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Figure 18. Mean Spectral Leq for all TR events on Runway 19R for different microphone positions. The 

upper graph shows the unweighted Leq as well as the typical background level.  The lower 
graph shows the A-weighted Leq. 

 

 
Figure 19. LE for thrust reverser events grouped by single-engine maximum thrust.  Within each of the 

four groups, data points indicate LE measured at successive locations along the runway. 
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Figure 20. Average thrust reverser LE by aircraft type.   
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6.3 Low Frequency Propagation Modeling 
The low-frequency noise level in the vicinity of an airport is affected by many factors, 

including the noise source level and its spectrum, environmental temperature profile, wind 
direction and wind speed profile, ground effects (plowed field, vegetation, snow covered field, 
rain soaked field, desert, etc.), irregular terrain effects, atmospheric turbulence, and atmospheric 
attenuation.  Standard modeling practice for assessing airport noise3,35,36 assumes spherical 
spreading, does not take meteorological conditions or terrain into account, and neglects source 
noise below 50 Hz.  Therefore, it is important to determine what enhancements to standard 
practice are necessary to account for low frequency noise both in terms of the source noise 
database and propagation algorithm.  

As a small first step, the deviation from spherical spreading due to variations in 
meteorological conditions was investigated using a parabolic equation model.  The spherical 
spreading assumption, while very useful, is an approximation, and is not valid when 
meteorological conditions result in significant levels of atmospheric refraction.  Atmospheric 
refraction is caused by variations in winds and temperature with height above the ground.  Ray-
tracing models are able to take atmospheric refraction into account, but are valid only at high 
frequencies.  Parabolic-equation (PE) models can account for atmospheric refraction and are 
valid at low frequencies.  State of the art PE models can also take terrain, ground impedance, and 
atmospheric turbulence into account. 

Ideally, one would use the runway recordings as input to propagation models to predict the 
noise levels at the residential structures used as part of the IAD field study. However, because 
the characteristics of the source change as the aircraft moves down the runway, it is difficult to 
do a one-to-one comparison of runway noise with residential noise.  Instead, a simpler approach 
was taken as a proof-of-concept.  The meteorological data recorded at IAD was analyzed to 
determine the range of meteorological conditions experienced during the field study.  The best 
and worse case conditions were used to determine the sensitivity of the PE noise predictions to 
this variability.  

Table 5 summarizes the relevant meteorological parameters used for parabolic equation 
predictions.  Three conditions are used.  The "neutral" parameters represent a neutral 
atmosphere, i.e., no wind and no temperature gradient.  The upwind and downwind conditions 
involve both wind and temperature gradients.  Upwind (downwind) means that the wind is 
blowing from the receiver (source) toward the source (receiver).  Wind raises the noise 
background at low frequencies, so data was recorded only in low wind conditions.  Therefore, 
the range of conditions experienced at IAD was relative small. 

 

Table 5. Typical wind speed and temperature at heights of 2 and 10 m for three wind directions used for 
parabolic-equation prediction of propagation loss. 

 Wind (2m) Wind (10m) Temp. (2m) Temp. (10m) 
     
Neutral 0.0 m/s 0.0 m/s 15.0 oC 15.0 oC 
Upwind 1.0 m/s 3.0 m/s 15.4 oC 14.7 oC 
Downwind 1.0 m/s 3.0 m/s 15.4 oC 14.7 oC 
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Figure 21 shows the effect of the three different meteorological conditions on the 
propagation of 25, 50, and 200 Hz sound.  Each figure is a graph of sound pressure level in dB 
relative to that of an omnidirectional source as a function of height and range.  The source is 
located 2 m above the ground, assumed to be a rigid, flat surface.  The graphs on the top row 
show the neutral conditions.  The propagation from source to receiver obeys spherical spreading 
under these conditions.  The middle and bottom rows correspond to the upwind and downwind 
conditions listed in Table 5, respectively.  The most important conclusions are drawn by focusing 
attention on lower heights and longer ranges.  Comparing the three conditions, it can be seen that 
levels may differ by 10 - 20 dB, even for the relatively small differences in meteorological 
conditions used here.   

The model used for this study does not include atmospheric turbulence.  As a result the levels 
predicted in the "shadow zone" in the upwind condition are under predicted.  Sound scattered 
from inhomogeneities caused by atmospheric turbulence tends to fill in the shadow zone.  As a 
result, a more realistic prediction of the levels would be about 20 dB lower than those predicted 
for the neutral condition.  Turbulence can be included in parabolic-equation models, however, to 
do so the wind speed would need to be sampled at a rate of 10 – 20 Hz. 

Figure 22 shows the relative sound pressure level for a receiver at a height of 2 m as a 
function of range for 50 Hz and the three meteorological conditions considered in Figure 21.  
The solid black line is for the crosswind condition, the dash-dot red line for downwind, and the 
dashed blue line for upwind.  These curves are essentially horizontal slices through the three 
50 Hz graphs in Figure 21 at a height of 2 m.  The graph indicates the differences in level that an 
observer standing on the ground might experience under different weather conditions.  The 
dotted blue line extending from the upwind case at ranges beyond 700 m is intended to indicate 
the approximate effect of including atmospheric turbulence in the prediction model.  This line is 
based on the assumption that scattering of sound from turbulence into the shadow zone results in 
a level approximately 20 dB lower than the neutral case.  As mentioned above, turbulence is not 
included in the model.  The dotted curve is only included to indicate its importance. 

While some argue that meteorological conditions get averaged out in cumulative metrics, 
such as the annual Ldn making more sophisticated propagation models unnecessary, weather 
effects do not entirely average out over a year. 37,38  Three observations are warranted:  1) 
Meteorology conditions can have a significant effect on single-event levels and can affect noise 
contours;  2)  If predictions of low-frequency noise (below 50 Hz) are necessary, current models 
are insufficient;  3)  If overall improved accuracy is desirable, the potential improvement 
afforded by more sophisticated models should be assessed.  European nations are developing a 
PE-based model called IMAGINE as part of their transportation noise modeling effort.39 
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Figure 21.  Parabolic equation predictions of the propagation loss of 25, 50, and 200 Hz sound from an 
omnidirectional source located 2 m above a rigid, flat surface for the three different meteorological 
conditions listed in Table 5.  Each figure is a graph of sound pressure level in dB relative to the source as 
a function of height and range.  The levels at low heights and large ranges can vary by more than 10 dB 
depending on the weather conditions.  The model does not include atmospheric turbulence.
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Figure 22. Graph of the sound pressure level relative to the source for a receiver at 2 m height as a 

function of range for 50 Hz sound and the three meteorological conditions considered in Figure 
17.  The solid black line is for the neutral condition, the dash-dot red line for downwind, and the 
dashed blue line for upwind.  The dotted blue line extending from the upwind case at ranges 
beyond 700 m is intended to indicate the approximate effect of including atmospheric 
turbulence in the prediction model. 
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7. Noise and Vibration Impact on Residential Structures 
The noise and vibration measurements at the two residential structures are intended to 1) 

assess the level and frequency content of noise-induced vibrations, 2) compare the levels with 
established thresholds for perception of vibration, and 3) determine which of the objective 
metrics of the outdoor sound listed best correlate with the vibration level.  

 
7.1 Metrics for Vibration Impact and Subjective Perception of Annoyance 

One of the objectives of this study is to investigate a range of objective metrics for their 
ability to predict the vibration impact based on the outdoor sound levels.  Four categories of 
objective metrics were used for this purpose:  level-based metrics, loudness-based metrics, 
metrics designed specifically for low-frequency noise, and perceived noisiness The metrics used 
in this study are listed below. 

 
Level 
− Lmax, LAmax, LCmax  Unweighted, A- and C-weighted Maximum Sound Pressure Level 
− LE, LAE, LCE  Unweighted, A- and C-weighted Sound Exposure Level 
− QA (α=3/40)  A-weighted Disturbance Index 
 
Loudness 
− LL  Steven’s Loudness (ISO 532A) and Zwicker Loudness (ISO 532B) 
− LLSEL  Loudness Level Sound Exposure Level (ISO 226-1987) 
 
Low-Frequency 
− LFNR  Low Frequency Noise Rating 
− LFSL  Low Frequency Sound Level 
− LLF  Low Frequency Level 
Perceived Noisiness 
− PNL Perceived Noise Level  
− QPNL (α=3/40)  Perceived Noise Level Disturbance Index 
− QPNL (α=1/10)  Perceived Noise Level Disturbance Index 

 
These community noise metrics are used to assess level, loudness and perceived noisiness of 

noise signatures.  The Maximum Sound Pressure Level (Lmax) reported here, is the maximum 
level occurring during any 0.5 second period of an event.  Sound Exposure Level (LE) is the 
decibel level of a noise event of duration 1 second that contains the same energy as a different 
event of different duration.  Loudness Level (LL) is a single number rating in phons and 
correlates with the human assessment of loudness (in sones).   Zwicker (ISO 532B) and Stevens 
Loudness Level (ISO 532A) were both developed and standardized to calculate loudness for 
complex noises.  Loudness-Level Sound Exposure Level (LLSEL)40, 41 is the overall time-
integrated phon level used to assess annoyance from environmental noise.   

The low-frequency objective metrics are included to assess the low-frequency component.  
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These metrics include Low-Frequency Noise Rating (LFNR)42, Low-Frequency Sound Level 
(LFSL)43 developed as a predictor for aircraft noise-induced rattle, and Low-Frequency Level 
(LLF)44.   

The Perceived Noise Level (PNL) is a single number rating of the noisiness of a sound.45  
Disturbance index (Q) is “an average of the time-varying weighted noise level, measured over a 
specified time period to form an equivalent continuous noise level”.46  It provides a single 
number quantitative measure of a noise event that is an empirically derived variation of the 
Equivalent Sound Pressure Level (Leq).  It has been used in Germany for rating aircraft noise and 
in Austria to assess road traffic noise.46  The Disturbance Index was designed to more closely 
correlate with subjective data, and is based on two values, the type of level one seeks to measure, 
and a free parameter α.  When α is set to 1/10, Q is equal to Leq.  In this study α is set to 3/40 as 
this variant of Q was found to correlate well with subjective rankings in previous studies. 

Berglund et. al. have defined loudness by relating it to the magnitude of the sound, noisiness 
to the quality of the sound, and annoyance to the nuisance aspect of the sound within a given 
context. For both aircraft noise and community noise, the researchers observed that noisiness and 
annoyance increased proportionally with increased loudness. The effect was more pronounced 
for annoyance.47,48 Kryter distinguishes between loudness and noisiness based on the concept that 
the descriptor loudness does not infer an emotional based response (a low level of loudness may 
be desirable), but the descriptor noisiness always implies a negative connotation. He attributes 
noisiness to the combination of one or more of the following: loudness, tonality, duration, and 
the aspects of duration, impulsiveness, and variability.49 

There are more recently developed time-varying loudness models that incorporate many 
more aspects of human hearing than those incorporated in weighted sound pressure level and 
stationary loudness ISO532B.  In several studies where the loudness exceeded 5% of the time 
(percentile loudness) estimated from these models correlate well with human perception of 
loudness, which is a primary driver in noise annoyance. 

 
7.2 Vibration Impact on Residential Structures 

 
7.2.1 Window Vibration  

Figure 23 displays graphs of the root-mean-square (rms) acceleration in dB re 1μg of two 
windows in the kitchen of the Brick House as functions of frequency for thrust reverser events 
from different types of aircraft.  Referring back to Figure 11, the east window is in the wall 
roughly parallel with Runway 19R, while the south window is in the wall roughly perpendicular 
to the runway.  The general features of the responses are the same for both windows.  There is a 
low frequency peak at around 40 Hz, and then numerous peaks at higher frequencies above 100 
Hz.  These higher-frequency peaks are likely modal resonances of the window panes.  The levels 
of these peaks are about the same in both windows.  However, the lower-frequency peak, likely 
due to a resonance in a larger structure such as the wall, is significantly higher in the east 
window than in the south.  The east and south walls windows were of similar construction, 
therefore, the increased level on the east window is indicative either of a dependence on wall 
construction and/or window installation, or wall/window orientation with respect to the runway.   
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Figure 24 shows a comparison of the measured one-third octave band acceleration levels of the 
window in the east wall of the Brick House to the Hubbard threshold for perception of vibration.8  
The aircraft type is identified by the first few letters of the filename given the legend. For 
example, B747_292_1612_BH refers to a Boeing 747.  All of the events are landings on Runway 
19R.  This figure demonstrates that the acceleration levels of this particular window were below 
the threshold for tactile perception in most of the 1/3-octave bands.  However, the level in the 40 
Hz band approached the threshold in some cases.  The data used by Hubbard to establish the 
threshold for perception are based on whole body vibration.  As he points out that it is not clear 
how the concept of whole-body vibration applies to window or wall vibrations.  Nevertheless, 
the thresholds do indicate perceptible vibration levels of various structures. 

The Stone House was impacted strongly by thrust reverser and sideline acceleration due to 
operations on Runway 1R, and also impacted by start-of-takeoff-roll on Runway 30.  Figure 25 
shows a comparison of the Hubbard threshold to measured one-third octave band acceleration 
levels of the window in the west wall of the Stone House for various types of events.  Most of 
the curves correspond to multiple events occurring simultaneously on more than one runway 
from various types of aircraft, indicated as "Mult" in the legend.  The Hubbard threshold is 
reached or exceeded in one of the one-third octave band during two of the events.   

The response of the north window of the Stone House is shown in Figure 26.  In contrast to 
the measurements on the west window (Figure 251), there is a greater tendency for the thresholds 
to be exceeded on this window.  This difference could be partially explained by the differences 
in orientation of the windows with respect to the runway.  In particular one might expect that the 
west wall would be impacted more from operations on Runway 30 than from those on 1R.  
However, the location of the west wall puts it in the vicinity of the quiet zone of aircraft taking 
off from Runway 30 and it is shielded from operations on 1R.   

 

 
Figure 23. Acceleration levels (in dB re 1µg) vs. frequency of the east and south windows in the brick 

house due to thrust reverser events for different aircraft types on Runway 19R.  The 
differences in the levels of the low-frequency peaks of the two windows are indicative of a 
dependence on orientation with respect to the runway. 



 
46 

 
Figure 24. Comparison of the acceleration levels (dB re 1µgrms) measured on the window on the east 

wall of the Brick House to the Hubbard criteria threshold for tactile perception of vibration for 
landings of various types of aircraft. 

 

The vibration levels of windows in the houses located within about 3000 ft of runways can 
exceed the Hubbard criteria.  Based on the two houses used in IAD, the vibration level is greater 
in houses that are impacted by events on two runways simultaneously.  There is also evidence of 
a dependence on window/wall orientation with respect to the runways.  These results 
demonstrate the need to give careful consideration to both the orientation of the house with 
respect to runways and also the nature of operations on that runway.  This indicates that the 
potential for window vibration is generally more of a concern because of the possible production 
of secondary rattle rather than the tactile perception of vibration. 

Investigators noticed that a loose window pane at the Stone House sometimes produced 
audible rattle during noise events, yet this window pane was located in the same frame as a well-
installed window that did not rattle.  An accelerometer was placed on both the loose and the 
secure windows in order to compare the rattle and non-rattle characteristics within the same 
window frame.  Figure 27 shows a comparison of acceleration response of the secure (left) and 
loose (right) windows to the same event, a Boeing 777 landing.  The peak levels are higher for 
the loose window and extend over a broader range of frequencies for a longer duration of time 
than for the secure window.  These characteristics are indicative of rattle.  

Figure 28 shows a comparison of the rms acceleration levels of the secure (left) and loose 
(right) windows for several types of events.  (The left-hand figure is the same as Figure 22).  As 
would be expected, the levels of the loose window are higher than those of the secure window.  
Moreover, the levels are well above the Hubbard threshold over a broad range of frequencies.  
The events plotted are those when audible rattle events occurred, therefore, not only are the 
vibration levels great enough to be perceived, they also correspond to audible rattle. 




