater than 1000 ft the refraction effects are often 
on the order of ±10 dB.  This is a tentative conclu-
sion based on the computer modeling. 

6. Quiet Pavement Pilot Program:  The noise 
measurements before and after resurfacing the 
Pima Freeway with ARFC showed that sound lev-
els were consistently reduced by 8 to 10 dB at the 
close-in and community measurement sites.  The 
effects were almost entirely at frequencies of 500 
Hz and higher.  The spectrum was much more 
evenly balanced after the ARFC surfacing.  The 
reduced sound levels were very evident at all of 
the measurement sites and a number of residents 
commented to us how pleased they were with the 
lower community sound levels.  The more bal-
anced spectrum also improved the sound “quality” 
and reduced the annoyance characteristic of the 
traffic noise.  This improved sound quality was 
evident at the freeway shoulder, but was less evi-
dent at the community sites because, with the re-
duced sound levels, the traffic noise often was no 
longer the dominant noise source. 


