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1. Executive Summary 

The City of Richfield and the Metropolitan Airports Commission established a Low-
Frequency Noise Expert Panel in 1998 to study existing and potential impacts of low-frequency 
aircraft noise in communities around Minneapolis St. Paul International Airport (MSP).  The 
MSP Expert Panel issued their findings in 2000 in a three volume report.1  After reviewing the 
report and meeting with a subset of the MSP Expert Panel in 2001, the Federal Interagency 
Commission on Aviation Noise (FICAN) issued a report in 2002 containing its response to the 
MSP Expert Panel's findings and recommendations for future research in low-frequency noise 
around airports.2  FICAN's response was critical of the MSP Expert Panel report in several 
respects.  As a result of this dissent, Congress (H1200, House Congressional Record 12 
February, 2003) directed the Federal Aviation Administration (FAA) to conduct a further study 

This report documents a study to investigate human response to the low-frequency 
content of aviation noise, or low-frequency noise (LFN).  The study comprised field 
measurements and laboratory studies. The major findings were: 
 

1. Start-of-takeoff-roll, acceleration down the runway, and thrust reversal generate 
high levels of LFN (below 200 Hz) at critical distances from runways (around 
3000 ft in the study) which can be annoying to people living around airports. 

 
2. Hubbard exterior sound level criteria works well as a first level assessment tool 

for vibration/rattle due to LFN. 
 

3. A-weighted Sound Pressure Level (LAmax) and C-weighted Sound Pressure 
Level (LCmax) metrics correlate well with laboratory based subjective response 
to indoor aircraft noise when LFN levels are low to moderate.  The same holds 
for rattle annoyance (again for low to moderate level LFN).  Also, multiple low 
level LFN events may cause rattle (i.e. simultaneous multiple runway 
operations). 

 
4. When high levels of LFN are present, Tokita & Nakamura thresholds with C-

Weighted Sound Exposure Level (LCE) metric should be used as an indicator of 
potential for LFN annoyance.  The low-frequency noise based metrics did not 
perform as well as LCE.  Data lower than 50 Hz is needed to assess 
vibration/rattle annoyance. 

 
5. The risk of window rattle is lowered with preload and avoiding resonance 

response in the design. Outdoor-Indoor Transmission Class (OITC) is a better 
rating for rattle prone applications than Sound Transmission Class (STC) 
commonly used in rating windows for transmission loss. 
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of low-frequency aircraft noise to address the issues raised by FICAN.  The follow-on study was 
conducted on behalf of the FAA by the Partnership for AiR Transportation Noise and Emissions 
Reduction (PARTNER), an FAA/NASA/Transport Canada-sponsored Center of Excellence. 

Reasons for focusing on the low-frequency components of aircraft noise are that 

1) low-frequency sound encounters less absorption as it travels through the air than higher 
frequency sound, so it persists for longer distances from the airport, 

2) the amount of sound transmitted from the outside to the inside of buildings is greater at 
low frequencies sound than at higher frequencies,  

3) A-weighting metrics commonly used in assessing the impact of aircraft noise 
deemphasizes low frequencies, 

4) standard noise models used for assessing airport noise neglect source noise below 50 Hz,3 
and 

5) prior research indicates that frequencies in the 20–80 Hz range have an influence on the 
perception of low-frequency noise.1,4,5 

 
FICAN recommended that further research consider the following: 

1) That measurements be conducted in houses within critical distances from runways 
identified in previous studies of low-frequency aircraft noise, in particular one conducted at 
Baltimore-Washington International Airport (BWI).6  Measurements should include exterior 
noise and window, wall, and floor vibration with a frequency range extending down to a few 
hertz to capture the low-frequency impact.  The vibration measurements should be based on the 
recommendations by the American National Standard Institute (ANSI) Standard S3.29-1983 
(R1996).7  In addition, the measured noise and vibration levels should be compared to thresholds 
for tactile perception of vibration, known as the "Hubbard criteria,"8 used to establish the extent 
of the effect of low-frequency noise at BWI. 

2) Have panels of subjects rate the annoyance of individual aircraft events in the houses.  
Conduct statistical analysis to establish what combination of physical measures gave the best 
prediction of annoyance ratings.  Assess the ANSI Standard [S12.9, Part 4]9 Low-Frequency 
Level (LLF) as a descriptor of low-frequency noise. 

3) Study the efficacy of sound insulation in a stepwise fashion, beginning with the most 
rattle-prone features of houses, the windows and doors.  FICAN's idea was to use the same 
subjects as in Recommendation 2 to assess the impact of insulation. 

In addition to considering FICAN's recommendations, PARTNER investigators reviewed 
prior studies of low-frequency noise in the vicinity of airports1,4,6,10,11 and published archival 
literature, met with representatives of the City of Richfield, members of the Metropolitan 
Airports Commission, FICAN, and the MSP Expert Panel, consulted with other experts and 
researchers, and established a set of airport selection criteria to design the follow-on low-
frequency noise study. 

The airport selection criteria included physical attributes such as a representative aircraft fleet 
mix, houses within appropriately 4000 ft of the runways, flat terrain with minimal obstructions 
between the runway and houses, and minimal interference of other sources of transportation 
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noise.  Because the initial plans included subjective evaluations of noise, it was important to 
avoid communities with prior histories of low-frequency noise problems which could bias the 
findings.  The cooperation of an airport was also necessary.  Airports with no history of low-
frequency noise problems were reluctant to cooperate out of concern that the study would create 
a problem where none had existed.  The investigators judged the best compromise was to 
conduct the field study at an airport that met the necessary physical attributes to permit 
implementation of FICAN Recommendation 1, but abandon the in-residence subjective 
evaluations component.  As a result, FICAN Recommendation 2 was implemented through 
laboratory-based subjective evaluations substituted in their place. 

One of the topics discussed during the meeting between the investigators and FICAN was the 
practicality of implementing Recommendation 3 regarding the sound insulation study.  The 
investigators determined that to obtain statistically valid results and account for different housing 
construction, a large number of houses would have to be evaluated.  Doing so would require 
resources well beyond those available for the current study.  However, a laboratory-based 
insulation study was incorporated into the study. 

The final low-frequency noise study included the following three components: 

 Field measurements conducted at Washington Dulles International Airport (IAD), 
which included measurements of aircraft noise alongside active runways and noise 
and vibration impact at two residential structures located approximately 3000 ft from 
the runways. 

 Three subjective tests conducted in an aircraft noise simulator to determine which 
metrics correlate best with human response to the types of aircraft noises that might 
be experienced in houses located near active runways. 

 Laboratory studies of window rattle and low-frequency sound insulation to develop 
correlations between low-frequency noise, building design, and the vibration, interior 
noise and rattle response of houses in communities surrounding airports, with the goal 
of making recommendations for reducing or eliminating rattle emissions. 

The principal findings and recommendations of this study are as follows: 

 

1) Field Measurements 

Source Noise 

Finding:  The highest levels of noise near the runway during start-of-takeoff-roll, acceleration 
down the runway, and thrust reversal are at frequencies below 200 Hz.   

Measurements of sideline noise at start-of-takeoff-roll show that the larger the aircraft, the 
higher the noise levels, and the levels steadily decrease as the aircraft moves down the runway. 
Measurements of noise levels during thrust reversal do not show the same trend with aircraft 
size.  The largest aircraft and highest thrust-rating category do not have the highest noise levels.  

Recommendation:  The Integrated Noise Model uses forward-thrust noise data to model thrust 
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reverser noise.  Thrust reverser noise was identified by the MSP Expert Panel as a potential 
significant contributor to low frequency noise annoyance and was shown in this study to have 
significant levels of low-frequency noise.  Both the levels and directivity of thrust reverser noise 
should be investigated further to determine if modifications to noise models are warranted. 

 

Noise and Vibration Impact at Residential Structures 

Finding:  Measured vibration levels of windows in houses located within 3000 ft of runways can 
exceed the Hubbard threshold criteria, indicating the potential for vibration to be perceived by 
occupants.  The thresholds were exceeded to a greater degree on a rattle-prone window.  For the 
most part, the vibration levels of secure windows fell below the Hubbard thresholds.  The level 
of wall vibrations for takeoff or landing events having the highest exterior peak C-weighted 
sound levels can exceed the Hubbard threshold.  The vibration levels of the floors did not rise 
significantly above the background level. 

Hubbard's exterior sound pressure level criteria, cited in FICAN's response to the MSP 
Expert Panel, are consistent with the direct vibration measurements and proved to be good 
indicators of the onset of window rattle.  

Sound Exposure Level LE, Low-Frequency Sound Level LFSL and Low-Frequency Level 
LLF, and the Maximum Sound Pressure Level Lmax correlated well with vibration levels of a 
rattle-prone window.  The A-weighted metrics correlated poorly with the acceleration levels of a 
rattle prone window. . 

Recommendation:  The Hubbard exterior sound pressure level threshold criteria should be used 
as a first assessment of the potential for low-frequency noise impact. 

Recommendation:  Modern windows have optional plastic grid inserts.  The rattle thresholds for 
these types of windows should be assessed. 

 

 

2) Subjective Assessment of Low-Frequency Noise 

Spectral Balance Study: 

Finding:  The spectral balance study included only single event signatures.  Several level-, 
loudness-, and perceived noisiness-based metrics correlated well with subjective evaluations of 
indoor aircraft noise, in particular, LAmax and LCmax. 

Recommendation:  Because LAmax and LCmax are simple metrics to implement, they should be 
used to predict subjective response to indoor aircraft noise when the levels are appropriate for A- 
and C-weightings and there are not high levels of low-frequency noise.  

Audible Rattle Study: 

Finding:  The rattle trial included four signatures that resulted from noise impacts from events on 
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multiple runways simultaneously.  Audible window rattle was more likely to be observed for a 
combined event than for a single event.   

Signatures that contained audible rattle were not ranked as the most annoying, most likely 
because the rattle content was audible, but not loud, relative to the overall noise content of the 
signature.  This result is consistent with other studies of noise containing audible rattle.12  The 
subjective rankings of the rattle signatures were grouped together and in the same order relative 
to the non-rattle signatures, regardless of analysis method.  A-weighted and perceived noisiness-
based metrics correlated well with the subjective rankings. 

 
Recommendation:  Similar to the recommendation from the spectral balance study, LAmax should 
be used to predict subjective response to indoor aircraft noise when the levels are appropriate for 
A-weightings and there are no high levels of audible low-frequency noise. Assessment of rattle 
impact should include both single and multiple events in areas where noise from multiple 
runways can impact a neighborhood simultaneously. The combined events may create sufficient 
inaudible low frequencies to induce an audible window rattle.  

 
 
Assessment of Tokita & Nakamura Threshold for predicting perception of LFN: 
Finding:  The Tokita & Nakamura annoyance thresholds were validated as predictors of 
annoyance due to low-frequency aircraft noise.  They were found to relate favorably to the 
subjective annoyance assessments.  Linear regression analysis showed that the C-weighted sound 
exposure level LCE was the best single-metric predictor of subjective annoyance response, 
explaining over 90% of the variability of the data set.  LCE correlated better with the subjective 
data than metrics specifically designed to quantify low-frequency noise impact.  

 
Recommendation:  The Tokita & Nakamura thresholds should be used as indicators of the 
potential for annoyance due to low-frequency aircraft noise.  LCE should be used as a single-
number metric for assessing the potential for annoyance when high levels of low-frequency 
aircraft noise are present. 

 

Finding Valid Across All Subjective Studies:  For interior levels without a strong low frequency 
component the A-weighting captured the perception. For interior levels with strong low 
frequencies, C-weighting correlated better than A-weighting.  Loudness based metrics that 
included the full frequency range of interest also correlated well. The low frequency based 
metrics did not correlate better than the level and loudness based metrics. Level influenced 
perception more than rattle content when assessed in the laboratory.  

Overall, the findings suggest that people are responding to the broad spectral content and any 
predictive metric should quantify the full broadband noise.  Loudness algorithms should include 
frequency content below 50 Hz to optimally correlate with the perception of low frequency 
noise. 
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3) Laboratory Rattle and Sound Insulation Studies 
Finding:  The rattle study explained why rattle can occur at acceleration levels below 1g where 
previous models had predicted onset.  Resonant systems tend to have a rattle frequency band 
around resonance.  This result was verified experimentally.  The models developed during the 
study give the capability to identify mitigation strategies.   
Recommendation: A general strategy for eliminating rattle in resonant systems is to increase 
preload and design the systems so that excitation does not coincide with system resonance. 
 
Finding:  The window transmission loss study showed that transmission loss performance is 
degraded at low frequency by resonance.  These resonances are either due to panel vibration or 
from mass-air-mass interactions of the windows and air gaps between them. Where low 
frequency excitation occurs, our studies show that the Outdoor-Indoor Transmission Class 
(OITC) rating is a better than the Sound Transmission Class (STC) rating for identifying the 
performance of windows. 

Recommendation:  The Outdoor-Indoor Transmission Class should be used for rating window 
performance.  
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2. Overview of the Study and Organization of the Report 
 

This study was mandated by the United States Congress (H1200, House Congressional 
Record 12 February, 2003) to address the issues raised by FICAN2 concerning the report of the 
MSP Expert Panel.1  In addition to addressing FICAN's recommendations, this study is intended 
to contribute to a better understanding of the impact of low-frequency aircraft noise on 
communities, and assess which metrics are most effective in predicting it.  This follow-on study 
was conducted on behalf of the FAA by the Partnership for AiR Transportation Noise and 
Emissions Reduction (PARTNER), an FAA/NASA/Transport Canada-sponsored Center of 
Excellence. In addition to considering FICAN's recommendations, PARTNER investigators 
reviewed prior studies of low-frequency noise in the vicinity of airports1,4,6,10,11 and published 
archival literature, meet with representatives of the City of Richfield, members of the 
Metropolitan Airports Commission, FICAN, and the MSP Expert Panel, consulted with other 
experts and researchers, and established a set of airport selection criteria to design the follow-on 
low-frequency noise study. 

This study included both field measurements at Washington Dulles International Airport, 
laboratory-based subjective jury trials, and laboratory-based rattle and low frequency sound 
insulation studies.  Key aspects of the study included: 

• Measurement of aircraft source noise close to runways 
• Measurement of noise and vibration impact at residential structures close to runways 
• Three subjective jury trials to assess impact of low frequency noise 
• Correlation of jury test results with metrics 
• Identification of metric(s) that correlate best with subjective responses 
• Investigation of quantitative measurements to assess the potential for annoyance due to 

low-frequency noise 
• Laboratory-based study of rattle and low-frequency sound insulation 
• Investigation of low-frequency sound propagation models 

 
This document is the final report of the PARTNER low-frequency noise study.  Section 1 is 

the Executive Summary.  Section 3 contains background including a summary of previous 
studies of low-frequency noise around airports and objective metrics used to predict low-
frequency noise annoyance.  Section 4 discusses how this study addresses FICAN's 
recommendations.  The process used to select an airport for the field measurement part of this 
study, along with the design of the field measurement, are described in Section 5.  Section 6 
presents the results of the source noise measurements.  The noise and vibration impact on 
residential structures are discussed in Section 7.  Section 8 describes the design and results of the 
subjective tests, while Section 9 details the rattle and low-frequency sound insulation parts of the 
study.  Section 10 summarizes the study and lists the principal findings and recommendations. 
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3. Background 
 

Much of the research on annoyance due to low frequency noise has been devoted to studying 
the response of subjects, either at home or at work, to long-term exposure to LFN from noise 
sources such as industrial plants, wind turbines, HVAC systems, high-speed trains, pile drivers, 
and loud music.  A literature review revealed a shortage of information based on subjective tests 
of perception of realistic aviation noise signatures. A brief review of perception of low frequency 
noise, the findings of previous airport noise studies and objective indicators of low frequency 
noise are presented in this section. 

 
3.1 Subjective Perception, Weighting Networks and Low Frequency Annoyance 

Loudness has been measured subjectively, resulting in the equal loudness contours 
established for pure tones13 and bands of noise.14  The reference frequency is chosen as 1 kHz, 
and a loudness of 40 phons is represented by 40dB SPL at 1 kHz.  Subjectively, there is 10 dB 
per doubling of loudness at 1kHz, so each increment of 10 phons corresponds to twice as loud.  
The phon contours are sloped to present sounds that are equally loud along each contour as a 
function of frequency. Above 100 Hz, an increase of 6-10 dB in sound pressure level is 
perceived as a doubling of loudness, depending on the slope of the curves at a given frequency. 
At the low frequencies the contours are very close together indicating that we experience a more 
rapid growth of loudness in the lower frequencies.  Less sound energy is required to double our 
perception of loudness in the low-frequency region relative to the energy required to double our 
perception above 100 Hz. This phenomenon of our hearing system represents a reduced dynamic 
range in the low frequency region.  This contributes to the potential for a low-frequency sound 
that is perceived as too loud to be closer to our threshold of detectability than would occur in the 
higher frequency region, increasing the potential for a rapid growth in annoyance with a minimal 
growth in loudness. 

Research has shown that annoyance due to low frequencies increases rapidly with level. 
Subjective jury trials conducted with low frequency noise containing spectral peaks below 50 
Hz, found that the signatures were judged as more annoying than loud even with an 11-12-phon 
decrease in loudness level. For low frequencies at low sensation levels loudness habituation 
occurred more rapidly than annoyance habituation, contributing to the difference between 
loudness and annoyance perception in this region. Longer noise exposure resulted in an increase 
in annoyance relative to loudness.15 

The A-weighting curve is roughly the inverse of the 40-phon equal loudness contour, and 
was designed to mimic the human ear’s response to sound of that loudness. The 40-phon curve 
represents the level of a tone that is necessary at each frequency to be equally as loud as a 1 kHz 
tone at 40 dB SPL. It was not designed to evaluate loudness significantly greater than 40 phon, 
and does not accurately characterize noise perception above that level.  The A-weighting 
function is also not designed to evaluate noise that contains significant low-frequency content,16 
as it has a sharp roll-off at low frequencies. Aircraft noise spectra can be heavily tilted towards 
low frequencies and may not be appropriately assessed by regulations based on the A-weighting 
network3,11, 12,17,18 
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There are estimates that state that approximately 2.5% of the population may have a low 
frequency threshold that is at least 12dB more sensitive than the average threshold. This means 
that an increased sensitivity would affect nearly 1, 000,000 people in the EU-15 countries in the 
50-59 year old age group, a group that generates many complaints.19   
 
 
3.2 Findings of Previous Airport Studies of Low-Frequency Noise 

Previous research efforts addressing noise, vibration and human perception of aviation noise, 
with specific relevance to low-frequency noise impact, have been conducted at several airports, 
including San Francisco International Airport (SFO), Baltimore-Washington International 
Airport (BWI), Boston Logan International Airport (BOS), Minneapolis-St. Paul International 
Airport (MSP) dating back to the mid-1980s, and most recently at Amsterdam Schiphol (AMS).  
A brief overview of some of these related investigations and their pertinent findings follow.  
Additional information can be found in a Wyle Laboratories report entitled "Status of Low-
Frequency Noise Research and Mitigation."11 

 
San Francisco International Airport (SFO) 

In 1986 and 1987, studies were conducted at San Francisco International Airport (SFO) 
concerning directivity patterns for low-frequency noise20 and the differences in low-frequency 
noise exposure between backblast noise experienced by communities located behind aircraft 
taking off and aircraft overflight noise.21  The studies showed that communities at an angle of 
40o to 50o from the jet exhaust axis experienced maximum low-frequency noise levels and that 
backblast noise had  both more low frequency noise and longer duration than overflight noise.  
The findings also indicated that C-weighting worked best to describe low-frequency departure 
noise. 

Another study22 conducted in 2000 reported field measurements of low-frequency noise, as 
well as spectral and temporal signatures of low-frequency backblast noise as compared to 
overflight and sideline noise.  However, the main focus of the study was the effect of low-
frequency noise on people.  The report contains a summary of current knowledge on start of 
takeoff roll (SOTR) backblast noise, and its predominantly low-frequency spectral content, 
dealing with source noise characteristics, propagation of low-frequency noise, and mitigation 
efforts. It also discusses the effects of weather on low-frequency noise. 

 

Baltimore Washington International Airport (BWI) 

An analysis of start of takeoff roll (SOTR) noise was conducted at Baltimore Washington 
International Airport (BWI) over a period of 34 consecutive days in January-February 1990.10  A 
noise monitor was placed at a house 4000 feet behind and about 45o to the side of the start of 
runway 15R.  Accordingly, the house was exposed to noise emissions from the rear of aircraft 
engaging in SOTR operations.  The noise monitor reported hourly Leq values, from which an 
overall Ldn value of 67.9 dB was calculated.  

The data analysis indicated that there were three significant contributions to the overall Ldn 
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other than SOTR operations: 1) engine maintenance run-ups (59.8 dB), (2) non-airport 
background noise (55.3 dB), and 3) spurious instrumental readings (59.8 dB).  When these levels 
were subtracted from the overall calculation, the remaining contribution from SOTR operations 
is 65.9 dB. 

The results from the data obtained on site test were then compared to data from permanent 
noise monitor sites around BWI.  The report suggests that models may not adequately predict 
impact at sites near SOTR operations.  When compared with the data, it appeared that the model 
underestimated the noise from Stage 3 aircraft more than Stage 2 aircraft.  The report notes that 
modeling ground operations is more challenging than modeling over-flight events due to the 
greater significance of difficult-to-model conditions such as foliage, barriers, wind, and 
temperature gradients. 

In 1996 and 1997, two reports23,24 were published based on prior studies at BWI that dealt 
with modifications to existing houses to insulate them from low-frequency noise.  Noise, 
measured in both dBA and dBC, was reduced significantly in several instances, although the cost 
to insulate each of the homes from low-frequency noise was in the $40,000 to $50,000 range; 
significantly higher than the cost for traditional sound insulation. 

A low-frequency noise study measuring sound levels, vibration levels, and human 
assessment of the noise was conducted at BWI over a period of one week in August 1997.6  The 
study was conducted, monitoring the objective and subjective evaluation in a home located 3200 
feet behind and to the side of Runway 28.  The noise monitors recorded equivalent sound 
pressure level Leq and sound exposure level LE, both A- and C-weighted, inside and outside the 
house, for individual takeoff events.  The vibration measurement was made on the wall of the 
house facing the runway. For subjective evaluation, the resident of the house was asked to rate 
how objectionable takeoff events were.  The report concluded that human reaction does not 
depend solely upon the low frequency content of the event.  The study found that C-weighted 
levels had a closer correspondence with both annoyance ratings and vibration levels than did A-
weighted levels.   

 

Boston Logan International Airport (BOS) 

A two-pronged study, released in 1996, was undertaken at Boston Logan International 
Airport (BOS), examining the change in community noise levels after the switch from Stage 2 to 
Stage 3 aircraft as well as effectiveness of standard noise insulation at reducing low-frequency 
noise in addition to higher frequencies. The first part of the study, which is more applicable to 
the issue of low frequency noise, found a significant decrease in overall noise as well as a 
decrease specifically at frequencies below 100 Hz in areas that are normally affected by 
backblast and sideline noise.11 

 

 

Minneapolis-St. Paul International Airport (MSP) 
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In 1998 the Metropolitan Airports Commission and the City of Richfield commissioned an 
Expert Panel to examine current and future impacts of low-frequency aircraft noise in the 
communities surrounding Minneapolis-St. Paul International Airport (MSP). The scope of the 
project was broad, and in 2000 the Expert Panel released its findings in three volumes.1 Included 
in the Expert Panel’s report were, among other topics, sources of low frequency noise, studies of 
proper choice of a low-frequency noise descriptor, metrics, measurements of low-frequency 
noise reduction, and options for low-frequency noise mitigation. 

The Expert Panel found that rattle-related annoyance was an effect of low-frequency aircraft 
noise for residents living within a mile of two different runways.  In addition, they determined 
that noise from the reverse thrust during an aircraft’s landing was an area needing more research. 

While the 2000 Expert Panel report was a comprehensive study of low frequency airport 
noise, there is some disagreement over its conclusions, notably by the Federal Interagency 
Committee on Aviation Noise (FICAN).2  

 

Amsterdam Schiphol (AMS) 

The project at Amsterdam Schiphol Airport (AMS) included modeling, measurements, and 
recommendations regarding low-frequency noise from the Polderbaan runway.4  Proximity of the 
runway end to houses had resulted in complaints, and the authors were engaged to characterize 
the situation and recommend mitigation strategies.  Community complaints exceeded both pre-
construction predictions and numbers expected from noise-monitoring data (Phase I).  Since the 
predictions and noise-monitoring data are based on A-weighted levels, the hypothesis was that 
structural vibration due to low-frequency noise was causing the complaints, and vibration 
measurements at houses in affected neighborhoods supported this (Phase II). 

In Phase III of the project, parabolic equation modeling was used to predict noise levels for 
various atmospheric and ground conditions.  The model was validated using acoustic 
measurements taken near the runway, at a house in the affected neighborhood, and at 
intermediate points.  In addition, vibration data was obtained to determine if the ground was a 
vibration path.  The conclusion was that vibration at the house was due exclusively to airborne 
noise.  Complaints were not received when there was no wind, but modeling predicted a noise 
level increase of up to 10 dB for a northeast wind over a rigid ground surface.  Thus attenuation 
of 10 dB would be desirable, with the frequency range around 31.5 Hz being of the greatest 
concern. 

The proposed mitigation measures include barriers, ground absorption, modified operations, 
insulation of residences, and the more speculative strategies of active sound cancellation and 
wind generation.  Barriers would need to be 10-15 meters high to provide a reduction of 6 dB, 
and barriers near the runway would affect aircraft safety.  Modifying the ground cover with 
gravel beds or thick vegetation would likely provide the needed attenuation, although the 
necessary level of vegetation would take years to develop and the gravel bed approach is 
unproven on this scale.  Insulation would be impractical at the frequencies concerned. 

Airport operations could be modified such that the Polderbaan runway is not used by the 
noisiest aircraft, or under adverse wind conditions.  This would require significant regulatory 
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changes, however, and the impact on communities near other runways would need to be 
evaluated. The authors mention the unproven strategies of active sound cancellation and wind 
generation, pointing out that the fans required to generate a favorable wind would themselves be 
a significant source of noise. The most feasible and effective options seem to be ground cover 
modification or airport operations modification. 
 
3.3 Objective Indicators of Low Frequency Noise Annoyance 

Complaints about aviation noise are primarily driven by human perception.  In other words, 
when someone asks "Is there a low frequency noise problem?" they usually mean, are people 
annoyed by it?  To answer this question, and to be able to predict and assess the impact of 
aviation noise, the objective metrics need to be related to the subjective perception of the impact 
by people.   

Due to the attenuation of low frequencies by A-weighting filter networks, it is generally 
accepted that A-weighted sound pressure levels underestimate annoyance to low frequency 
noise.  A considerable amount of effort has been devoted to finding reliable, objective metrics 
for predicting low-frequency noise annoyance.  Leventhall provides an excellent review.25   

Much of the research has been devoted to studying the response of subjects, either at home or 
at work, to long-term exposure  low-frequency noise from noise sources such as industrial plants, 
wind turbines, HVAC systems, high-speed trains, pile drivers, and loud music.  (See Ref. 25 and 
the references therein.)  Subjective test designs typically fall into one of three categories:  1) 
exposing subjects to continuous, steady levels of single tones or noise having various bandwidths 
and spectral shapes; 2) exposing subjects to modulated noise; or 3) exposing subjects to realistic 
recordings of low frequency noise sources.  A number of factors have been found to affect 
subjective perception of low-frequency noise, including level, spectral shape, tonal content, and 
modulation rate.   

One common conclusion across studies is that as the frequency decreases, the degree of 
annoyance increases more rapidly with sound pressure level.  This phenomenon is referred to as 
narrowing of dynamic range.  Equal loudness contours are used to relate objective sound 
pressure levels to subjective perception of loudness.  These contours are compressed at low 
frequencies, meaning that the difference in sound pressure level of a low-frequency signal that is 
just audible and one that is considered annoying is much less than at higher frequencies.  In other 
words, a low-frequency signal can go from being audible to annoying with a relatively small 
change in level. 

Regardless of the nature of test signals, two themes are common to the conclusions.  The first 
is the need to measure low-frequency noise indoors.  Correlating indoor response to an outdoor 
measure of low-frequency noise is problematic because of variability in low-frequency 
transmission loss through structures, and the possibility of exciting low-frequency resonances in 
structures and rooms that lead to levels of low-frequency noise larger than might be expected 
based on outdoor levels.   

Poulsen26 reviews a number of acceptability criteria that have been proposed for LFN in 
Europe.  The solid black line in Figure 1 shows an aggregate criteria curve developed from data 
in that article.  Exactly how this type of curve is used varies from country to country.  Generally 
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speaking, if one or more levels in a 1/3-octave band exceed the criteria curve, low frequency 
noise is considered to be a nuisance.  Below 40 Hz, the criteria curve roughly approximates the 
threshold for audibility.  The inference is that at very low frequencies, noise that is audible is 
unacceptable.  This statement does not say that the noise is annoying, however, narrowing of 
dynamic range at low frequencies does suggest that the threshold of annoyance would track the 
criterion curve, offset above it.  The question is by how much?  

 

 

Figure 1. Graph of sound pressure level in dB re 20μPa versus 1/3-octave band center frequency 
showing criteria for annoyance due to Low Frequency Noise.   

 

One class of low-frequency noise metric involves an A-weighted, low frequency sound 
pressure level.  Investigators recognize that A-weighting does a good job of representing 
subjective perception of noise.  However, the A-weighted level of a broadband signal is 
dominated by the levels in the mid to high frequencies.  As a result, a standard A-weighted level 
does not capture annoyance due to low-frequency noise.  The Danish method of assessing 
annoyance due to low-frequency noise is to apply the A-weighting filter corrections to 1/3 octave 
bands from 10 to 160 Hz.  The energy sum over these low frequency bands gives the LA,LF.  
Recommended limits of LA,LF have been established.  For example, the recommended limit for a 
dwelling during the day is 25 dB LA,LF, averaged over 10 minutes. 

Poulsen also conducted a listening test to determine the best method of assessing annoyance 
due to low-frequency noise.  The signatures were realistic recordings of noises containing low 
frequency noise, including highway traffic noise, drop forge, gas turbine, fast ferry, distant steel 
factory, generator, air compressor, and music transmitted through a building.  Results indicated 
that the Danish method described above gives the best objective metric of subjective response.   

Inukai, et al27 also conducted subjective tests to determine acceptability limits for ordinary 
adults.  This limit is shown by the blue dotted line in Figure 1, and is in reasonable agreement 
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with the aggregate criteria curve. 

Because of the limited frequency band used in calculating LA,LF, it cannot be measured with a 
standard sound level meter.  These criteria are for long-term exposure and measurements are 
averaged over the period of minutes.  It is not clear how applicable these limits are to aviation 
noise. 

Other low-frequency noise metrics that focus on the noise levels in particular 1/3-ocatve 
bands have also been proposed.  One of these is the Low-Frequency Level (LLF) described in 
ANSI Standard S12.9, Part 49 and referred to by FICAN.2  LLF is the level calculated from the 
time-average, mean-squared pressure in the 16, 31.5, and 63-Hz octave bands.  The MSP Expert 
Panel was critical of using LLF, because it had not previously been used to characterize aircraft 
noise and its reliance on data in the 16 Hz band.  Aircraft certification data does not extend down 
to 16 Hz, and so LLF cannot be calculated with the Integrated Noise Model (INM). 

The MSP Expert Panel used the Low-Frequency Sound Level (LFSL).  LFSL is defined as "a 
single-event metric that sums the maximum one-third octave band sound levels from 25 to 80 
Hz, inclusive, that occur during the course of an individual aircraft passby."28.  They also 
proposed a dose based on LFSL.  FICAN was critical of the use of LFSL primarily because it 
uses one-third octave band data that may be measured at different times during an event.  They 
considered it to be constructed artificially.2 

Work on the subjective perception of low frequency noise by Tokita and Nakamura in the 
early 1980’s has been applied to airport noise.  They conducted a series of studies to address the 
question of how and why infrasound and low frequency noise affects humans differently than 
other noises.29,30 Two similar experiments were conducted in the low and high frequency range, 
investigating perception above and below 100 Hz.  The subjective responses were catalogued 
and the researchers were able to identify thresholds where the response turned from "No" to 
"Yes" and from "Yes" to "Very Much."  These thresholds were identified for the subject’s 
response to the noise when prompted about their ability to detect a sound, feel annoyance, feel 
displeasure, have an oppressive feeling, or feel a vibration.  Responses that are peculiar to the 
low frequency stimuli are feelings of oppression and vibration.  The usual methods of 
quantifying noise discount the low-frequency and infra sound bands and so do not properly 
evaluate the impact due to low frequency noise29,30.  

Two versions of their thresholds are shown in Figure 2.  The left-hand plot is a redrawn 
version of a graph presented in the MSP Expert Panel report.1  It presents Tokita and 
Nakamura’s thresholds (i.e. sound pressure levels) at which subjective response to direct 
exposure to low frequency sounds changes as functions of frequency from one characterization 
to another.  (It should be noted that the threshold of audibility is not shown on the graph.)  The 
right-hand plot is a similar graph redrawn from a Wyle Labs report on a Low-Frequency Noise 
study conducted at Amsterdam’s Schiphol airport.4  The thresholds in this figure are those of 
Tokita and Nakamura for direct exposure, compensated for a nominal transmission loss model 
for a house from a 1982 NASA report by Stephens, Shepherd, Hubbard, and Grosveld.31  The 
right-hand plot, the “Schiphol plot,” represents the nominal levels of outdoor sound that would 
elicit a particular response from occupants inside a house.  An important feature of these figures 
is the downward-pointing wedge-like region characterized by oppressive/chest vibration 
response.  In this frequency range there is relative little difference between the levels at which a 
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person detects the noise and at which that noise is perceived as being oppressive.  This illustrates 
narrowing of dynamic range mentioned previously. 

 

  
Figure 2. Two different versions of Tokita and Nakamura's threshold for the perception of low-frequency 

noise.  The left-hand plot is for direct exposure.  The right-hand plot is for nominal levels of 
outdoor sound that would elicit a particular response from occupants inside a house.  

 

Figures 3 and 4 illustrate the utility of the criteria curves or thresholds in assessing the 
potential for annoyance due to low-frequency noise.  Figure 3 shows the results of a parabolic-
equation model of sound propagation in the vicinity of Schiphol from Ref. 4.  The colors 
represent values of sound pressure levels.  The figure on the left is a no-wind condition, the one 
on the right a wind blowing from the northeast.  One of the test houses at Schiphol was located 
approximately 2 km to the southwest of the runway.  Comparing the two figures, the northeast 
wind results in an increased sound level at the location of the house.  The reason for this is that 
sound is refracted downward in the downwind direction.  

Figure 4 is the "Schiphol plot" described previously with data recorded outside the houses as 
described in the Schiphol report.4  The solid and dashed lines represent the highest 1/3-octave 
band sound pressure levels recorded outside the house on two different days.  The solid line 
corresponds to a day when the wind was not from the northeast.  The dashed line represents the 
levels on a day with a northeast wind.  As expected, a northeast wind results in higher levels.  On 
this day, the levels exceed the annoying threshold in some of the 1/3 octave bands.  There is also 
anecdotal evidence from Schiphol of increased complaints on the "northeast wind day."  The 
results of Figure 4 were used in two ways.  First, they provided anecdotal support for the validity 
of the thresholds.  Second, they provided an indication of how much mitigation would be 
necessary to reduce annoyance. 
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Figure 3. Results of a parabolic equation model of low-frequency sound propagation showing the 
influence of a northeast wind on the sound levels to the southwest of the runway. (From Ref. 
4.) 
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Figure 4. The Tokita and Nakamura's thresholds from along with data recorded outside the houses as 

described in Ref. 4.  The solid and dashed lines represent the highest 1/3-octave band sound 
pressure levels recorded outside the house on two different days.  The solid line corresponds 
to a day when the wind was not from the northeast.  The dashed line represents the levels on a 
day with a northeast wind.  (From Ref. 4.) 



 
19 

4. Addressing FICAN Findings on MSP Expert Panel Report 
 

The City of Richfield and the Metropolitan Airports Commission established a Low-
Frequency Noise Expert Panel in 1998 to study existing and potential impacts of low-frequency 
aircraft noise in communities around Minneapolis St. Paul International Airport (MSP).  The 
MSP Expert Panel issued their findings in 2000 in a three volume report.1  After reviewing the 
report and meeting with a subset of the MSP Expert Panel in 2001, the Federal Interagency 
Commission on Aviation Noise (FICAN) issued a report in 2002 containing its response to the 
MSP Expert Panel's findings and recommendations for future research in low-frequency noise 
around airports.2 

FICAN recommended that further research consider the following: 

1) That measurements be conducted in houses within critical distances from runways 
identified in previous studies of low-frequency aircraft noise, in particular one conducted at 
Baltimore-Washington International Airport (BWI).6  Measurements should include exterior 
noise and window, wall, and floor vibration with a frequency range extending down to a few 
hertz to capture the low-frequency impact.  The vibration measurements should be based on the 
recommendations by the American National Standard Institute (ANSI) Standard S3.29-1983 
(R1996).7  In addition, the measured noise and vibration levels should be compared to thresholds 
for tactile perception of vibration, known as the "Hubbard criteria,"8 used to establish the extent 
of the effect of low-frequency noise at BWI. 

2) Have panels of subjects rate the annoyance of individual aircraft events in the houses.  
Conduct statistical analysis to establish what combination of physical measures gave the best 
prediction of annoyance ratings.  Assess the ANSI Standard [S12.9, Part 4]9 Low-Frequency 
Level (LLF) as a descriptor of low-frequency noise. 

3) Study the efficacy of sound insulation in a stepwise fashion, beginning with the most 
rattle-prone features of houses, the windows and doors.  FICAN's idea was to use the same 
subjects as in Recommendation 2 to assess the impact of insulation. 

In addition to these recommendations, FICAN provided responses to the MSP Expert Panel 
findings in four major areas, namely the effects of low frequency aircraft noise, identifying an 
appropriate descriptor for LFN and LFN dose, investigating the relationship between LFN and 
annoyance, and defining an acceptability criteria for LFN.  Specific actions were incorporated in 
the PARTNER low-frequency noise study to address both the FICAN recommendations and 
responses. 

Assessment of the Effects of Low-Frequency Noise   

The Low-Frequency Noise Study conducted research in houses located within critical 
distances (3000 ft) from runways, as identified in the BWI6 and MSP Expert Panel reports.1 
Measurements included interior and exterior noise levels down to 8 Hz, and vibration 
measurements on window, wall and floor as recommended.  The experimental design included 
root mean square (rms) acceleration measurements of structural vibration, as well as 
measurements of audible rattle.  The locations of the accelerometers were in accordance with 
FICAN’s suggestion to measure acceleration as suggested in Hubbard8 and ANSI S3-29-1983 (R 
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1966).7 The acceleration data obtained was evaluated and compared to values given in Hubbard 
and ANSI S3-29(1983) as well to outdoor metrics, to address FICAN’s suggestion to examine 
measurements against the Hubbard Criteria as cited in the BWI study.6 The measurement of rms 
acceleration provided a measure of primary structural vibration, as well as rattle due to 
secondary vibrations.   

Identify a Descriptor for Low-Frequency Noise and Low-Frequency Noise Dose 

A time-averaged dose descriptor such as day-night average noise level (Ldn), is standard for 
aviation noise impact.   FICAN questioned the validity of the MSP Expert Panel's use of the 
Low-Frequency Sound Level (LFSL) as a descriptor for low-frequency noise and low-frequency 
noise dose.  LFSL is a low frequency single-event noise metric.  FICAN also recommended that 
the Low-Frequency level (LLF) defined in ANSI S12.9, Part 4, be considered as a potential 
metric.  LLF was not specifically designed for aviation noise, but was intended to apply to all 
sources of low-frequency energy, and included sound pressure levels as low as the 16 Hz one-
third octave band.  To address these suggestions, this PARTNER study obtained noise 
measurements that included interior and exterior noise levels down to 8 Hz.  The time series 
recordings were made for numerous single noise events, and combined events (events on 
multiple runways simultaneously). The recordings were used for subjective jury evaluations and 
metrics were calculated to identify the metrics that best correlated with subjective perception of 
annoyance.  Assessment of a Low-Frequency Noise dose was not addressed in this study, 
however, low-frequency single-event metrics were assessed. 

Evaluate the Relationship between Low-Frequency Noise and Annoyance   

Three subjective jury evaluations were conducted to assess the relationship between low-
frequency noise and annoyance.  The trials assessed the influence of the spectral balance of the 
aviation noise signature, the presence of rattle in aviation noise and applicability of the Tokita 
and Nakamura thresholds to low-frequency aircraft noise.29,30  These thresholds have been useful 
in other low-frequency noise studies.4  A statistical analysis of the subjective response data was 
conducted to establish what combination of physical measures gave the best prediction of 
annoyance judgments.  Metrics were correlated with the results of subjective jury evaluations 
conducted in an aircraft noise simulator. 

Investigate the Acceptability Criteria for Low-Frequency Noise   

A dosage-response relationship for noise exposure and high annoyance was recommended in 
1992 by The Federal Interagency Committee On Noise FICON (as cited by FICAN) identifying 
the 65 dB DNL contour as representing 12.3% Highly Annoyed (HA) and the 75 dB DNL as 
representing 36.5% HA.   Based on a social survey conducted at MSP, the Expert Panel 
recommended the use of LFSL, a single event metric to determine the annoyance dose response. 
The Expert Panel recommended that a 70dB LFSL represented the 12.3 % HA and that 87 dB 
represented the 36.5 % HA.  Assessment of a Low-Frequency Noise dose was not addressed in 
this study.  However, jury trials were conducted to assess metrics that best correlated with 
subjective perception of annoyance. Investigators also conducted a laboratory investigation of 
rattle-prone features of house structure elements (windows and doors) and a low-frequency 
transmission loss study to address FICAN's recommendation for a sound insulation study.  
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5. Low-Frequency Noise Field Study Design 
 
5.1 Airport Selection Process 

The investigators identified a set of criteria that guided the selection of an airport for the field 
study. These criteria were: 

1. The airport should have a representative commercial aircraft fleet mix. 
2. The airport should permit measurement of source noise along runways including side-line 

noise on start of takeoff roll and acceleration, and thrust reverser noise. 
3. The local terrain should provide a direct sound propagation path from runway to homes 

with no large structures between runway and community. 
4. Houses should be located within 3000-4000 feet of runways based on the MSP and the 

low-frequency study at BWI studies and allow both exterior noise and interior noise and 
vibration measurements. 

5. Houses should be of various age and construction type.  
6. There should be minimal interference from other noise sources such as highways, trains, 

construction etc. 
7. The airport should have no previous history of a low-frequency noise problem to reduce 

the potential for bias in the surrounding community. 
Table 1 provides a list of candidate airports having houses within 4000 feet of the runways 

considered by the investigator.  No single airport satisfied all six criteria.  One of the most 
difficult conflicts to resolve was that airports with no history of low-frequency noise problems 
were reluctant to cooperate out of concern that the study could create a problem where none had 
existed.  The investigators judged the best compromise to conducting the field study at an airport 
that met the necessary physical attributes to permit implementation of as many of the FICAN 
recommendation as possible.  The most significant compromise was that the in-residence 
subjective evaluation component had to be abandoned and laboratory-based subjective 
evaluations substituted in their place. 

Washington Dulles International Airport (IAD) was found to meet the majority of the 
criteria. The airport had a well distributed fleet mix and a surrounding terrain that did not vary in 
elevation greatly. The area surrounding the runways allowed measurements of source noise 
along the sideline, and did not contain any structures that would influence the path of noise 
propagation.  In addition to these factors, the airport has two residential structures within 3000-
4000 feet of the runways.  The Metropolitan Washington Airports Authority agreed to host the 
low-frequency noise study under the condition that the research team was not permitted to 
interview community members during the time period that the field measurements were 
conducted. 

The field measurements were conducted October 5-22, 2004 to coincide with study of noise 
levels and directivity behind aircraft during start of takeoff roll by NASA and Volpe National 
Transportation Systems Center.  In preparation for their study, the NASA/Volpe investigators 
conducted an extensive search of airports using selection criteria that were compatible in a 
number of respects with those of the PARTNER study.  Their selection of IAD served as 
confirmation that IAD was appropriate for the low-frequency noise study. 



 
22 

Table 1:  List of candidate airports having houses within 4000 feet of runways. 
 

Distance from homes and measurement sites to runways Other Considerations 
BWI (3 sites)   

Baltimore-Washington  
International 

3200 feet* 
(site 7) 

4600 feet 
(site 6) 

7800 feet 
(site 3) 

Note: all sites were to the East or 
Northeast of runways (distance is 

measured from the end of Runway 28) 
Train Tracks to the West

MSP (mult. sites)  
Minneapolis-St. Paul 

International 

Measurements were made from 
2600 feet to 5000 feet 

Note: all sites were to the North, 
Northwest, or Northeast of runways Waterway to the East 

ATL                
  William B Hartsfield 

International 
Neighborhoods begin 2280 feet away in the North Highways to the East, 

West and South 

CLT                
Charlotte Douglas 

International 

Neighborhoods begin 3630 feet away to the North, 2310 feet away to 
the West, and  2310 feet away to the East Highway to the East 

CVG     
Cincinnati/Northern 

Kentucky International  

Neighborhoods begin 3300 feet away to the West,1650 feet away to the 
Northeast, and 2970 feet away to the Southeast 

Highways to the North, 
and West 

IAD              
Washington Dulles 

International 

Neighborhoods begin 3700 feet away to the East                   
(Measured from sideline of 19L/1R ) 

Highway to the 
Northeast  

IND             
Indianapolis 
International 

Neighborhoods begin 1980 feet away to the Northwest, and 2700 feet 
away to the Southwest 

Highways to the East 
and South             

FEDEX HUB 

MCO                
Orlando International 

Neighborhoods begin 3630 feet away to the North, and 4620 feet away 
to the East 

Highway to the North    
Lakes to the North and 

South 

ONT                
Ontario International 

Neighborhoods begin 2640 feet away to the North, and 1650 feet away 
to the West 

Highways to the North 
and Southwest         

UPS HUB    

PDX                
 Portland International Neighborhoods begin 4620 feet away to the Southwest Waterway to the North 

PHL            
Philadelphia 
International  

Neighborhoods begin 3960 feet away to the North, and 2475 feet away 
to the West 

Highway to the North    
Waterway to the South   

UPS HUB  

SDF                
Louisville International-

Standiford Field 

Neighborhoods begin 1500 feet away to the East, 3600 feet away to the 
West, 2000 feet away to the North, and 4000 feet away to the 

Southwest 

Highways to the North 
and East              
UPS HUB 

SEA                
Seattle-Tacoma 

International        

Neighborhoods begin 2500 feet away to the North, and 2640 feet away 
to the West Highway to the North 

*Vibration measurements were completed at BWI (site 7, 3200 feet from runway) 

BWI and MSP were used as reference sites for the other candidate sites
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Stone House

3100 ft 
2700 ft 

Brick House 

2800 ft 

Runway 19R 

Runway 1R 
Runway 30 

The NASA/Volpe team provided significant logistical support to the PARTNER investigators 
both prior to and during the field measurements.  

The IAD field study included measurements of source noise along side Runways 19R, 30, and 
1R, and noise impact at two unoccupied residential structures, a brick-facade house and a stone-
facade house located on airport property within approximately 3000 ft of runways.  The 
measurements at the houses consisted of outdoor and indoor noise as well as measurements of 
wall, window and floor vibration.  Figure 5 shows an overhead photograph of IAD, indicating 
the runway layout, locations of the residential structures, and their proximities to the runways. 

 

 

Figure 5. Overhead photograph of Washington Dulles International Airport (IAD) showing the runway 
layout, locations of the residential structures and their proximity to the runways.  The arrows 
indicate the predominant direction of runway traffic during the measurements. (Image courtesy 
of the USGS.) 
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5.2 Source Noise Measurements 
Microphone arrays were set up along three runways to record sideline noise during start of 

takeoff roll (SOTR) and acceleration down the runway on Runways 30 and 1R, and sideline 
noise during thrust reverser (TR) deployment during landing on Runways 19R and 1R.  For the 
three weeks of the study, the wind generally dictated Runway 30 would be used for takeoffs and 
19R and 1R would be used for landings. Air traffic patterns during these three weeks followed a 
general trend.  In the early morning hours a large number of aircraft departed from Runway 30 
while the two other runways were used primarily for landings.  These early departures and 
arrivals consisted of both commercial and general aviation aircraft.  In the mid-morning hours 
there was a lull in the traffic.  In the early afternoon to evening hours there was an increase in 
both arrivals and departures, with the arrivals including the larger aircraft used for international 
flights. 

The layout of the microphone arrays was determined based on the length of the runway, 
available equipment, and the purpose of the measurements for a particular runway.  Runway 19R 
was used primarily to record thrust reverser signatures.  The goal was to capture the full 
deployment of the thrust reverser.  After observing representative landing operations, 
investigators determined that a 3000 ft (914 m) long array centered on the 3500 ft (1066 m) mark 
from the landing threshold was sufficient to capture the thrust reverser event, considering the 
variability in the duration and where the thrust reverser would be engaged.  

Figure 6 illustrates the instrumentation setup to measure thrust reverser noise along Runway 
19R.  Microphones (prepolarized G.R.A.S. 1/2 inch 40AE microphones connected to G.R.A.S. 
1/2 inch ICP 26CA preamplifiers with 90 mm diameter open-cell foam windscreens) were 
mounted on tripods 200 ft from the runway centerline and 4 ft. (1.2 m) above the ground.  (The 
only exception was Microphone 5 which was mounted at 15 ft. (4.6 m)).  Microphones 4 and 5 
were co-located at the array center, at the 3500 ft point of the runway.  The other microphones 
were spaced 500 ft apart.  Distances were measured with a laser range finder.  The ±1 dB 
bandwidth of the microphones is 3.15 Hz - 20 kHz.  The ± 0.2 dB bandwidth of the preamplifiers 
is 2 Hz-100 kHz.  

The signal from each microphone was digitized at 50 k samples/sec per channel and recorded 
on a 16-bit TEAC GX-1 data recorder.  The recorder parameters were set using a laptop 
computer running TEAC GX software.  The digital recorder was connected to each 
microphone/pre-amp unit using RG-62 coaxial cable.  At the beginning and end of each 
measurement session an end-to-end (i.e. from microphone to recorder) calibration was performed 
for each microphone channel using a G.R.A.S. model 42AB sound calibrator, which generates a 
1 kHz tone at 114 dB re 20µPa.   

Observers stationed at the digital recorder identified each landing event by aircraft type, 
airline, tail number, and time of the event.  Landing events were also recorded with a video 
camera, set up 509 ft (155 m) from the center line of the runway and 3440 ft (1048 m) from the 
landing threshold, to visually track the aircraft down the runway.  The video recording was used 
to identify tail numbers and where along the runway the thrust reverser was deployed and 
stowed.   
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Figure 6.  Diagram of instrumentation setup to measure thrust reverser noise along Runway 19R.  

 

During the period of the field measurements Runway 30 was used for takeoff.  A microphone 
array similar to that used along Runway 19R was set up along the sideline of Runway 30 to 
capture start-of-takeoff-roll signatures.  The microphone locations are indicated in Table 3.  Two 
different configurations were used.  The first ("original") array spanned a total distance of 1500 
ft (457 m).  Airport construction and standing water during the time of measurements limited this 
distance.  The microphones were located 330 ft (100 m) from the center line of the runway with 
the center of the array 1000 ft (305 m) from the start of the runway.  Subsequent microphones 
were spaced 250 ft (76 m) apart.  As with the setup along Runway 19R, the microphones were 
mounted 4 ft (1.2 m) above the ground, with the exception of Microphone 5, which was 15 ft 
(4.6 m) above the ground.  

As the study progressed, Investigators later determined that to monitor and record on two 
runways simultaneously, they would have to reduce the array size.  The locations of the 
microphones for the "abbreviated" array are indicated in the bottom row of Table 3. 

 

Table 2.  Positions of microphones from the start of the runway for Runway 19R. 

Mic 1 Mic 2 Mic 3 Mic 4/5 Mic 6 Mic 7 Mic 8 
All values are distance from landing threshold in feet (meters). 

2000 
(610) 

2500 
(762) 

3000 
(914) 

3500 
(1066) 

4000 
(1218) 

4500 
(1370) 

5000 
(1524) 

 

Dirt access road

4 foot microphone
15 foot microphone
TEAC GX recorder

Microphone preamp

500 ft500 ft 500 ft

Video camera/Observer

Dirt access road

4 foot microphone Microphone preamp

Approx 200 ft
500 ft500 ft 500 ft

Video camera/Observer
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Table 3. Positions of microphones from the start of the runway for Runway 30.  The microphones were 
located 330 ft (100 m) from the center line of the runway. 

 Mic 1  Mic 2 Mic 3 Mic 4 Mic 5 Mic 6 Mic 7 Mic 8 
Array All values are distance from start of runway in feet (meters) 

Original 250 
(76) 

500 
(152) 

750 
(229) 

1000 
(305) 

1000 
(305) 

1250 
(381) 

1500 
(457) 

1750 
(533) 

Abbreviated 250 
(76) 

625 
(190) 

 1000 
(305) 

1000 
(305) 

1375 
(419) 

1750 
(533) 

 

 

Runway 1R was not part of the original experimental design.  However, investigators 
observed during the first week of the field study that the traffic pattern on this runway would 
provide valuable data and so the design was changed to include it.  This runway was the only one 
of the three that serviced both departures and arrivals at the same time.  The microphone 
locations are indicated in Table 4.  The start of the array was closer to the landing threshold than 
on 19R so that it could capture the start-of-takeoff-roll noise and it also covered a span of 1143 
meters so as to be sure to capture most of the thrust reverser noise. This array had to be 
abbreviated later on in the study to facilitate recording on multiple runways. The microphones 
were placed at a distance of 375 ft (114 m) from the center line. 

Table 4.  Positions of microphones from the start of the runway for Runway 1R. 

 Mic 1 Mic 2 Mic 3 Mic 4 Mic 5 Mic 6 Mic 7 
Setup All values are distance from start of runway in feet (meters) 

Original 1500 
(457) 

2250 
(686) 

3000 
(914) 

3000 
(914) 

3750 
(1143)

4500 
(1370) 

5250 
(1600) 

Abbreviated  
 

 
 

3000 
(914) 

 
 

3750 
(1143)

4500 
1(370) 

5250 
(1600) 

 

 

5.3 Measurements of Low-Frequency Noise Impact Residential Structures 
In addition to noise measurements alongside runways, noise and vibration measurements 

were made at two abandoned residential structures located on airport property. The first structure 
was a single story framed brick facade house with a basement located approximately 2800 ft 
(850 m) to the west of Runway 19R.  This structure is labeled Brick House in the upper left 
portion of Figure 5.  The kitchen, located in the southeast corner of this house and having one 
wall roughly parallel to Runway 19R, was chosen as the room to be instrumented for the indoor 
part of the study.  An overhead view of the Brick House is shown in Figure 7, indicating the 
kitchen, garage and approximate location of the outdoor microphone.  The exterior of the Brick 
House is shown in Figure 8. 

The second structure, labeled Stone House in the lower right portion of Figure 5, was a stone 
facade, single story dwelling with a basement, located approximately 2700 ft (820 m) from 
runway 1R and 3100 ft (960 m) from Runway 30.  A bedroom located in the northwest corner of  
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Figure 7. Overhead photograph of the Brick House indicating the kitchen, garage, and approximate 
location of the outdoor microphone.  Runway 19R is approximately 2800 ft (850 m) to the right.  
(North is up in this photograph.) (Image courtesy of the USGS.) 

 
 

Figure 8.  Northeast view of the exterior of the brick house. 
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Figure 9. Overhead photograph of the Stone House indicating the instrumented bedroom and 
approximate location of the two outdoor microphones.  Runway 1R is approximately 2700 ft 
(820 m) to the right, Runway 30 is 3100 ft (960 m) to the left.  North is up in this photograph. 
(The two small structures that appear in this image to the right of the Stone House were not 
present during the field study.) (Image courtesy of the USGS.) 

 

 
 

Figure 10.  Exterior view of Stone House looking from the east.  Runway 30 is approximately 3100 ft (960 
m) to the west (towards the background).  One of the outdoor microphones is shown in the 
foreground. 
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the house was instrumented.  As shown in Figure 9, this room has one wall facing the departure 
end of Runway 30.  The other wall was roughly perpendicular to Runway 1R.  Although stone 
houses are not typical construction, the exterior noise and window vibration measurements 
provided useful information. 

The instrumentation setup at each house was similar.  An outdoor microphone placed at a 
height of 4 ft (1.2 m), approximately 50 ft (15 m) from the corner of the house in the direction of 
the runway recorded exterior noise.  One outdoor microphone was used at the Brick House (see 
Figure 7), two were used at the Stone House (see Figures 9 and 10).  The 
microphone/preamplifier/windscreen types and calibration procedure were the same as that used 
along the runways.  

Figures 11 and 12 show the instrumentation setup in each house.  The test rooms were 
similar in size, approximately 10 ft × 15 ft (3 m × 5 m), and instrumented with an indoor 
microphone, a HEAD binaural analysis system, and a sound level meter to record the indoor 
noise levels, and with accelerometers to record wall, window and floor vibrations.  The 
microphone and HEAD system were placed in the room at a location to capture noise events 
similar to what someone sitting in the room might experience.  The accelerometer locations were 
chosen based on previous work by Hubbard,8 Mayes, et al, 32 Schomer and Sias,33 and ANSI 
Standard S3.29-1983.7  The accelerometer locations in the Brick and Stone Houses were slightly 
different.  In the Brick House, accelerometers were mounted on the east and south walls and on 
windows located in the east and south walls.  In the Stone House, one accelerometer was 
mounted on the west window, one on the north wall, and one each on two different windows in 
the north wall.  One window was securely mounted.  The other window rattled during certain 
noise events.   An accelerometer was placed on this window as well as on the window next to it, 
to compare the vibration characteristics of a rattling versus non-rattling window.  All of the wall 
and window accelerometers measured vibrations perpendicular to the wall or window.  A fifth 
accelerometer was used in each house to monitor vertical vibrations of the floor. 

The signal paths are shown schematically in Figure 13.  The accelerometers were 
Vibrametrics Model 1000A with a nominal sensitivity of approximately 10 mV/g. Each was 
powered through a PCB signal conditioning box model 480E09 with the gain set to 100.  These 
accelerometers were mounted using wax.  The floor in the Brick House was covered with 
linoleum tile, while that in the Stone House was covered with thin carpet.  The floor 
accelerometers were mounted to a nail driven through the floor covering into the subfloor. 

Due to its location in the relatively undeveloped area to the west of Runway 19R, the Brick 
House was only slightly impacted by events other than aircraft operations on the runway. The 
Brick House had one outdoor microphone placed approximately 50 ft (15 m) from the southeast 
corner of the house closest to Runway 19R. The indoor microphone was positioned about 3 ft (1 
m) from the noise-impacted east wall.  The dominant outdoor background noise when aircraft 
were not present tended to be the sound of crickets in the fields surrounding the house.  For the 
purpose of this study, the Brick House accelerometer response measured perpendicular to the 
east wall and window (parallel to Runway 19R) was defined to be the X-axis, while the 
responses perpendicular to the south wall and window were identified as the Y-axis. 
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Figure 11.  Diagram of instrumented room in the Brick House. (Not to scale.) 

 

 

Figure 12.  Diagram of instrumented room in the Stone House. (Not to scale.) 
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Figure 13.  Schematic diagram of signal paths used at the two residential structures. 

 

The Stone House, located south of the passenger terminals and between Runways 30 and 1R, 
was impacted by more airport noise events due to its more central location than the isolated 
Brick House.  In addition to aircraft taking off and landing on runways, taxiways to and from 
these runways were near enough that noise from planes idling and throttling up engines also 
impacted the house. Onsite observations at the Stone House indicated that there was also large 
impact from thrust reverser and sideline acceleration due to operations on 1R.  Outdoor 
microphones were positioned approximately 50 ft (15 m) from the two corners of the stone house 
closest to each of the runways. This allowed the opportunity to study the effects of individual 
events, and combined events due to events occurring simultaneously on both runways. Often, 
two noise events would overlap at the Stone House, increasing the impact and making it difficult 
to pinpoint the source.  At the Stone House, the indoor microphone was located about 3 ft (1 m) 
from the north wall.  The accelerometer on the west window measured vibrations in what was 
defined to be the X direction, and measurements made on the north wall defined the Y-axis. 

In an effort to record rattle similar to what residents might experience, investigators installed 
shelving with cups, dishes, etc. on the north and west walls of the Stone House.  However, these 
items did not rattle.  In an attempt to artificially generate audible rattle, a plate was hung from a 
string and rested slightly against the center of windows in both houses.  This rattle augmentation 
was fashioned after one used previously by Schomer and Averbuch.34 

All the data was recorded as time series data using an 8 channel, 24 bit TEAC LX-10 
recorder at 48 ksamples/second per channel. The accelerometer data was passed through a 1 Hz 
high-pass filter to attenuate some very low frequency interference that was observed, and 
believed to be the result of construction that was being conducted at IAD during the time of the 
field study.  
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The data was recorded using two methods to allow for the calculation of metrics for single 
events or metrics assessing the noise impact averaged over an hour.  Recording for single events 
was initiated by observers in the house who were notified of an approaching aircraft by observers 
at the runway. Recording stopped after the aircraft could no longer be heard at the house.  The 
second method was a continuous recording that involved starting the recording and having the 
observers leave the premises for periods of one to two hours. This method limited noise 
contamination from the observers, and provided a means to conduct hour-long averages of 
overall impact at a given location.  Recording continuously over a 24-hour period was not 
feasible; the hour-long averages provided the opportunity to compare the noise impact in hour-
long increments throughout the day.  

 
5.4 Meteorological Data 

Noise levels in the vicinity of airports are affected by many environmental factors, including 
atmospheric attenuation of sound, temperature and how it changes with height, wind speed and 
direction, and how they change with height, and atmospheric turbulence.  Ground effects (e.g., 
plowed field, vegetation, snow covered field, rain soaked field, desert, etc.) and irregular terrain 
also affect sound propagation significantly.  Ground and terrain effects were minimized to the 
extent possible by site selection.  Investigators measured relevant meteorological data, not 
available from typical airport weather reports, during the period of the field study.   

Meteorological data was gathered at three sites for the duration of the study.  One site used a 
2D sonic anemometer to measure wind speed, a second site used two conventional 3D 
anemometers to measure wind speed and how it changed with height above the ground, and the 
third site used 3D sonic anemometers and temperature probes to measure changes in wind with 
height as well as the temperature gradient. 
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6. Source Noise 
The source noise investigation is intended to characterize the low-frequency content of 

aircraft noise near the runway.  The information is intended to supplement the database of source 
noise characteristics. 

 
6.1 Sideline Noise During Start-of-Takeoff Roll and Acceleration 

The aim of the analysis of start-of-takeoff-roll (SOTR) signatures is to determine the 
frequency content and levels of sideline noise, recorded from positions parallel to and along the 
runway, and to determine how these change with aircraft type.  Figure 14 shows a spectrogram 
of a SOTR event for a Boeing 777.  The horizontal axis is time, the vertical frequency on a 
logarithmic scale.  The numbers along the vertical axis correspond to 10, 100, 1000, 10 000 Hz.  
The upper frequency range is 20 kHz.  Color indicates the sound pressure level in dB re 20μPa.  
The aircraft passage takes place from about the 5 second mark to the 30 second mark.  The near-
parallel striations in the upper left portion of the graph, beginning at around 5 sec, represent tonal 
signals characteristic of inlet fan engine noise.  The highest sound pressure levels, most 
noticeable by the darker colors in the 15 – 20 second period, occur at frequencies below 200 Hz.   

It can be difficult to differentiate between signal and background noise at the lowest 
frequencies.  This is typical of outdoor noise measurements and care must be taken to assure that 
the signal-to-noise ratio is sufficient for subsequent analysis.  The typical signal-to-noise ratio for 
the measurements reported here is illustrated in Figure 15.  This figure shows a graph of the 
frequency spectrum of the unweighted, energy-averaged equivalent sound level (Leq) for all the 
start-of-takeoff-roll events recorded on Runway 30 at IAD, regardless of aircraft types.  (Energy-
averaged means that the mean-square pressures are averaged first and then that average is 
converted to dB.  The 10 dB down points are used to determine the duration of the events.)  The 
different colors indicate recordings from different microphones (refer to Table 3).  The signal 
typically exceeds the background level by about 20 dB down to 16 Hz.  The dip in level in the 
vicinity of 300 Hz is due to ground interference.  The highest levels are in the frequencies below 
200 Hz, which supports previous work indicating that behind the aircraft, significant sound 
energy was found below 200 Hz.11 

The lower graph in Figure 15 shows the A-weighted Leq (LAeq).  The de-emphasis of low 
frequencies by A-weighting is evident when comparing the upper and lower graphs.   
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Figure 14. Spectrogram of sideline noise during start-of-takeoff roll (event B777 285 1744) as measured 

by Microphone 1 (see Table 2) 330 ft (100 m)from the centerline and 250 ft (76 m) from the 
start of Runway 30. 

 
 

 
Figure 15. Mean Spectral Leq for all SOTR events 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.  
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A common metric used to assess aircraft noise is the Sound Exposure Level (LE).  LE can be 
thought of as the decibel level of a noise event of 1 second duration that contains the same 
energy as a different event of different duration.  For this reason, LE is useful in comparing 
events of different durations.  The Sound Exposure Levels of noise recorded on the sideline of 
the runway during start-of-takeoff-roll (STOR) and acceleration down the runway are shown in 
Figure 16, categorized according to aircraft model and single engine maximum thrust.  The 
vertical scale is LE.  The horizontal axis is categories of aircraft grouped by single-engine thrust 
ratings.  The aircraft falling into a given category are also indicated on the graph.  The thrust 
ranges for the categories were chosen such that there are roughly equal numbers of aircraft in 
each category.  Within a grouping, the different data points indicate different microphones 
moving farther down the runway from left to right.  The error bars indicate one standard 
deviation.  In general, the heavier the aircraft, the higher the noise levels.  During SOTR the 
highest levels were found to be at the beginning of the runway and decrease as the aircraft 
moved down the runway.  The levels vary by 3-4 dB over the 1500 ft length of the microphone 
array.   

 

 

Figure 16. Sound Exposure Level (LE) for sideline noise during start-of-takeoff-roll and acceleration down 
the runway 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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6.2 Thrust Reverser Noise 
The thrust reverser noise data was analyzed in a similar way as the start-of-takeoff-roll data.  

A spectrogram of a thrust reverser event is shown in Figure 17.  The event takes place from 
about the 4 second mark to the 16 second mark.  The highest sound pressure levels, indicated by 
the darker red colors are most noticeable in the 5 – 12 sec period and occur at frequencies below 
200 Hz.  The typical signal to noise ratio is illustrated in Figure 18 which shows the mean 
spectral Leq for all thrust reverser events on Runway 19R.  The signal to noise ratio is equivalent 
to that for the start-of-takeoff-roll measurements shown in Figure 15.  The highest levels are at 
the lowest frequencies, below 200 Hz.  The MSP Expert Panel identified this noise as a potential 
significant contributor to low-frequency noise annoyance. 

The thrust reverser Sound Exposure Levels (LE) for different single engine thrust ratings are 
shown in Figure 19.  The aircraft in the third thrust category have the highest levels.  This trend 
is also seen in Figure 20 which is a plot of the average LE as a function of aircraft type.  The 
B757 and B767 have the highest levels, although B747, B777, and A330 aircraft have highest 
maximum takeoff weight 

 

 

Figure 17. Spectrogram for thrust reverser event A330 292 1437 measured with Microphone 3 (see Table 
1) 200 ft (61 m) from the centerline and 3000 ft (914 m) from the start of Runway 19R. 
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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.   



 
39 

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. 
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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. 
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Figure 25. Comparison of the acceleration levels (dB re 1µgrms) measured on the west window of the 

Stone House to the Hubbard criteria threshold for tactile perception of vibration.  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. 

 
 

 
Figure 26. Comparison of the acceleration levels (dB re 1µgrms) measured on the north window of the 

Stone House to the Hubbard criteria threshold for tactile perception of vibration.  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. 
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Figure 27. Window acceleration levels impact from Boeing 777 landing.  The response of the secure 
window is on the left, that of the loosely coupled window. Increased acceleration levels can be 
seen in red.  The scale at the right indicates the color associated with the dB level (re 1µgrms). 
The pattern seen in the right-hand figure is characteristic of rattle. 

 

 

 

Figure 28. Comparison of the acceleration levels (dB re 1µgrms) measured on the north secure window of 
the Stone House to those measured on the loose north window. 

 

 
7.2.2 Wall and Floor Vibration 

The wall and floor vibration levels are much lower than those of the windows.  As observed 
previously by Hubbard,8 the wall acceleration levels were approximately 10 dB lower than the 
window levels for the same event.  A previous study at BWI found the maximum C-weighted 
sound pressure level LCmax to strongly correlate with maximum wall acceleration levels.6  Figure 
25 shows the maximum rms acceleration level (in dB re 1μg) for the east wall of the Brick 
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House (red squares) and the north wall of the Stone House (open circles) as functions of LCmax.  
The shaded area indicates the range of Hubbard's threshold for tactile perception of vibration for 
frequencies ranging from 10 to 100 Hz.  As might be expected, the vibration level of the wall in 
the Stone House is only slightly dependent on outdoor sound level and well below the thresholds.  
The vibration levels of the Brick House wall are higher than those of the Stone House and 
generally increase with LCmax.  This result is consistent with the BWI study.6  The vibration levels 
for the events with the highest outdoor peak C-weighted sound levels are in the range where the 
vibrations might be perceived.   

The acceleration levels of the floors measured in either house (not shown) did not rise 
significantly above background levels for any of the events recorded.  Consequently, we 
concluded that the floor vibrations levels are significantly below the thresholds for perception. 
The floors in the instrumented rooms were located above basements in both houses rather than 
on cement slabs. 

 

Figure 29. Graph of maximum rms acceleration level (in dB re 1μg) for the east wall of the Brick House 
(blue diamonds) and the north wall of the Stone House (purple squares) vs. the maximum 
outdoor C-weighted sound pressure level (in dBC re 20μPa.)  The shaded areas indicate the 
range of Hubbard's threshold for tactile perception of vibration for frequencies ranging from 10 
to 100 Hz. 
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7.2.3 Hubbard's Sound Pressure Level Threshold Criteria 
In the previous sections, rms acceleration levels were compared to the acceleration threshold 

criteria established by Hubbard in Figure 10 of Ref. 8.  However, Hubbard also developed a set 
of criteria for outdoor sound pressure level (SPL) sufficient to cause perceptible vibration of 
house structure elements (windows, walls, and floors).  (These SPL criteria are shown in Figure 
9 of Ref. 8.)  Figure 30 shows the Hubbard SPL thresholds for window, wall, and floor 
vibrations in the 10 – 100 Hz frequency range.  The data points represent the 1/3-octave band 
levels during the 0.5 second interval corresponding to the peak sound pressure level for the 
event.  The upward-pointing triangles are for event Mult_294_1919_SH that caused the largest 
acceleration levels in the north windows of the Stone House shown in Figure 28, as this event 
also caused the loose window to rattle.  The levels exceed both the window and wall Hubbard 
SPL threshold criteria.  The downward-pointing triangles are for event Mult_293_1522_SH, an 
event that did not cause the loose window to rattle.  The levels for this event do not exceed the 
Hubbard criteria to any significant degree.  This comparison suggests that the Hubbard outdoor 
SPL threshold criteria serve as a useful guideline for determining when perceptible vibration of 
house elements might occur. 

 

 

Figure 30. Peak outdoor sound level at the Stone House compared to Hubbard's SPL thresholds for 
perceptible vibration of house structure elements.  The upward-pointing triangles are for the 
event Mult_294_1919_SH that caused the largest acceleration levels in the north windows of 
the Stone House shown in Figure 28.  This event caused the loose window to rattle.  The 
downward-pointing triangles are for event Mult_293_1522_SH, an event that did not cause the 
loose window to rattle. 
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7.2.4 Outdoor Metric Indicators of Indoor Audible Window Rattle  
The previous sections discussed the utility of the Hubbard criteria for predicting perceptible 

vibrations of house structure elements.  In this section, the metrics discussed in Section 7.1 are 
correlated with the rms acceleration level of the rattle-prone window in the Stone House, to 
identify which correlate best with window rattle.   

Seventeen events (13 with rattle, and 4 without) recorded at the Stone House were analyzed 
to search for such a metric.  The results are shown in Figure 31.  The vertical axis indicates 
whether rattle was or was not audible on the indoor microphone recording of these events.  "No 
audible rattle" is indicated by black open circles, "yes, rattle is audible" by the red Xs.  The 
figure on the left compares the unweighted, C-, and A-weighted maximum outdoor sound 
pressure level Lmax, while that on the right compares LCmax, LE, and LFSL.  There is a range of 
overlap in which rattle both is and is not audible.  However for each metric, there is a level above 
which only rattle always occur.  For instance, referring to the upper left panel, the data indicates 
that when Lmax exceeds 100 dB, this particular window always rattles.  The thresholds for LCmax 
and LAmax are approximately 98 and 95 dB, respectively.  Notice however, that for both Lmax and 
LCmax 9 of the 13 rattle events are above the "rattle only" threshold, compared to only 3 of 13 for 
LAmax.  Therefore, Lmax and LCmax provide more meaningful thresholds than does LAmax. 

The figure on the right compares LCmax, LE, and LFSL.  These three metrics perform more-or-
less equally well, in that rattle always occurs above a threshold of roughly 97 dB.   

These results are for a particular window and other windows will respond differently.  
Nevertheless, the results can be used as a guideline for which metrics might prove useful in 
assessing the potential for rattle.  Modern windows have optional plastic grid inserts.  Anecdotal 
observations indicate that these inserts are prone to rattle.   

Figure 31. Correlation of the occurrence of audible rattle from the rattle-prone window in the Stone House 
heard on the indoor recording and six metrics calculated from the outdoor microphone. 
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7.2.5 Correlation of Outdoor Sound Pressure Metrics with Interior Vibration Levels 
The outdoor sound pressure metrics were compared to the vibration levels of the windows 

and walls to determine which metrics are the best predictors of vibration levels.  The results are 
shown in Tables 6-10.   

Table 6 shows the results for the rattle-prone window in the Stone House.  In each case, the 
metrics were compared to the maximum acceleration levels of the window.  The Pearson 
Correlation Coefficient is an indicator of the degree of correlation between the acceleration level 
and the metric.  A correlation coefficient of 1.0 indicates a perfect linear correlation.  The P-
value obtained is a measure of the statistical significance of the correlation.  For example, a P-
value of 0.01 means that the probability that the correlation could be due to chance is 1%.  
Smaller P-values correspond to higher levels of statistical significance.  

The metrics appearing above the heavy line in Table 6 all correlated with the maximum 
acceleration level at a significance level of greater than 99%, i.e., the P-value is less than 0.01.  
The metrics that correlated best were, in order, the unweighted Sound Exposure Level LE, the 
Low-Frequency Sound Level LFSL, the Low-Frequency-Level LLF, and the maximum sound 
pressure level Lmax.  C-weighted Sound Exposure Level LCE and Maximum Sound Pressure Level 
LCmax also correlated well, although to a lesser degree.  The A-weighted metrics correlated poorly 
with the acceleration levels. 

Table 6.  Statistical Correlation between metrics from the outdoor microphone and the maximum 
acceleration level of the rattle-prone window at the Stone House.  Metrics in the rows above 
the heavy line show linear correlation with the maximum acceleration level at a significance 
level exceeding of 0.01 meaning that the probability that the correlation could be due to chance 
is less than 1%. 

Rattle-Prone Window at Stone House 

 

Metric 

Pearson 

Correlation 

 

P-value 

LE 0.950 0.000 

LFSL 0.947 0.000 

LLF 0.930 0.000 

Lmax 0.913 0.000 

LCE 0.898 0.000 

LCmax 0.838 0.000 

LLSEL 0.548 0.011 

QPNL α = 3/40 0.547 0.011 

QPNL α = 1/10 0.541 0.012 

PNL 0.533 0.014 

QA α = 3/40 0.445 0.036 

LAmax 0.431 0.042 

LAE 0.422 0.046 
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In contrast, the correlation of the outdoor metrics with the maximum acceleration levels of 
the windows that did not rattle does not present as clear a picture.  The results shown in Tables 7 
for the windows in the north and west walls of the Stone House, and Table 8 for the windows in 
the east and south walls of the Brick House shown in Table 8.  Generally, the metrics that 
correlated well for the rattle-prone window in Table 6 correlate the poorest for the secure 
windows, and vice versa.  

Overall, the correlations for the Stone House west window are only fair at best, the maximum 
value being 0.786, and the reason for this poor correlation is as of yet not fully understood.  One 
possible explanation has to do with the orientation of the windows with respect to the runways.  
The instrumented room in the northwest corner of the Stone House is oriented to the rear of 
takeoff operations on Runway 30.  Therefore, the room may be shielded somewhat by the quiet 
zone behind the aircraft.  However, the Stone House was impacted by operations on Runway 1R.  
The north wall is roughly perpendicular to 1R, while the west wall is around the corner.  
Therefore, the west window could be shielded from impact, whereas the north window is not.  

A similar trend is seen for the Brick House.  While the correlation coefficients are low for 
both windows, they are higher for the east window than for the south window.  A dependence on 
orientation with respect to the runway was also noted previously in this report based on analysis 
of the vibration data for the windows. 

The correlations between the metric values and maximum acceleration levels for the walls in 
the Brick and Stone Houses are shown in Tables 9 and 10, respectively.  The correlation 
coefficients are generally low.  Previously in Figure 29, the maximum acceleration levels for the 
east wall of the Brick House and north wall of the Stone House were plotted against LCmax.  
Examining Tables 9 and 10, this metric is nearly best correlated for the Brick House east wall 
and moderately correlated for the Stone House north wall.  
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Table 7. Statistical Correlation between metrics from the outdoor microphone and the maximum 
acceleration level of the secure windows at the Stone House.   

Stone House Windows 
 

North Secure Window (n = 17)  West Secure Window (n = 17) 

 

Metric 

Pearson 

Correlation 

 

P-value 

  

Metric 

Pearson 

Correlation 

 

P-value 
QA α = 3/40 0.947 0.000  LLSEL 0.701 0.001 
QPNL α = 3/40 0.946 0.000  QPNL α = 3/40 0.675 0.002 
QPNL α = 1/10 0.946 0.000  QA α = 3/40 0.672 0.002 
PNL 0.943 0.000  PNL 0.665 0.002 
LLSEL 0.925 0.000  LAE 0.662 0.002 
LAmax 0.904 0.000  QPNL α = 1/10 0.659 0.002 
LCmax 0.837 0.002  LCmax 0.569 0.008 
LCE 0.778 0.000  LCE 0.543 0.012 
Lmax 0.716 0.015  Lmax 0.510 0.018 
LAE 0.671 0.003  LAmax 0.476 0.026 
LE 0.480 0.096  LE 0.401 0.056 
LFSL 0.124 0.370  LFSL 0.351 0.084 

 

Table 8. Statistical Correlation between metrics from the outdoor microphone and the maximum 
acceleration level of the windows in the east and south walls of the Brick House.  

Brick House Windows 
 

East Window   South Window  

 

Metric 

Pearson 

Correlation 

 

P-value 

  

Metric 

Pearson 

Correlation 

 

P-value 
LFSL 0.764 0.000  QPNL α = 3/40 0.561 0.008 
Leq  0.758 0.000  LAeq 0.559 0.008 
LCeq  0.745 0.000  QA α = 3/40 0.547 0.006 
LCE  0.706 0.000  QPNL α = 1/10 0.547 0.009 
Lmax 0.687 0.001  PNL 0.536 0.011 
LE  0.679 0.001  LLSEL 0.505 0.016 
QPNL α = 3/40 0.626 0.002  LCeq 0.494 0.018 
QPNL α = 1/10 0.623 0.003  LAmax 0.458 0.028 
QA α = 3/40 0.62 0.003  LEA 0.454 0.029 
PNL  0.619 0.003  LFSL 0.377 0.062 
LAmax  0.618 0.003  Leq 0.364 0.069 
LCmax  0.616 0.004  LCmax 0.351 0.076 
LAeq  0.615 0.004  Lmax 0.331 0.09 
LAE  0.615 0.004  LCE 0.328 0.091 
LLSEL 0.604 0.004  LE 0.177 0.241 

 



 
55 

Table 9. Statistical Correlation between metrics from the outdoor microphone and the maximum 
acceleration level of the east and south walls of the Brick House.  

Brick House Walls 
 

East Wall  South Wall 

 

Metric 

Pearson 

Correlation 

 

P-value 

  

Metric 

Pearson 

Correlation 

 

P-value 
LE 0.641 0.002  LCE 0.616 0.003 
LCmax 0.639 0.002  Lmax 0.581 0.006 
Lmax 0.597 0.004  LFSL 0.572 0.006 
LCE 0.594 0.004  LE 0.564 0.007 
LFSL 0.529 0.012  PNL 0.543 0.010 
LEA 0.514 0.014  QPNL α = 3/40  0.528 0.012 
PNL 0.432 0.036  QPNL α = 1/10  0.51 0.015 
LLSEL 0.418 0.042  LAE 0.509 0.015 
QPNL α = 3/40 0.405 0.047  LLSEL 0.495 0.019 
QPNL α = 1/10 0.402 0.049  LCmax 0.492 0.019 
QA α = 3/40 0.396 0.052  QA α = 3/40 0.484 0.021 
LAmax 0.362 0.069  LAmax 0.468 0.025 

 

Table 10.   Statistical Correlation between metrics from the outdoor microphone and the maximum 
acceleration level of the north wall of the Stone House.  

North Wall at Stone House (n = 15) 

 

Metric 

Pearson 

Correlation 

 

P-value 

LLSEL 0.784 0.000 

LCE 0.778 0.000 

QPNL α = 1/10 0.773 0.000 

QPNL α = 3/40 0.771 0.000 

PNL 0.755 0.000 

LCmax 0.739 0.001 

LE 0.737 0.001 

LFSL 0.696 0.002 

Lmax 0.695 0.002 

QA α = 3/40 0.694 0.002 

LAE 0.671 0.003 

LAmax 0.651 0.004 
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8. Design and Analysis Subjective Jury Trials 
 
8.1 Spectral Balance and Rattle Subjective Study Design 

Initially two separate jury trials, one focused on spectral balance of noise signatures and 
another focused on the perception of audible rattle embedded in noise, were conducted.  The 
goals of the tests were to assess the subjective response to aviation noise signatures recorded in 
the residential structures, and to correlate objective metrics to those subjective ratings.  A third, 
follow-on study was conducted to assess thresholds for low-frequency aviation noise annoyance.  
The two initial studies are discussed first, followed by the third. 

The signatures were presented to the subjects in Gulfstream's aircraft noise simulator known 
as Supersonic Acoustic Signature Simulator II (SASSII).  (Gulfstream designed SASSII to 
simulate noise from supersonic aircraft.  The present low-frequency noise study has nothing to 
do with supersonic flight.  We used the simulator because of the high fidelity of low frequency 
sound reproduction.)  The simulator is designed to present frequencies as low as 7 Hz.  As such, 
the low frequency content of the signatures can be perceived both audibly and through tactile 
sensations. The spectral balance and rattle subjective studies presented signatures at a level that 
was in the audible range of perception.  The low frequency threshold study included some 
signatures that may have induced a vibro-tactile sensation due to the high-level low frequency 
content. 

The simulator, housed in a mobile 32-foot (9.8 m) long trailer, is shown schematically in 
Figure 32. Subjects were seated two at a time in the 7 by 11 foot (2.1 by 3.4 m) audio booth, 
facing the sound reproduction system located behind an acoustically-transparent screen.  SASS-
II provides a laboratory presentation format that is more realistic than listening under 
headphones. The participants are seated to listen in a space, rather than wearing headphones. The 
audio system was balanced so that signals experienced by the two subjects were matched to the 
extent possible. 

Use of a laboratory setting allows for greater control of the test signatures and increased 
validity in the statistical findings, though a laboratory environment is not as natural as listening 
in one’s home. Annoyance ratings obtained in the laboratory may not include the effect of 
intrusiveness the noise has on daily activities. A potential follow-on test of intrusiveness could 
be conducted in which participants are engaged in activity such as reading while listening to low-
level background recordings of a news show. The aviation signatures could be presented over 
this background noise to conduct a test of intrusiveness.  

Subjects for the study were recruited from a variety of different sources on Penn State’s 
campus and, to recruit older subjects, advertisements were placed at a local senior center and on 
various community bulletin boards. The spectral balance study included 36 subjects and the rattle 
study included 41 subjects.   All subjects had hearing within normal limits (less than 20 dB 
hearing loss) in the range from 250 Hz to 8 kHz when screened using a Maico MA 19 portable 
audiometer. Subjects were aware of what types of noises they would be rating, and what the 
goals of the study were, based on the following: 

− The informed consent signed by each participant stated that the study addressed 
community impact of noise. 
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− The recruiting poster had a picture of an airplane and referred to aviation noise. 
− The directions and response sheet used annoyance as the measure of the signature. 

 
 

 
 

Figure 32.  Diagram of the Gulfstream Supersonic Signature Simulator II used for subjective 
presentations. 

 
 
8.1.1 Noise Signatures Used in the Spectral Balance and Rattle Subjective Tests 

Six signatures derived from indoor recordings were used for each of the two trials.  Tables 11 
and 12 contain information about the signatures used in the spectral balance study and the rattle 
study, respectively.  The left-hand column contains the filename used to designate the various 
signatures.  The first part of the filename indicates the aircraft type, when known.  “U” indicates 
that the aircraft type is unknown. "Mult" indicates that the signature consisted of multiple events.  
The signature designation includes the year-date in 2004, time of day, and location, where SH 
indicates Stone House, and BH indicates Brick House.  The table also includes the average sound 
pressure level Leq, and the C- and A-weighted sound pressure levels for the duration of the 
signature.  The annoyance rank column indicates the relative annoyance of the signatures. A 
ranking of 1 is the most annoying and the ranking of 6 indicates the least annoying signature. 
The right-hand column provides a brief description of the signature.  The signatures varied in 
both loudness and spectral content over the duration of the recording. 
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Table 11.  Listing of the six signatures used in the spectral balance phase of the subjective study.  The 
left-hand column indicated the file name of the signature and the letter designator used in 
subsequent analysis.  The right-hand column provides a brief description of the signature.  
Other columns include the unweighted and C- and A-weighted sound pressure levels, all in dB 
re 20μPa, and the results of relative annoyance of the signatures as rated by the subjects. (1 
being the most annoying). 

Spectral Balance Signatures  
(Approx. 30 secs in length) LP LC LA Annoyance 

Rank Description Indoor Microphone 

B747 289 1607 BH indoor→ A  75.3 68.0 60.3 2 High LF, moderate HF, window open  

A319 292 1557 BH indoor→ B  74.8 54.4 36.4 6 Moderate LF, low HF, low levels, window closed 

DC9 292 1703 BH indoor → C  74.3 67.1 63.8 1 High LF, high HF, high levels, window closed  

U 294 1814 SH indoor →      D  68.5 57.7 47.8 4 Long event, moderate LF and HF, window closed 

U 295 0720 SH indoor →      E  68.8 52.6 39.6 5 Shorter event, lower LF and HF window closed  

U 295 1043 SH indoor →      F  68.9 60.3 51.4 3 Long event, moderate LF and HF window closed  
 
Table 12. Listing of the six signatures used in the rattle content phase of the subjective study.  The 

content of the various columns of the table are the same as described in the caption for Table 
12. 

Rattle/Non-Rattle Signatures  
(Approx. 45 secs in length) Lp LC LA Annoyance 

Rank Description Indoor Microphone 

Mult 292 0847 SH indoor→  A  72.6 67.7 47.3 4 LF rumble, rattle at start. Overflight noise at end, 
window closed 

A320 289 0845 SH indoor→ B  70.6 66.0 50.3 3 Quiet start. LF rumble rattle landing at end, 
window closed 

Mult 292 0841 SH indoor → C  76.9 67.9 47.8 5 Quiet rattle start. LF rumble duration, window 
closed. 

Mult 294 1738 SH indoor → D  72.9 66.0 56.0 2 Non-rattle. HF buzz saw tones, window closed  

Mult 285 1756 SH indoor → E  66.8 61.3 40.7 6 Non-rattle. Low levels like “C”, window closed. 

B747 2891607 BH indoor → F  75.1 71.8 63.4 1 Non-rattle, high LF, moderate HF present, 
window open. 

 
 

For the spectral balance study, three of the selected signatures were recorded at the Brick 
House and three at the Stone House.  Care was also taken to ensure that these six signatures 
exhibited a range of low and high frequency content and level.  The design included a selection 
of signatures that had different qualitative perceptive identifiers (e.g. Signature B sounded “soft”; 
Signature D sounded “hollow”).  Values of several objective metrics calculated from the 
signatures were used as a selection tool to identify signatures that had values that varied within 
and across the metrics.  The signatures were approximately 30 seconds in duration. 

For the rattle jury trial, three of the signatures contained audible rattle and three did not. For 
each rattle signature there was an attempt to choose a non-rattle signature with an unweighted 
overall sound pressure level within about ± 2dB of that of one of the rattle signatures.  An open 
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window signature was also presented to include the condition in which homeowners may have 
their windows open during a noise event.  The signatures were approximately 45 seconds in 
duration. 

One signature was common to both jury trials to provide overlap.  Signature F in the audible 
rattle trial is the same as Signature A of the spectral balance trial, although the playback levels 
were slightly different.  The spectral balance trial included all single event signatures. The rattle 
trial included four signatures that resulted from “Mult” or combined events.  The combined 
events occurred when the house received noise impact from multiple runways simultaneously.  
Audible window rattle was more likely to be observed for combined events than for single 
events. 

 
8.1.2 Subjective Test Methodology 

The spectral balance study used signatures with variations in the balance between the low 
and high frequency content.  The rattle study presented signatures that were similar when 
measured by various noise metrics, but varied as to the presence, or absence, of rattle content. 
The rattle content was just detectable above the background of aircraft noise. For both tests, 
some of the differences between signatures were small.   

As a result, the subjective test methodology consisted of two judgments, a paired comparison 
and an assessment of relative annoyance.  The method of paired comparison has advantages if 
fine judgments are required. Subjects generally find choosing one signature over another easier 
than assigning a rating value to individual signature, thus paired comparisons are a good testing 
methodology for naïve, untrained subjects.50 The test design provides for close comparison 
between pairs of signatures with the rank sum and the Bradley-Terry-Luce analyses, while 
affording a relative comparison of the strength of the annoyance in each pair by including the 
rating scale. 

Signatures were presented to subjects to compare in pairs, using the statistical method of 
paired comparisons. Each jury member was presented with two signatures (A then B) and asked 
to choose which one was more annoying and then to indicate the degree to which they found it 
more annoying on a response sheet (see Figure 33).  To rate the relative annoyance of the 
signatures, subjects were asked to place an X on the line to indicate the degree of referenced to 
the "No Preference" mark.  The rating scale used adjectives that anchor points along the line such 
as “strong preference for A,” “moderate preference for A,” “no preference,” “moderate 
preference for B,” and “strong preference for B”.  The distance of the X from the no preference 
mark was used in subsequent analysis to determine relative annoyance.   

The design was a two alternative forced choice. Subjects were presented with two options 
and had to make a selection. They were not allowed to mark directly over the "No Preference" 
line, but could mark as close to it as they chose, as long as they made a choice.  
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Figure 33. Response sheet used by participants in the subjective trials to indicate which one of a pair of 

signatures was more annoying and the degree to which it was more annoying.  Subjects 
indicated their rating by placing an X on the line. 

 

Subjects were presented the pairs of sounds in both orders: e.g., Signature A followed by 
Signature B (A then B), and at some other time in the test, Signature B followed by Signature A 
(B then A). Six signatures (A through F) were presented in all distinct pairs. Subjects were not 
asked to compare a signature to itself, i.e., an (A - A) pair was not presented. Because there were 
6 signatures in each test, subjects evaluated 30 pairs, hearing each signature 10 times, 5 times as 
the first signature in the pair and 5 times as the second signature in the presented pair.   

The subjective study was counterbalanced, meaning that subjects evaluated each possible 
pair in both orders.  The presentation of the reverse ordered pair for each combination affords an 
evaluation of ordering effects. If a subject, particularly when comparisons are difficult, always 
chooses the first signature heard, an order effect will be observed when results are analyzed. 
Typically results from the (A then B) comparison are averaged with those from the (B then A) 
comparison to remove this ordering effect. The ordering of the pairs presented was also 
randomized for each subject, again to reduce any ordering effects. Order effect was evaluated by 
comparing the findings for Order 1 to the findings for Order 2.  

The spectral balance study included 36 subjects and the rattle study included 41 subjects. 

 
8.1.3 Analysis Methodology 

The subjects' responses to pair-wise comparison of the signatures were analyzed using three 
different statistical methods.  These analysis methods are summarized in this section.  Each 
method of analysis results in a ranking of the signatures from most to least annoying.  The 
rankings are then correlated with objective metrics calculated for the signatures to determine 
which metrics are the best predictors of annoyance. 

 
Paired Comparison Rank Sum Method (Based on Signature Selection) 

The subjects were forced to choose one of the signatures presented as a pair as more 
annoying than the other.  All possible pairs of the six signatures were presented in both possible 
orders.  The signatures can be ranked based on the number of times a particular subject picked a 
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particular signature as being the more annoying of a pair.  (In fact, three rankings can be made.  
One each based on the two orders of presentation and a third based on the sum of the rankings 
for each order.)   

The rankings were determined as follows: 
1. If the signature was chosen as the more annoying of the pair it was given a score of 2.  
2. The remaining signature that was chosen as less annoying was given a score of 1. 
3. The scores for each signature were summed across all subjects, resulting in rank sums. 
4. The rank sums for the six signatures were then ranked in order. The highest sum was 

given a rank of 1 (most annoying) and lowest sum given a rank of 6, (least annoying).  

This method was applied separately for each of the presentation orders and from the average 
of the two orders.  

 
Paired Comparison Bradley-Terry-Luce Method (Based on Signature Selection) 

The Bradley-Terry-Luce (BTL) method of paired comparisons uses the probability that a 
particular signature was chosen in a paired comparison to place that signature on an annoyance 
scale.  The Bradley-Terry-Luce method is commonly used in psychoacoustic testing, and 
assumes that the signatures being compared exhibit the same features.51 That is, the features used 
to compare Signature A with Signature B must be the same as those used when comparing 
Signature A with Signature C.  Subjects may change their focus during the test session, altering 
the features that they use to evaluate the signatures. For instance, if subjects begin to perceive 
similarities in the signatures, they may choose to disregard subtle differences in those similar 
features (such as the rattle content), and shift their focus to more distinguishing features (such as 
loudness). 

 

Relative Strength of Annoyance Rating (Based on Location of Mark on Response Sheet) 

Having the subjects indicate their perception of a chosen signature by placing a mark along 
the line from no preference to strongly annoying, provides a measure of the relative strength of 
subject's annoyance.  Consider Signature A.  The relative strength of annoyance of a Signature A 
by a particular subject is determined by first measuring the distance from the no preference mark 
to the mark the subject placed on the response sheet each time Signature A was judged to be the 
more annoying of a pair.  Summing up the distances, from the subject’s response for each time 
they evaluated Signature A results in the relative strength annoyance of Signature A, for that 
particular subject.  The process is repeated for each of the remaining five signatures.  Summing 
up the relative strengths of annoyance across all subjects results in a total relative strength of 
annoyance. 

The following steps were used to determine the degree to which a subject found a particular 
signature annoying, called the strength of annoyance. 

1. For each pair, the subjects marked the response scale to identify the degree to which a 
signature was more annoying.  
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2. The distance along the line from ‘no preference’ was measured with a digital caliper. 
3. The distance was converted to a percentage of total distance along the line from no 

preference to strongly, for each pair. 
4. The percentages were summed for each subject for each signature in each order  
5. The sum for each signature was divided by 5 (the number of times that signature was 

presented in each order) to get an average value for each signature for each subject 
6. The average values were summed across all subjects and divided by the number of 

subjects to get the average across all subjects.  
 
8.1.4 Results 

8.1.4.1 Spectral Balance Study 

The results of these analyses for the spectral balance study are shown in Table 13.  The upper 
section of the table contains the values calculated for the three measures of annoyance.  The 
lower section contains the rankings based on each value.  A rank of 1 means the signature was 
found most annoying.  A rank of 6 means the signature is least annoying.  For each trial, the 
rankings were the same for each of the measures of annoyance. 

The values in the strength of annoyance column are the averages for a particular signature 
across all subjects, normalized by the length of the line on the response sheet.  The rank sum is a 
measure of the number of times a particular signature was chosen as the more annoying of a pair, 
summed across all subjects.  The Bradley-Terry-Luce (BTL) values are calculated according to 
the algorithm discussed in Ref. 52. 

The values of the relative strength of annoyance for the six signatures are plotted in Figure 
34. Results for the two presentation orders are shown in the left and middle panels.  The panel on 
the right is the average of the two order values. The letters next to the symbols refer to the 
designations of the six signatures used in Table 11.  The most noticeable difference between the 
results for the two orders of presentation is for Signatures C and A.  However, each presentation 
order results in the same ranking C, A, F, D, E, B from most to least annoying.  The annoyance 
rating of the signatures is relative to one another, not absolute. 

The results of the rank Sum analysis are shown in Figure 35.  There is less of an order effect 
than with the relative strength of annoyance analysis.  Both methods result in the same order. 

The average values of the relative strength on annoyance and rank sum from the right hand 
panels of Figures 34 and 35 are compared to the results of the Bradley-Terry-Luce analysis from 
Table 13.  The BTL analysis results in the same ordering of the signatures as the other two 
methods of analysis and the relative spacing of the values compare favorably.   
 
Table 13. Results of analysis of subjective responses to the spectral balance jury trial.  The upper section 

contains the values of the different measures of annoyance.  The lower section contains the 
rankings that result from those values. A rank of 1 (6) means most (least) annoying. 

 
 Order One Order Two BTL 
Signature Strength of 

Annoyance 
Rank Sum Strength of 

Annoyance 
Rank Sum  
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A 0.265 301 0.486 334  1.543 
B 0.004 195 0.034 195 -2.829 
C 0.353 322 0.635 356  1.914 
D 0.101 247 0.186 285  0.052 
E 0.034 210 0.087 239 -1.193 
F 0.257 261 0.264 304  0.513 

 
 Order One Order Two BTL 
Signature Strength of 

Annoyance 
Rank Sum Strength of 

Annoyance 
Rank Sum  

A 2 2 2 2 2 
B 6 6 6 6 6 
C 1 1 1 1 1 
D 4 4 4 4 4 
E 5 5 5 5 5 
F 3 3 3 3 3 

 

 

Figure 34.  Values of relative strength of annoyance for the spectral balance study from Table 13.  
Results for the two presentation orders are shown in the left and middle panels.  The panel on 
the right is the average of the two order values. The letters next to the symbols refer to the 
designations of the six signatures used in Table 11. 
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Figure 35.  Values of rank sum for the spectral balance study from Table 13.  Results for the two 
presentation orders are shown in the left and middle panels.  The panel on the right is the 
average of the two order values. The letters next to the symbols refer to the designations of the 
six signatures used in Table 11. 

 

 

Figure 36.  Comparison of the average values of relative strength of annoyance and rank sum to the 
values of the Bradley-Terry-Luce analysis for the spectral balance study.  
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8.1.5 Audible Rattle Study 
The results of the analyses for the audible rattle study are shown in Table 14.  Comparisons 

of the three methods of analysis are shown in Figures 37-39.  The conclusions with regards to 
order effect and order are similar to those found in the spectral balance study.  Recall that 
Signature F in this trial is the same signature as A used in the spectral balance study.  The 
ordering of the signatures is the same for all three methods of analysis and for both orders of 
presentation.  The order is F, D, B, A, C, E from most to least annoying. 

The signatures that contained a rattle event (A, B, and C) were not ranked as the most 
annoying.  This finding may, perhaps, be attributed to the fact that the rattle while audible is not 
particularly loud.  While rattle is clearly detectable when listening to the signatures, the energy 
contributed by the rattle is a small percentage of the energy in the whole aircraft event.  
Broadband energy-based metrics would then be relatively insensitive to this rattle presence.  The 
subjects' perceptions of the signatures were insensitive to rattle, indicating that their judgments 
were primarily based on the overall level of the sound.  In a home situation, sensitivity to rattle 
may increase, as it could be associated with potential property damage.  Powell and Shepherd 
cited a similar result in a laboratory test.12  

It would have been possible to boost the relative levels of rattle to determine at what point 
rattle becomes the determining factor in perceived relative annoyance.  However, this study used 
the relative levels of the rattle and the aircraft noise as recorded in the houses.  The houses used 
in this study were constructed of brick and stone.  Less substantial construction types than the 
houses in this study could experience a higher level of rattle  than was recorded in this study.  A 
boosted rattle level study could be useful in predicting a threshold of annoyance for rattle in a 
background of noise. 

The three signatures with rattle were also grouped together and in the same order relative to 
the other three signatures, regardless of analysis method.   
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Table 14. Results of analysis of subjective responses to the audible rattle jury trial.  The upper section 

contains the values of the different measures of annoyance.  The lower section contains the 
rankings that results from those values. A rank of 1 (6) means most (least) annoying. 

 
 Order One Order Two BTL 
Signature Strength of 

Annoyance 
Rank Sum Strength of 

Annoyance 
Rank Sum  

A 0.071 278 0.134 304 -0.393 
B 0.125 300 0.176 323  0.002 
C 0.064 277 0.063 264 -1.064 
D 0.356 370 0.254 351  1.470 
E 0.004 213 0.007 216 -2.732 
F 0.635 407 0.421 387  2.716 

 
 Order One Order Two BTL 
Signature Strength of 

Annoyance 
Rank Sum Strength of 

Annoyance 
Rank Sum  

A 4 4 4 4 4 
B 3 3 3 3 3 
C 5 5 5 5 5 
D 2 2 2 2 2 
E 6 6 6 6 6 
F 1 1 1 1 1 

 
 

 
Figure 37.  Values of relative strength of annoyance for the audible rattle study from Table 14.  Results for 

the two presentation orders are shown in the left and middle panels.  The panel on the right is 
the average of the two order values. The letters next to the symbols refer to the designations of 
the six signatures used in Table 12. 
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Figure 38.  Values of rank sum for the audible rattle study from Table 14.  Results for the two presentation 

orders are shown in the left and middle panels.  The panel on the right is the average of the 
two order values. The letters next to the symbols refer to the designations of the six signatures 
used in Table 12. 

 

 
Figure 39.  Comparison of the average values of relative strength of annoyance and rank sum to the 

values of the Bradley-Terry-Luce analysis for the audible rattle study.  
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8.1.6 Objective Metrics of Signatures Used in the Subjective Studies 

The objective metrics listed in Section 4.4 were calculated from recordings made inside the 
simulator for each of the signatures used in the subjective trials.  The results are shown in Tables 
15 and 16 for the spectral balance and audible rattle studies, respectively.  In some cases a metric 
was used in only one of the subjective trials.  The * listed under Signatures B and E for PNL 
indicates that the levels of these signals were too low to calculate PNL according to ISO 3891. 

 

Table 15. Values of metrics for spectral balance signatures as recorded upon playback in simulator. 
Levels are expressed in units of dB (or dBA or dBC) re: 20 μPa. The unit for Loudness is 
Sones. (All metrics calculated using MATLAB except for Loudness (Zwicker), which was 
calculated by using the HEAD Acoustics system.) * Indicates that levels were too low to 
calculate PNL for these signatures. 

 A  B  C  D  E  F  
Lmax  89.2 79.3 91.4 79.0 76.8  80.6 
LAmax 80.5 58.6 84.8 67.1 61.1  70.4 
LCmax 86.9 75.8 89.8 77.5 74.1  79.3 
Leq  71.8 61.9 68.9 61.4 59.8  63.2 
LAeq 60.0 37.5 63.4 46.8 40.1  50.5 
LCeq 68.8 58.3 67.4 59.7 56.8  61.9 
LFNR  67  42  69  53  47  57  
LFSL  77.5 68.4 72.7 65.9 65.2  67.9 
LLF 64.6 55.3 61.6 59.1 55.4  61.6 

Loudness (Zwicker)  7.5  2.3  7.7  4.2  2.9  4.9  
LLSEL  63.9 42.8 68.6 54.8 45.7  59.0 
QA (α = 1/10) 58.6 37.0 61.4 46.1 39.6  49.5 
QPNL (α = 3/40)  65.2 26.1 68.2 50.2 33.6  55.7 
QPNL (α = 1/10)  66.6 31.0 70.2 51.7 37.0  57.3 
PNL  66.4 *  70.0 48.8 *  57.1 
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Table 16. Values of metrics for audible rattle study signatures as recorded upon playback in simulator. 

Levels are expressed in units of dB (or dBA or dBC) re: 20 μPa. The unit for Loudness is 
Sones. (All metrics calculated using MATLAB except for Loudness (Zwicker), which was 
calculated by using the HEAD Acoustics system.) * Indicates that levels were too low to 
calculate PNL for these signatures. 

 A  B  C  D  E  F  
Lmax  89.2 84.3 86.6 84.0 80.1 91.3
LAmax 65.7 66.7 65.7 74.0 56.7 83.0
LCmax 84.1 81.2 84.1 82.8 75.8 89.0
Leq  71.8 68.4 70.1 67.0 65.6 74.9
LAeq 47.4 50.3 47.8 56.0 40.8 63.4
LCeq 67.7 66.0 67.7 65.8 61.3 71.8 
LE 88.3 83.9 85.0 82.2 80.9 90.5
LAE 63.9 65.8 62.6 71.1 56.1 79.0
LCE 84.3 81.5 82.5 80.9 76.7 87.4
LFSL 84.4 82.0 85.4 80.2 77.1 87.8
LLSEL  54.0 58.5 56.2 64.9 44.8 67.5
QA (α = 1/10) 47.1 49.9 47.5 55.4 40.7 62.6
QPNL (α = 3/40)  49.7 53.4 49.5 61.8 * 66.8
QPNL (α = 1/10)  50.6 53.9 50.6 62.8 * 68.0
PNL  49.0 56.8 52.5 66.1 * 69.9

 

 
8.1.7 Correlation of Objective and Subjective Rankings 

A ranking (e.g. from loudest to quietest) of each signature was formed based on the values of 
the objective metrics presented in Tables 15 and 16.  The hypothesis, that the objective and 
subjective rankings will be correlated, was tested to determine which objective metrics are the 
best predictors of the order of the subjective rankings.  Only the rank order is used in this 
analysis, not the values of objective metrics or the measures of annoyance of the individual 
signatures. 

The Spearman Rank Correlation Coefficient (Rs) was used to determine the strength of the 
correlation.  The Spearman Rank Correlation Coefficient (Rs) is a non-parametric measure of 
association that is used in the psychoacoustic community as well as across other research 
disciplines.53,54  Like the Pearson Correlation Coefficient, it is a statistical measure used to assess 
the amount of discrepancy, or agreement, between two sets of rankings.  The Spearman Rank 
Coefficient measures whether or not the two rankings are the same.  The confidence level of 
95% was selected for the correlation, indicating that the probability that the resulting values of Rs 
could have occurred by chance are 5% or less. The 95% confidence level is applied by setting a 
parameter known as the critical value of α = 0.05, the significance level, and is chosen prior to 
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conducting the test. We selected a fixed significance of α =0.05. (Note that α is the nomenclature 
typically used to represent the significance level in tables providing critical values of test 
statistics, and is not to be confused with the free parameter defined for the calculation of the 
Disturbance Index Q.)  With six signatures (N = 6) the value of Rs must equal or exceed 0.829, to 
attain a 95% confidence level.  P-values, or the attained significance level, are the level of 
significance achieved during the test.  Smaller P-values correspond to test results having higher 
levels of statistical significance.  

 

8.1.7.1 Findings from the Spectral Balance Study 

Table 17 shows the metrics that had the best correlations with the subjective rankings for the 
Spectral Balance trial.  The Spearman Rank Correlation Coefficient Rs for the twelve metrics 
included in the table equaled or exceeded the critical value of 0.829 for a 95% confidence level.  
Seven metrics produced perfect rank correlation, meaning that the order of the objective and 
subjective rankings were identical.  

The rank-order correlation study of the Spectral Balance test results showed that:  
1. A variety of metrics showed good correlation between the orders based on the objective 

metrics and those resulting from the subjective jury trials.   
2. Only three of the metrics listed in Table 16 failed to achieve the critical value of RS, 

specifically Leq, LFSL, and PNL.  
3. LFSL, a metric that is specifically designed for low-frequency noise, fell below the 

specified RS critical value, while several other low-frequency-specific metrics rated above 
the critical value. 

 
Table 17. Correlation analysis between rankings based on subjective test results and objective metrics 

for the Spectral Balance trial.  Metrics having Spearman Rank Correlation Coefficients above 
critical value of 0.829 are included (critical value for α = 0.05 and N = 6). 

Metrics with Perfect Correlation Metrics with High 
Correlation 

Metric  Rs Value Metric  Rs Value  

LAmax  1.00 LCmax 0.943 

LFNR  1.00 LAeq  0.943 

LLSEL  1.00 LLF 0.899 
QA  1.00 LCeq  0.886  

QPNL (α = 1/10) 1.00 Lmax 0.829  

QPNL (α = 3/40) 1.00   

Loudness  1.00   

 

 



 
71 

8.1.7.2 Findings from the Audible Rattle Study 

Table 18 shows the Spearman Rank Correlation Coefficients for all the metrics listed in 
Table 16 for the audible rattle trial.  The metrics for which the correlation between the objective 
and subjective rankings reaches the 95% confidence level, corresponding to RS > 0.829, are 
grouped above the heavy line.  (In the case of two of the metrics (LmaxC and LeqC), there were ties 
in the rankings of some of the signatures.  In these cases the tied Spearmen Rank Correlation 
Coefficient was used.) 

 

Table 18. Correlation analysis between rankings based on subjective test results and objective metrics 
for the audible rattle trial. The value of the Spearman Rank Correlation Coefficients necessary 
to achieve a 95% confidence level is 0.829. 

Metric Rs 

QPNL (α = 3/40) 1.00 

LAE 1.00 

LAmax 0.99 

QPNL (α = 1/10) 0.97 

LLSEL 0.94 

QA (α = 3/40) 0.94 

LAeq 0.94 

PNL 0.90 

LmaxC 0.52 

LE 0.49 

LCE 0.49 

Leq 0.49 

Lmax 0.49 

LCeq 0.46 

LFSL 0.43 

 

The Rank-Order correlation studies in the rattle test showed that:   

1. Rankings based on QPNL (α =3/40) and LAE were perfectly correlated with the rankings 
derived from the subjective test results. 

2. The rankings based on A-weighted metrics, Disturbance Indices and LLSEL were highly 
correlated with the ranking from the subjective tests.   

3. The order based on unweighted and C-weighted metrics failed to attain the 95% 
confidence level. 
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In addition to the Spearman Rank ordinal data analysis, the interval data obtained in the 
strength of annoyance trials was analyzed using linear regression analysis. Some values obtained 
were as follows: QPNL resulted in a correlation of 0.958, LEA was 0.923, LLSEL was0 .822, LEC 
was 0.445, and LFSL had a correlation of 0 .266.  The Linear regression correlation values 
followed the same general pattern as the Spearman Rank correlations, although the correlations 
were not as strong across the metric set, due to the increased analysis resolution provided by the 
use of interval data. 

 
8.1.8 Comparison of Objective and Subjective Grouping of Signatures 

The focus of the previous section was on the correlation of the orders the signatures were 
ranked by the objective metrics and subjective ratings.  Several objective metrics correlated with 
the subjective ranking.  This type of analysis is useful as a first pass for determining which 
metrics warrant further investigation.  A more stringent test for which objective metrics best 
predict subjective perception is based on the values of the metrics and the relative groupings of 
the signatures based on them.   

 

8.1.8.1 Spectral Balance Study 

The results of the order correlation analysis for the spectral balance study were presented 
previously in Table 17.  The metrics LAmax, LFNR, LLSEL, QA (α=3/40), and QPNL (α=3/40) all 
had perfect correlations (i.e., a Spearman Rank Correlation Coefficient RS = 1.00) with the order 
as ranked by the subjects evaluating the signatures.  The values of these five metrics are plotted 
in Figure 40, along with the rank sum and Bradley-Terry-Luce values.  Several other metrics had 
RS values which also satisfied the 95% confidence level.  One of these metrics, LCeq, is also 
shown in Figure 40.  The LCeq findings were statistically significant but the correlation was not as 
strong (RS = 0.886). 

The purpose of this figure is to assess which of the objective metrics best predicts, not only 
the order of the subjective ratings (as expressed by the rank sum and B-T-L values), but also the 
grouping and spacing.  In order to facilitate this assessment, the ranges of the vertical scales have 
been adjusted so that the data spans about the same vertical distance in the plots.  

The first observation to make is that the order of the signatures is the same in all the plots, 
with the exception of LCeq, the only metric in the figure that did not have a perfect correlation in 
Table 17.  Another observation is, after excluding LCeq, the other objective metrics displayed 
similar groupings of the signatures:  C with A, F with D, and E with B.  The rank sum shows the 
same groupings.  The BTL analysis grouped C with A, and F with D, but the E with B grouping 
is not as tight with the other metrics.  If one concentrates on the four most annoying signatures 
(C, A, F, and D), both the groupings and spacings of the two subjective ratings and the five 
objective agree well.   

These findings indicate that the objective metrics with perfect correlations in Table 17 also 
do a good job of predicting the relative spacing of the subjective ratings.  Metrics from each of 
the four categories of candidate metrics discussed in Section 7.1, level-based, loudness-based, 
low frequency, and nosiness, showed perfect correlation and compare well with the subjective 
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ratings. 

 

 
Figure 40.  Comparison of objective metrics that correlated well with the subjective ordering for the 

spectral balance study.  The scales have been adjusted to that the range of values of each metric fills the 
vertical scale.  The rank sum and Bradley-Terry-Luce subjective values are shown in the left and right 

panels, respectively. 

 

8.1.8.2 Audible Rattle Study 

The results of the order correlation analysis for the audible rattle study were presented 
previously in Table 18.  The metrics QPNL (α=3/40) and LEA showed perfect correlation.  Other 
highly correlated metrics include LAmax, LAeq and LLSEL. The order based on LCeq was poorly 
correlated with the subjective ordering.  The values of these six metrics are plotted in Figure 41, 
along with the rank sum and Bradley-Terry-Luce values.  It should be noted that because of the 
low signal level, a value could not be calculated for QPNL for Signature E. 

As was the case with Figure 40, the purpose of Figure 41 is to assess which of the objective 
metrics best predicts, not only the order of the subjective ratings (as expressed by the rank sum 
and BTL values), but also the grouping and spacing.  The ranges of the vertical scales have been 
adjusted so that the data spans about the same vertical distance in the plots. 

All the metrics have signatures F and E at the far ends of the scale.  Signature F was recorded 
with an open window and was the loudest signature.  Also, with the exception of LCeq, which had 
a very low correlation coefficient, all the metrics produced the same order as the subjective 
ratings.  The purpose of including LCeq in the figure is to demonstrate how a poorly correlated 
metric compares to a more highly correlated one.  The statements in the remainder of this section 
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will assume that LCeq is excluded from consideration.  

Signatures A, B, and C all contained audible rattle and were described as having a low 
frequency rumble characteristic, but they were not found to be the most annoying.  Nevertheless, 
all the metrics, objective as well as subjective, grouped these three signatures together.  
Groupings of signatures with similar characteristics such as rattle helps one to understand the 
ability of particular metrics to not only correlate with the subjective rankings, but also may aid in 
identifying characteristics within signatures that lead to such ranking. 

Inspection of Figure 41 indicates that the rank sum, BTL, LAE, LAeq, QPNL (α=3/40), and 
LLSEL agree well with one another with respect to the relative spacing of the signatures. 

 

 

Figure 41.  Comparison of objective metrics that correlated well with the subjective ordering for the 
audible rattle study.  The scales have been adjusted so that the range of values of each metric fills the 
vertical scale.  The rank sum and Bradley-Terry-Luce subjective values are shown in the left and right 

panels, respectively. 

 

 
8.1.9 Comparison of Spectral Balance Signatures to Signatures obtained near Florida Airport  

The spectral balance signatures were also used in a test conducted at Purdue’s Herrick 
Laboratory where sounds were played over Etymotics ER-2 in-ear phones while subjects sat in a 
sound proof booth.  These high fidelity in-ear phones are used in testing because of their 
relatively flat frequency response. The sounds were presented along with 15 modified recordings 
of two aircraft measured at a Florida airport that were at the same level or louder than the Dulles 
recordings.  Subjects rated sounds directly rather than choosing between two sounds; they were 
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asked to place a mark on a five point scale labeled: not at all (2.0), slightly (3.5), moderately (5), 
very (6.5), and extremely annoying (8.0).  (The numbers in parentheses are those assigned to the 
position of the words on the line.)  The subjects in this test were asked to imagine that they were 
outside, rather than inside a house, because the other sounds were based on outside recordings. 
Signature C was the most annoying, closely followed by A.  The average annoyance ratings for 
these sounds were below “moderately annoying” (around 4.4). Signatures F and D were rated 
below “slightly annoying” (around 3), while Signatures E and B were rated, on average, as very 
close to “not at all annoying.”  If these had been judged as interior sounds, these may well have 
been found to be more annoying.  The Florida sounds were 30 seconds in duration and were 
calibrated to be either around 59 dB (A) or 68 dB (A).  This test thus resulted in the same 
annoyance rankings and similar relative annoyance ratings spacing as in the spectral balance 
study (C, A, F, D, E, B) described above, with the additional information on where the ratings lie 
on the scale from “not at all annoying” to “extremely annoying”. The additional information 
obtained in this test is very similar to that provided in the relative strength of annoyance analysis, 
which also used a five point scale to mark annoyance combined with a paired comparison 
selection.  

 
8.1.10 Correlation of Results with the Spectrum of the Signature 

The general conclusions drawn from the two subjective studies were that the order derived 
from the annoyance ratings of the signatures correlates with the orders predicted from metrics 
falling into different classes, namely level-, loudness-, low frequency-, and noisiness-based 
metrics.  Of the level based metrics, A-weighted metrics are generally better than C-weighted 
metrics.  Insight into the reasons for this finding can be found by examining the 1/3 octave band 
spectra of the signatures used in the subjective tests.  These spectra are shown in Figures 42 – 44. 

The unweighted spectra are shown in Figure 42.  The shapes of the spectra are bimodal, 
peaking in the low frequencies in the 20 – 40 Hz range and in the high frequencies in the 500 – 
1000 Hz range.  The reason for the dip between the two peaks is ground reflection.  The highest 
levels are found at the lowest frequencies. 

The A- and C-weighted spectra for the spectral balance signatures are shown in Figure 43.  
The differences between the two weightings are evident.  Limiting ones attention to the region 
around 1 kHz in the A-weighted spectrum (on the left), the order of annoyance indicated by the 
number in the parenthesis in the legend follows the level of the signatures.  The same behavior is 
found in Figure 44 which shows the A-and C-weighted spectra for the audible rattle signatures.   

The correlation between the A-weighted spectra and the rank order of the signatures does not 
explain why A-weighting works well.  However, the finding is consistent with those of prior 
studies47,48 that, in the absence of a dominant feature of a noise signature, loudness of the event 
inside the house, is the most important characteristic.  The signatures used in these studies were 
broadband with no dominant tonal content.  The results do indicate the complicated nature of 
determining how the low frequency content of broadband aviation noise signatures influences 
perception.   

If one compares the levels in the 20 – 250 Hz range in Figures 42-44 with the Tokita and 
Nakamura thresholds in the left panel of Figure 2, the low-frequency levels of the signatures 
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rated as being most annoying fall into the annoying region in some of the 1/3-octave bands.  This 
comparison implies that the Tokita Nakamura thresholds may apply to low frequency aviation 
signatures. However, the thresholds are based on exposure to single tones or narrow bands of 
noise.  A useful follow-on study would be to conduct a subjective study in which the high 
frequency part of the spectrum is the same for all the signatures, but the low frequency part is 
varied to determine thresholds, such as the Tokita and Nakamura thresholds, for aviation noise. 
 
 

 
Figure 42. 1/3-Octave Band Levels of the signatures used in the spectral balance (left) and audible rattle 

(right) studies.  Letters in the legend denote which signature, (numbers) indicate order of 
annoyance (1 = most annoying). 

 

 

 
Figure 43. 1/3-Octave Band Levels A-weighted (left) and C-weighted (right) spectra of the signatures used 

in the spectral balance study.  Letters in the legend denote which signature, (numbers) indicate 
order of annoyance (1 = most annoying). 
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Figure 44. 1/3-Octave Band Levels A-weighted (left) and C-weighted (right) spectra of the signatures used 

in the audible rattle study.  Letters in the legend denote which signature, (numbers) indicate 
order of annoyance (1 = most annoying). 

 

 
8.2 Ability of Tokita Nakamura Threshold to Prediction Aviation Noise Impact  

This study was conducted to assess the ability of the Tokita Nakamura thresholds29,30 to 
predict subjective perception of aviation noise signatures.  Twenty-three signatures recorded at 
IAD were evaluated based on flat-weighted level, quality of recording, and low frequency noise 
content.  Three signatures were selected as the basis for this study.  The original signatures were 
modified to create additional signature variants that differed in low-frequency noise content.  The 
three baseline signatures were chosen based on the presence of four criteria: a consistent pressure 
versus time envelope, free of overt extraneous stimuli such as rattle, the presence of a significant 
difference between their A- and C- weighted levels, and their levels needed to closely approach 
or cross the Tokita and Nakamura low-frequency annoyance thresholds.   

Four variants of the three signatures, resulting in a total of 15 signatures, were used in the 
jury trial.  The variations of the signatures were designed to exceed the Tokita and Nakamura 
thresholds in specific regions.  Figure 45 shows a more detailed version of the Tokita and 
Nakamura thresholds than when these thresholds were first presented in Section 3 of this report. 
The signature synthesis process utilized a set of low-pass, band-pass, and high-pass filters 
implemented in the time domain, which isolated the different target frequency ranges.  The high-
pass filter was implemented to remove the target low-frequency range.  This provided a variant 
of each of the signatures, which could be used as a counterpoint in the jury trial, testing whether 
or not low-frequency content adds to or detracts from annoyance. An additional signature was 
filtered through the High – Pass filter that resulted in a signature with the low-frequency range 
removed.  This High – Pass signature was designed such that the A-weighted level would match 
the original signature’s A-weighted level within ±1dB.  These 15 signatures were then presented 
to subjects in the Gulfstream Supersonic Acoustic Signature Simulator SASS-II.  The signatures 
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as recorded in the simulator are presented in Figures 46-48 along with the Tokita and Nakamura 
thresholds. 

 

Figure 45. Tokita and Nakamura annoyance thresholds. 

 

Figure 46. Signature Set 1. Original signature based on IAD dataset U_292_1808_SH. 
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Figure 47. Signature Set 2. Original signature based on IAD dataset A320_289_0844_SH. 

 

 

 
Figure 48. Signature Set 3. Original signature based on IAD dataset B747_292_1612_BH. 
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8.2.1 Experimental Design 

The 15 signatures previously described were presented to 34 subjects in the Gulfstream 
simulator.  The subjects were a diverse mixture of students and professionals solicited from the 
community around State College, PA.  There were 23 male and 11 female participants in this 
study with an age range of 19 to 58 years of age with an average age of 31 years.   

Participants in the jury trial completed informed consents and a demographic survey. The 
survey also asked questions concerning their attitudes toward and tolerance of low-frequency 
noise and aircraft noise among other topics.  The participants were instructed to describe a time 
they felt relaxed at home.  They were then instructed to listen to the noises in this mood as if they 
are relaxing at home. Pre-trial hearing test were conducted to assess the hearing sensitivity of 
participants (hearing threshold level < 25dB in frequency range of interest).   

The signatures were presented to the subjects counterbalanced and replicated to detect 
ordering effects.  This resulted in subjects judging a total of 60 pairs of signatures.  Subjects 
were broken into four groups; each group received a different random presentation of the 
signatures.  Subjects were directed to listen to each noise and rate it for annoyance on the given 
line scale labeled with the five annoyance descriptors recommended by the International 
Commission on the Biological Effects of Noise (ICBEN)55 as verbal anchors for the range of 
response.  Subjects were instructed to then select the signature of each pair that was more 
annoying.  Subjects were given a break between each signature set to prevent fatigue.  Each trial 
lasted about 90 minutes, including breaks. After the test subjects were asked to verbally answer a 
few questions concerning if they would predict a shift in their annoyance threshold due to 
repetitive exposure.   
 
8.2.2 Data Analysis and Results 

Three methods were used to analyze the data, the Bradley-Terry-Luce method, the rank sum 
method, and strength of annoyance.  Only the results of the strength of annoyance analysis are 
presented here.  The strength of annoyance means the degree to which a subject found a 
particular signature annoying.  Subjects were asked to indicate the degree to which they found 
each signature annoying by marking an X along the line scale. The distance of each mark from 
the "not at all annoying" label was measured using a digital calibrator. 

An example of the results of the strength of annoyance analysis is shown in Figure 49 for 
Signature Set 1.  The vertical scale represents strength of annoyance with the ICBEN55 

descriptors displayed in place of the numerical values.  The data for each of the signature 
variants is presented along the horizontal scale.  The line in the center of each box represents the 
median of the data, the value shown is the mean of the data and the distance between the two 
show the skew of the data.  The boxes represent the interquartile region; 75% of the data points 
lie below the top of each box and 25% of the data points lie below the bottom line.  The whiskers 
then show the upper and lower 25% distributions of the data.  The asterisks mark outliers in the 
data set.   

This figure shows that Signature variants A and B are assessed as the most annoying.  The 
original signature and the C variant were rated as less annoying.  Variant D was rated the least 
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annoying.  These results are consistent with the degree to which the signatures exceed the Tokita 
and Nakamura thresholds.  Referring back to Figure 46, Signature 1B exceeded the Tokita and 
Nakamura thresholds to the greatest extent, followed by Signature 1A.  Signatures 1 (the 
original) and 1C exceeded the detection threshold but generally fell below the annoying 
threshold.  Signature 1D fell well below the annoying threshold. 
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Figure 49.  Example of a box plot analysis of the strength of annoyance on Signature Set 1. 

 

Linear regression analysis was used relate the objective metrics to the subjective strength of 
annoyance assessments.  The results are shown in Figures 50 – 52 for LCE, LFSL, and LLF, 
respectively.  The dashed red lines show the 95% confidence intervals for the linear fit.  Several 
conclusions may be drawn.  The Tokita and Nakamura thresholds can be used to assess the 
potential for annoyance to low-frequency aircraft noise.  LCE provided the best correlation to the 
perceived level of annoyance.  LFSL and LLF correlate less well than LCE but about the same as 
one another.  The findings suggest that people are responding to the broad spectral content and 
any predictive metric should quantify the full broadband noise.   
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Figure 50.  Linear regression analysis of the correlation of LCE with the average strength of annoyance. 
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Figure 51.  Linear regression analysis of the correlation of LFSL with the average strength of annoyance. 
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Figure 52.  Linear regression analysis of the correlation of LLF with the average strength of annoyance. 
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9. Rattle and Low Frequency Sound Insulation Studies 
 
9.1 Laboratory Study of Rattle Onset 

The objectives of the rattle and sound insulation studies are to develop correlations between 
low-frequency sound pressure levels, building design, and the frequency and amplitude of 
vibration, interior noise and rattle in communities surrounding airports.  The vibration response 
of panels insonified with large amplitude, low-frequency acoustic waves was investigated.  
Similar models were developed for doors and windows.  The models allow a better 
understanding of the causes of rattle and sound transmission and help identify suitable criteria.  
Mitigation efforts will be developed with this understanding. 

High levels of low frequency noise are created by aircraft during takeoff and landing.  A by-
product of low frequency noise is the excitation of many structures into vibrations.  The 
acoustically induced structural vibration results in rattle and low frequency interior sound that 
contributes to both the perception and the annoyance of the noise source.  Investigation of the 
mechanisms leading to rattle and the development of rattle mitigation strategies are needed to 
reduce rattle emissions and thus complaints due to annoyance.  In addition to the control of rattle 
mechanisms, passive sound insulation provides a mitigation strategy to attenuate sound energy 
from transmitting into homes.  Current sound insulation methods are designed to reduce noise in 
the audible frequency range, typically above 250 Hz.  Because sound transmission at frequencies 
less that 250 Hz is due to different mechanisms it is possible that transmission of high-
performance, retrofit doors and windows typical of current sound insulation programs near 
airports will be less than doors and windows with lower rating.  A series of highly rated windows 
were tested at the low frequency transmission loss facilities at the NASA Langley Research 
Center.  

Rattle is the rapid loss and re-establishment of contact between loosely connected objects.56  
This study was conducted to investigate the mechanisms contributing to rattle by development of 
theoretical models and experimental testing of windows known to rattle.  The theoretical models 
are lumped-parameter, single-degree-of-freedom models of elements typically found in homes.  
The models are divided into two classes: resonant and non-resonant systems.  Previous research 
conducted by others57,58,59 have developed non-resonant models to describe rattle.  However, 
many rattle observations do not behave as predicted by such models. No previous investigation 
has modeled rattle onset for resonant systems.  Rattle criterion are determined for various 
excitation sources including random and harmonic base motion and forced excitation.  These 
criteria include the rattle threshold and also the rattle bandwidth, a feature of resonant systems. 

An in-situ experiment was conducted at Purdue University's Ray W. Herrick Laboratories.  
Four windows known to be susceptible to rattle were excited via high-fidelity playback of three 
large-amplitude, low-frequency noise signals.  These windows are more prone than most 
windows to rattle but provided a controllable case for which to study rattle of resonant systems 
and to qualitatively verify the simple rattle models.  The signals included pre-recorded aircraft 
take-off, swept sine signal, and pink noise.  The vibration and acoustic response of each of the 
windows was measured to determine the relationship between frequency and acceleration level 
for onset of rattle.  Modal response of the windows corresponded to rattle onset near resonant 
frequencies.  This behavior is consistent with predicted response of the theoretical resonant 
models. 
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The rattle criteria developed by the models and validated by the laboratory study provide 
mitigation strategies for the reduction of rattle in current housing structures and design criteria 
for future structures.  By reducing and possibly eliminating rattle emissions, a major source of 
annoyance is minimized.  This research is intended to provide immediate solutions to reduce 
rattle using preload strategies and stiffness adjustments. 

 
9.1.1 Rattle Results 

Measurements were collected for four windows.  The results for all four windows were 
similar.  Thus, discussion of one window is sufficient.  Measurement locations include outdoor 
microphone measuring the noise source, indoor room microphone, and window-mounted 
accelerometer. 

The acceleration response of one window to the highest level swept sine signal is shown 
Figure 53.  The measured sound level at the surface of the window to the highest level swept sine 
signal is shown in Figure 54.  The responses shown in were recorded simultaneously in time.  A 
spectrogram plot is used to display frequency versus time in the top subplot of both Figures 53 
and 54 with the reference scale above the spectrogram.  The time history of the (1/8) second 
time-averaged equivalent level, Leq, is shown in the bottom subplot of the same figures.  
Unweighted, A-weighted, and C-weighted equivalent sound levels, Leq, are shown in Figure 54.  
For the highest signal strength the resulting overall sound level was 100 dBC.  The swept sine 
signal sweeps down from 700 Hz to 20 Hz repeating after 78 seconds.  The bottom-most 
diagonal line shown in both figures is the response to the input frequency from the frequency 
generator, while the parallel lines are harmonic distortion caused from driving the loudspeakers 
at high levels. On the spectrogram plot of the swept sine signal shown in Figure 53, rattle events 
are indicated by vertical highlights, indicating non-linear, broadband window response to 
sinusoidal excitation.  

Overall acceleration levels, Leq, of the lower east window to the four signal amplitudes of the 
swept sine are shown in Figure 55.  Four black, vertical lines at 35, 44, 52, 66 Hz indicate 
resonances of the window determined by modal analysis.  The four signal strengths corresponded 
to a series of overall outside sound levels measured at the surface of the window, which are 
indicated by the different line colors (blue = 70 dBC overall outside sound level, green = 80 
dBC, orange = 90 dBC, and black = 100 dBC).  The range of frequencies over which the window 
rattled is shown in bolded linestyle.  Rattle onset was determined via visual inspection of the 
window response spectrogram plots when the window was excited into broadband response.  It 
can be seen that acceleration level increase at frequencies near the resonance frequencies 
indicating resonant response. 
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Figure 53. Vibration response of the window to highest swept sine signal with average sound pressure 
level of 100 dBC measured at the surface of the window. 

Figure 54.  Sound pressure level measured at the exterior surface of the window of swept sine signal. 
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The spectrogram in Figure 56 is identical to Figure 53 except the frequency scale is only over 
the low frequency range (10-200 Hz).  The bottom-most diagonal trace is the swept sine (700-20 
Hz) from the function generator and the parallel traces are harmonic distortion from driving the 
loudspeaker at high levels.  The tick marks on the frequency axis indicate resonances of the 
window which were determined by modal analysis.  The first rattle event (seen as a vertical 
highlight) occurs when the swept sine passes through 65 Hz and corresponds to the resonance of 
the window at 65 Hz.  The second rattle event also corresponds to modal resonance of the 
window at 53 Hz.  Again rattle occurs at resonance of 44 Hz and carries through to the 35 Hz 
resonance.  The final rattle event occurs in concurrence when the swept sine passes through 30 
Hz also a resonance of the window.  

Several observations can be made based on the results shown in Figure 55.  First, the rattle 
did not occur at any frequency for the lowest signal amplitude indicated by the C-weighted 70 
dB line, even though resonant behavior is evident from the increased acceleration level near the 
natural frequencies.  Thus, for the right combination of parameters (excitation amplitude, 
preload, material stiffness), rattle can be mitigated.  Secondly, for this window, rattle occurred 
only at acceleration levels greater than 100 (dB re 1 μg) or 0.1 grms.  Thirdly, the rattle bandwidth 
increases for increasing excitation amplitude.  Fourthly, the rattle onset threshold (acceleration 
amplitude) for the window is essentially the same regardless of the mode shape 

 

Figure 55.  Response of the window to swept sine. 
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Figure 56.  Same plot as Figure 53 but with smaller frequency scale (10-200 Hz). 

 

The rattle behavior of the window corresponds well to the behavior of the Case 6 resonant 
rattle model discussed in the next section.  The Case 6 rattle system model predicts an upper and 
lower rattle onset threshold centered about the natural frequency of the system.  In the rattle 
experiment upper and lower rattle onset thresholds were seen centered about the resonances of 
the window.  The Case 6 rattle system model predicted that for increasing excitation acceleration 
amplitude the rattle bandwidth increased.  This same phenomenon is seen in the rattle 
experiment. 

The aircraft take-off signal can be treated as a random signal in time.  Figure 57 is the 
spectrogram plot of the outside microphone measuring the aircraft take-off signal with overall 
equivalent sound pressure level, Leq = 95 dB at the window.  The aircraft signal used in this study 
was a recording of a typical aircraft take-off from a single location. Aircraft take-off noise 
contains significant low frequency content, as seen by the nearly 20 dB difference between the 
A-weighted and C-weighted Leq at the beginning of the measurement. The low frequency content 
is consistent throughout the signal. 

The vibration response of the window is shown in Figure 58.  The tick marks on the vertical 
axis (frequency) denote modal resonances of the window.  The window responds readily at those 
frequencies.  The vibration response of the window is shown in Figure 58.  The tick marks on the 
vertical axis (frequency) denote modal resonances of the window.  The window responds readily 
at those frequencies.  Rattle events occur at the vertical highlights, indicating non-linear, 
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broadband response.  Several rattle events occur between the time interval 20-27 seconds.  This 
cluster is explained by the higher amplitude signal frequency content in the range of the resonant 
modes (50-150 Hz) over that time interval.  The higher amplitude signal frequency content is 
shown in Figure 57 as orange (90 dBC) and red (100 dBC) speckles surrounded by a 
predominately yellow (85 dBC) region.  The response to both the swept sine and aircraft/random 
signal show that rattle occurs for exposure to sound levels greater than 100 dBC. 

 

 

 

 

Figure 57.  Sound pressure level measured at the surface of the lower east window of aircraft take-off 
signal. 
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Figure 49.  Vibration response of the lower east window to aircraft take-off signal. 

 

 
9.1.2 Theoretical Models of Rattle 

To explain the behavior of the window rattle, we developed analytical models of rattle for 
resonant and non-resonant systems. Three non-resonant rattle models are shown in Table 19 and 
three resonant rattle models are shown in Table 20. Steady-state harmonic base acceleration 
excitation of amplitude, Ab, was considered for Cases 1 through 4, and a harmonic base 
displacement excitation of amplitude, Yb, was considered for Cases 5 and 6.  Case 1 is in 
agreement with the findings of Hubbard8 that objects in normal contact with a vibrating surface 
rattle for input acceleration levels greater than the acceleration of gravity, 1g.  The resonant 
models demonstrate that rattle is possible for acceleration levels less than 1g.  For resonant 
systems rattle will occur over a range of frequencies, termed the rattle band, centered about the 
resonance of the system if the amplitude of vibration is large enough.  Rattle bands can be 
minimized in general by using significant preloads, mitigating rattle and also by decreasing the 
natural frequency of the system.  In the stiffness controlled region damping is not effective in 
mitigating rattle.  However, in the damping controlled region, which is centered about the natural 
frequency, damping is effective in mitigating rattle.  Unfortunately, for most typical systems the 
rattle band is greater than the damping controlled region indicating that damping is not a 
significant mitigation strategy. 

In Table 19, the rattle criterion are summarize for six models excited by various vibration 
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inputs.  Rattle mitigation strategies are summarized in Table 21. 

Resonant behavior was observed in the rattle experiment of four windows.  The rattle 
characteristics of the window most closely conformed to the Case 6 model.  Rattle occurred in a 
band centered on the natural frequencies of the windows.  Rattle occurred only when 
acceleration levels exceeded a particular level.  For each window the rattle onset threshold was 
less than the acceleration of gravity, 1g.  
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Table 19.   Rattle criterion for non-resonant models. 
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Table 20.   Rattle criterion for resonant models. 
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Table 21.   Rattle mitigation strategies. 
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9.2 Low Frequency Sound Insulation Study 
The low frequency sound reducing potential of window designs and construction methods 

with improved low frequency sound transmission loss, such as double and triple pane windows, 
was assessed.  Transmission loss measurements were made via the sound intensity method for 
five high STC-rated residential windows.  The vibration response of the windows to stationary, 
random excitation noise during the transmission loss test was measured.  In addition, a separate 
mobility test was conducted using the impact hammer method.  The objective of this part of the 
investigation was to assess the impact of improved acoustic insulation of windows and to 
evaluate their low frequency sound transmission properties. 

The windows in this study are classified into two general groups: high-performance (HP) and 
ultra-high-performance (UHP).  The high-performance windows were selected from the 
manufacturer specifications based on a mid-thirties STC rating.  The ultra-high-performance 
windows were selected from the manufacturer specifications based on a mid-forties STC rating. 

Transmission loss tests were done at the Structural Acoustics Loads and Transmission 
(SALT) facility at the NASA Langley Research Center.  The one third octave band transmission 
loss measurements of all five windows studied are shown in Figure 59. 
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Figure 59.  Transmission loss of five high-performance windows.  Window A (o-), Window B (□-), Window 

C (♦..), Window D (◄--), Window E (►--). 
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The transmission loss of the ultra-high-performance group (Windows A and B) is 
consistently higher than the high-performance group (Windows C, D, and E) at frequencies 
above 125 Hz.  Windows A and B have higher STC rating, because the STC calculation includes 
transmission loss data in the frequency range 125-4000 Hz.  However, below 125 Hz the 
transmission loss of the ultra-high-performance group was as much as 7 dB less than the 
transmission loss of the high-performance group.  For the five windows tested in this 
investigation, the ultra-high-performance windows were consistently poorer than the high-
performance windows in the 80 and 100 Hz bands. 

A summary of the Sound Transmission Class (STC) and Outdoor-Indoor Transmission Class 
(OITC) for all five windows is shown in Table 22.  Both rating schemes are a single-number 
metrics intended to characterize the transmission loss properties of a panel or structure.  STC 
rating, as defined by ASTM standard E41360, is intended to be applied panels or structures 
between adjoining interior spaces, though industry has often applied it to external elements such 
as doors and windows.  For the calculation of the STC rating one third octave band transmission 
loss data in the frequency range 125-4000 Hz is used.  The OITC rating, as defined by ASTM 
standard E133261, is intended to quantify outdoor-indoor transmission loss.  The OITC rating is a 
single number metric that is based on measured transmission loss of the sound insulating element 
in the frequency range from 80 to 4000 Hz.  The OITC rating is determined from the difference 
of measured transmission loss from idealized, A-weighted transportation noise spectrum.  The 
idealized transportation noise spectrum is representative of highway, rail, and aircraft noise.  
OITC is intended to be applied to exterior elements such as doors and windows. 

 

Table 22.   Rattle mitigation strategies. 

Class Window STC OITC 

A 41 30 
UHP 

B 46 29 

C 37 29 

D 33 28 HP 

E 38 30 

 

The UHP windows were possibly designed with the STC rating in mind (which neglects 
transmission loss data below 125 Hz).  The STC rating does not quantify the poor low frequency 
performance of the UHP windows, whereas the OITC rating does.  Consideration of the OITC 
rating shows the five windows to have approximately the same performance. 

Mass-air-mass resonance may fall in the 56-4000 Hz frequency range.  The mass-air-mass 
resonance is a well-known phenomenon in multi-panel structures, where the air space acts as 
compliance between the masses of two of the glass panels.  The mass-air-mass resonant 
frequency, fm, is approximately determined by62: 
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where m1 and m2 are the masses of two of the glass panels, d is the depth of the air space between 
the glass panels, and ρ0 and c0 are the density and speed of sound, respectively.  The estimated 
mass-air-mass resonances for each test window are tabulated in Table 23. 
 

Table 23.   Estimated mass-air-mass resonances for five test windows. 

Window Frequency (Hz)
A 115, 125, 200
B 85, 95, 208
C 180
D 200
E 183

Mass-Air-Mass Resonant Frequencies

 
From Table 23 it can be seen that mass-air-mass resonances can exist in the low frequency 

range.  Theory predicts that for the frequencies immediately following the mass-air-mass 
resonance the transmission loss increases at 18 dB/octave.62  Trend-lines following this 18 
dB/octave increase have been plotted in Figure 60 to highlight the mass-air-mass resonances. 
Both flexural resonances and mass-air-mass resonances contribute to the decrease of 
transmission loss at low frequencies. 

The transmission loss, acceleration level, and accelerance level results of one window, 
Window C, are shown in Figure 60.  The findings of this window were typical of all five 
windows studied in this investigation.  In Figure 60, one third octave band transmission loss is 
shown as bolded linestyle.  The narrow band transmission loss is overlaid in black.  The average 
acceleration level as determined by acoustic excitation during the transmission loss measurement 
is shown as gray “dash” linestyle.  The accelerance level, as determined by a separate mobility 
measurement is overlaid in “dash-dot” linestyle.  The mass-law transmission loss prediction and 
18 dB/octave are overlaid as black “dash” and solid gray linestyles, respectively. 

In Figure 60 the average acceleration level and the accelerance level are consistent, as 
expected.  Also, regions of increased acceleration and accelerance response (“peaks”) correspond 
to a decrease in transmission loss (“dips”).  For example, this phenomenon occurs for Window C 
in Figure 51 at 63, 85, 107, 180, and 270 Hz.  The resonant response of the window corresponds 
to decreased transmission loss at the resonance frequencies. 
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Figure 60.  Window C sound transmission loss (TL) and acceleration level vs. frequency; narrow-band TL 
(—), one-third octave band TL (—), mass-law TL (..), average acceleration level (--), average accelerance 

level (-.-), 18 dB/octave trend-line (—). 

 

The low frequency resonant response of the windows is the most likely cause for decreased 
transmission loss at low frequencies.  The resonant response of the windows included flexural 
and mass-air-mass resonances.  Flexural resonant response is damping-controlled and thus 
minimized by increasing damping of the glass panel in the window.  This could be accomplished 
by constructing the window with laminate glass and/or increasing the effective damping of the 
seals between the glass panel and the window unit frame.  The mass-air-mass resonance is 
primarily controlled by the mass of the individual glass panels and the distance between them.  If 
possible, these resonances should be shifted by adjusting mass of air gaps to optimize window 
performance. 

For the five windows tested in this investigation the three windows with lower STC rating 
(C, D and E) performed better in the 80 and 100 Hz one-third octave bands than the two 
windows in the ultra-high-performance class (A and B).  This is because two mass-air-mass 
resonances were in the 80 and 100 Hz one-third octave band for both ultra-high performance 
windows.  This is a small sample and cannot be generalized to all such windows, but it does 
illustrate that high Sound Transmission Class (STC) rating does not ensure good low frequency 
transmission loss performance.  Consumers may be misled that high STC rating windows 
equivocate to good low frequency performance.  The OITC rating is recommended instead of the 
STC rating for exterior components such as doors and windows.  The OITC rating is intended for 
exterior elements where as STC is not and the OITC rating includes frequency content down to 
80 Hz thus providing a better single-number metric of low frequency transmission loss 
performance.   
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10. Summary, Findings and Recommendations 
 

This document is the final report of the PARTNER Low-Frequency Noise Study mandated 
by the United States Congress (H1200, House Congressional Record 12 February, 2003) to 
address the issues raised by FICAN2 concerning the report of the MSP Expert Panel.1  In 
addition to addressing FICAN's recommendations, this study is intended to contribute to a better 
understanding of the impact of low-frequency aircraft noise on communities, and assess which 
metrics are most effective in predicting it. 

PARTNER investigators reviewed prior studies of low-frequency noise in the vicinity of 
airports1,4,6,10,11 and published archival literature, meet with representatives of the City of 
Richfield, members of the Metropolitan Airports Commission, FICAN, and the MSP Expert 
Panel, consulted with other experts and researchers, and established a set of airport selection 
criteria to design the follow-on low-frequency noise study. 

This study included both field measurements at Washington Dulles International Airport, 
laboratory-based subjective jury trials, and laboratory-base rattle and low frequency sound 
insulation studies.  Key aspects of the study included: 

• Measurement of aircraft source noise close to runways 
• Measurement of noise and vibration impact at residential structures close to runways 
• Three subjective jury trials to assess impact of low frequency noise 
• Correlation of jury test results with metrics 
• Identification of metric(s) that correlate best with subjective responses 
• Investigation of quantitative measurements to assess the potential for annoyance due to 

low-frequency noise 
• Laboratory-based study of rattle and low-frequency sound insulation 
 

The principal findings and recommendations of this study are as follows: 

1) Field Measurements 

Source Noise 

Finding:  The highest levels of noise near the runway during start-of-takeoff-roll and acceleration 
down the runway and during thrust reversal are at frequencies below 200 Hz.   

Measurements of sideline noise at start-of-takeoff-roll show that the larger the aircraft, the 
higher the noise levels, and the levels steadily decrease as the aircraft moves down the runway. 
Measurements of noise levels during thrust reversal do not show the same trend with aircraft 
size.  The largest aircraft and highest thrust-rating category do not have the highest noise levels.  

Recommendation:  The Integrated Noise Model uses forward-thrust noise data to model thrust 
reverser noise.  Thrust reverser noise was identified by the MSP Expert Panel as a potential 
significant contributor to low frequency noise annoyance and was shown in this study to have 
significant levels of low-frequency noise.  Both the levels and directivity of thrust reverser noise 



99 

should be investigated further to determine if modifications to noise models are warranted. 

 

Noise and Vibration Impact at Residential Structures 

Finding:  Measured vibration levels of windows in houses located within 3000 ft of runways can 
exceed the Hubbard threshold criteria, indicating the potential for vibration to be perceived by 
occupants.  The thresholds were exceeded to a greater degree on a rattle-prone window.  For the 
most part, the vibration levels of secure windows fell below the Hubbard thresholds.  The level 
of wall vibrations for takeoff or landing events having the highest exterior peak C-weighted 
sound levels can exceed the Hubbard threshold.  The vibration levels of the floors did not rise 
significantly above the background level. 

Hubbard's exterior sound pressure level criteria, cited in FICAN's response to the MSP 
Expert Panel, are consistent with the direct vibration measurements and proved good indicators 
of the onset of window rattle.  

Sound Exposure Level LE, Low-Frequency Sound Level LFSL and Low-Frequency Level 
LLF, and the Maximum Sound Pressure Level Lmax correlated well with vibration levels of a 
rattle-prone window.  The A-weighted metrics correlated poorly with the acceleration levels a 
rattle-prone window. 

Recommendation:  The Hubbard exterior sound pressure level threshold criteria be used as a first 
assessment of the potential for low-frequency noise impact. 

Recommendation:  Modern windows have optional plastic grid inserts.  The rattle thresholds for 
these types of windows should be assessed. 

 

 

2) Subjective Assessment of Low-Frequency Noise 

Spectral Balance Study: 

Finding:  The spectral balance study included only single event signatures.  Several level-, 
loudness-, and perceived noisiness-based metrics correlated well with subjective evaluations of 
indoor aircraft noise, in particular, LAmax and LCmax. 

Recommendation:  Because LAmax and LCmax are simple metrics to implement, they should be 
used to predict subjective response to indoor aircraft noise when the levels are appropriate for A- 
and C-weightings and there are not high levels of low-frequency noise. 

 

Audible Rattle Study: 

Finding:  The rattle trial included four signatures that resulted from noise impacts from events on 
multiple runways simultaneously.  Audible window rattle was more likely to be observed for a 
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combined event than for a single event.   

Signatures that contained audible rattle were not ranked as the most annoying, most likely 
because the rattle content was audible, but not loud, relative to the overall noise content of the 
signature.  This result is consistent with other studies of noise containing audible rattle.12  The 
subjective rankings of the rattle signatures were grouped together and in the same order relative 
to the non-rattle signatures, regardless of analysis method.  A-weighted and perceived noisiness-
based metrics correlated well with the subjective rankings. 

 
Recommendation:  Similar to the recommendation from the spectral balance study, LAmax should 
be used to predict subjective response to indoor aircraft noise when the levels are appropriate for 
A-weightings and there are not high levels of audible low-frequency noise. Assessment of rattle 
impact should include both single and multiple events in areas where noise from multiple 
runways can impact a neighborhood simultaneously. The combined events may create sufficient 
inaudible low frequencies to induce an audible window rattle.  

 
 
Assessment of Tokita & Nakamura Threshold for predicting perception of LFN: 
Finding:  The Tokita & Nakamura annoyance thresholds were validated as predictors of 
annoyance due to low-frequency aircraft noise.  They were found to relate favorably to the 
subjective annoyance assessments.  Linear regression analysis showed that the C-weighted sound 
exposure level LCE was the best single-metric predictor of subjective annoyance response, 
explaining over 90% of the variability of the data set.  LCE correlated better with the subjective 
data than metrics specifically designed to quantify low-frequency noise impact.  

 
Recommendation:  The Tokita & Nakamura thresholds should be used as indicators of the 
potential for annoyance due to low-frequency aircraft noise.  LCE should be used as a single-
number metric for assessing the potential for annoyance when high levels of low-frequency 
aircraft noise are present. 

 

Finding Valid Across All Subjective Studies:  For interior levels without a strong low frequency 
component the A-weighting captured the perception. For interior levels with strong low 
frequencies C-weighting correlated better than A-weighting.  Loudness based metrics that 
included the full frequency range of interest also correlated well. The low frequency based 
metrics did not correlate as well as the level and loudness based metrics. Level influenced 
perception more than rattle content when assessed in the laboratory.  

Overall the findings suggest that people are responding to the broad spectral content and any 
predictive metric should quantify the full broadband noise.  Loudness algorithms should include 
frequency content below 50 Hz to optimally correlate with the perception of low frequency 
noise. 
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3) Laboratory Rattle and Sound Insulation Studies 
Finding:  The rattle study explained why rattle can occur at acceleration levels below 1g where 
previous models had predicted onset.  Resonant systems tend to have a rattle frequency band 
around resonance.  This result was verified experimentally.  The models developed during the 
study give the capability to identify mitigation strategies.   
Recommendation: A general strategy for eliminating rattle in resonant systems is to increase 
preload and design the systems so that excitation does not coincide with system resonance. 
 
Finding:  The window transmission loss study showed that transmission loss performance is 
degraded at low frequency by resonance.  These resonances are either due to panel vibration or 
from mass-air-mass interactions of the windows and air gaps between them. Where low 
frequency excitation occurs, our studies show that the Outdoor-Indoor Transmission Class 
(OITC) rating is a better than the Sound Transmission Class (STC) rating for identifying the 
performance of windows. 

Recommendation:  The Outdoor-Indoor Transmission Class should be used for rating window 
performance.  

.
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