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AIRPORT COOPERATIVE RESEARCH PROGRAM

Airports are vital national resources. They serve a key role in trans-
portation of people and goods and in regional, national, and interna-
tional commerce. They are where the nation’s aviation system connects 
with other modes of transportation and where federal responsibility for 
managing and regulating air traffic operations intersects with the role of 
state and local governments that own and operate most airports. Research 
is necessary to solve common operating problems, to adapt appropriate 
new technologies from other industries, and to introduce innovations into 
the airport industry. The Airport Cooperative Research Program (ACRP) 
serves as one of the principal means by which the airport industry can 
develop innovative near-term solutions to meet demands placed on it.

The need for ACRP was identified in TRB Special Report 272: Airport 
Research Needs: Cooperative Solutions in 2003, based on a study spon-
sored by the Federal Aviation Administration (FAA). ACRP carries out 
applied research on problems that are shared by airport operating agen-
cies and not being adequately addressed by existing federal research 
programs. ACRP is modeled after the successful National Cooperative 
Highway Research Program (NCHRP) and Transit Cooperative Research 
Program (TCRP). ACRP undertakes research and other technical activi-
ties in various airport subject areas, including design, construction, legal, 
maintenance, operations, safety, policy, planning, human resources, and 
administration. ACRP provides a forum where airport operators can 
cooperatively address common operational problems.

ACRP was authorized in December 2003 as part of the Vision 100—
Century of Aviation Reauthorization Act. The primary participants in 
the ACRP are (1) an independent governing board, the ACRP Oversight 
Committee (AOC), appointed by the Secretary of the U.S. Department of 
Transportation with representation from airport operating agencies, other 
stakeholders, and relevant industry organizations such as the Airports  
Council International-North America (ACI-NA), the American Associa-
tion of Airport Executives (AAAE), the National Association of State 
Aviation Officials (NASAO), Airlines for America (A4A), and the Airport 
Consultants Council (ACC) as vital links to the airport community; (2) TRB 
as program manager and secretariat for the governing board; and (3) the 
FAA as program sponsor. In October 2005, the FAA executed a contract 
with the National Academy of Sciences formally initiating the program.

ACRP benefits from the cooperation and participation of airport 
professionals, air carriers, shippers, state and local government officials, 
equipment and service suppliers, other airport users, and research organi-
zations. Each of these participants has different interests and responsibili-
ties, and each is an integral part of this cooperative research effort.

Research problem statements for ACRP are solicited periodically but 
may be submitted to TRB by anyone at any time. It is the responsibility 
of the AOC to formulate the research program by identifying the highest 
priority projects and defining funding levels and expected products.

Once selected, each ACRP project is assigned to an expert panel 
appointed by TRB. Panels include experienced practitioners and 
research specialists; heavy emphasis is placed on including airport 
professionals, the intended users of the research products. The panels 
prepare project statements (requests for proposals), select contractors, 
and provide technical guidance and counsel throughout the life of the 
project. The process for developing research problem statements and 
selecting research agencies has been used by TRB in managing coop-
erative research programs since 1962. As in other TRB activities, ACRP 
project panels serve voluntarily without compensation.

Primary emphasis is placed on disseminating ACRP results to the 
intended users of the research: airport operating agencies, service pro-
viders, and academic institutions. ACRP produces a series of research 
reports for use by airport operators, local agencies, the FAA, and other 
interested parties; industry associations may arrange for workshops, 
training aids, field visits, webinars, and other activities to ensure that 
results are implemented by airport industry practitioners.
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ACRP Report 152: Evaluating Methods for Determining Interior Noise Levels Used in 
Airport Sound Insulation Programs provides guidance for selecting and implementing 
methods for measuring noise level reduction in dwellings associated with airport noise 
insulation programs. The research results will be of particular interest to airport industry 
practitioners who may be implementing such a program or who are responsible for con-
ducting the measurement tests.

Airports often undertake noise insulation programs to reduce impacts on homes within 
existing or forecast noise contours. Various methods for measuring noise level reduction are 
used to ensure that acoustical treatments meet the FAA’s noise reduction requirements. Yet 
the measurement of noise level reduction within a home is a complex process. Measurement 
results are affected by many factors, including instrument error, location of the sound source 
and microphone, ambient noise, and meteorological conditions. The issuance of FAA’s Pro-
gram Guidance Letter 12-09, Eligibility and Justification Requirements for Noise Insulation 
Projects, resulted in the need to re-examine the methods used to determine whether existing 
interior noise levels are greater or less than 45 dB, the level required to qualify for federal 
funding for these projects. Although the criteria for the design of dwelling modifications 
are fairly well defined, there is limited measurement guidance for confirming a dwelling’s 
eligibility, which can result in inconsistencies when implementing airport sound insulation 
programs. Research was needed to gain a better understanding of the factors that lead to 
differences among measurement methods and to understand and minimize inaccuracies in 
estimating interior noise levels.

The research, led by CSDA Design Group, complements the results of ACRP Report 89: 
Guidelines for Airport Sound Insulation Programs and was undertaken to assess the accu-
racy and validity of various noise level reduction measurement procedures currently used 
in airport noise insulation programs. Acoustical field measurements were made at 10 homes 
near San Diego International Airport and nine homes near Boston Logan International 
Airport. Seven measurement methods were tested:

•	 Outdoor ground-level artificial sound source (loudspeaker);
•	 Outdoor elevated artificial source (loudspeaker);
•	 Indoor artificial sound source (loudspeaker);
•	 Aircraft flyover: fixed microphone;
•	 Aircraft flyover: moving microphone;
•	 Architectural survey and noise reduction calculations; and
•	 Acoustic intensity measurements, exterior loudspeaker and interior intensity.

F O R E W O R D

By Joseph D. Navarrete
Staff Officer
Transportation Research Board
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The report includes a summary of sound insulation theory and the science behind noise 
level reduction, and an overview of FAA-sponsored noise insulation programs. The report also 
provides guidance, including a decision matrix, for selecting an appropriate acoustical testing 
method. Lastly, the report provides suggested practices for each measurement technique, based 
on the results of the research.
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1.1 Purpose of Report

The primary purposes of this report, ACRP Report 152: Evaluating Methods for Determining 
Interior Noise Levels Used in Airport Sound Insulation Programs, are to discuss and clarify acousti-
cal testing issues associated with airport sound insulation programs administered by the Federal 
Aviation Administration (FAA) and to provide proposals for improvement. The first ACRP report 
related to sound insulation programs, ACRP Report 89: Guidelines for Airport Sound Insulation Pro-
grams was published in 2013 (Payne et al. 2013) to describe and suggest procedures for conducting 
sound insulation programs. ACRP Report 89 addresses the major elements of a sound insula-
tion program, including program development, community outreach, acoustical engineering, 
architectural treatments, historic structures, ventilation, green building initiatives, contracting, 
funding, and reporting. Much of the background information for this report comes (with 
some minor updating by the research team) from ACRP Report 89, and it remains a good source 
for more detail on sound insulation programs.

Important elements of airport sound insulation programs are the pre- and post-construction 
acoustical measurements to quantify the noise level reduction (NLR) of the structures. The 
purpose of these measurements is to:

•	 Determine the eligibility of the home for treatment, in accordance with recent FAA guide-
lines stated in Program Guidance Letter (PGL) 12-09 (FAA 2012b) and FAA Order 5100.38D 
(FAA 2014). Order 5100.38D (the Airport Improvement Program Handbook) requires that 
structures potentially eligible for sound insulation [i.e., within the DNL/CNEL (day–night 
average noise level/community noise equivalent level) 65 decibels (dB) noise contour] be 
evaluated to determine whether interior noise levels are high enough to warrant sound 
insulation treatment. Structures already providing good sound insulation, reducing inte-
rior DNL/CNEL noise exposure to 45 dB or less, are ineligible for treatment under the  
program.

•	 Provide a quality control check ensuring that a minimum 5 dB NLR improvement is realized 
from sound insulation treatment.

Currently, various sound insulation measurement procedures are employed by the many acous-
tical consultants working on airport sound insulation programs. There are no standardized proce-
dures for airport sound insulation program measurements, although certain American National 
Standards Institute (ANSI) standards are typically followed as closely as practical. Current prac-
tices depend upon consultant capabilities and experience, noise measurement budgets, and logisti-
cal constraints. Overall airport sound insulation programs oversight is typically provided by the 
local FAA Airport District Office (ADO), but these offices rarely address acoustical measurement 
techniques.

C H A P T E R  1

Overview
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2  Evaluating Methods for Determining Interior Noise Levels Used in Airport Sound Insulation Programs

With a program typically providing $25,000 to $30,000 of retrofit treatments at no cost to 
the homeowner (whose home is affected by airport noise), the acoustical measurements take on 
added importance within the updated handbook (FAA Order 5100.38D: FAA 2014).

Based on field measurements conducted at 10 homes near San Diego International Airport 
and nine homes near Boston Logan International Airport, this report assesses the accuracy and 
validity of various NLR measurement procedures currently employed in airport sound insula-
tion programs. The field measurements consisted of alternative NLR measurement methods. 
The measurement results were compared, and various measurement errors and the typical mag-
nitude of each were evaluated and documented. Measurement tolerances were proposed, and 
specific measurement procedures were identified as “best practices.”

1.2 Summary of Findings

The measurement of NLR of rooms within a home is complex because it is affected primarily 
by instrument error, microphone location, sound source location, and ambient (or background) 
noise in both the source and receiver locations, and further by meteorological conditions 
between. Additionally, measurement results vary with the sound spectra of the aircraft produc-
ing the external DNL noise environment, since sound attenuation varies at different frequencies 
and differs by various building constructions.

1.2.1 Measurement Methods and Findings

In July 2014, a team of three acoustical consultants and four technicians conducted acoustical 
measurements for a week on 10 homes in noise impacted areas around San Diego International 
Airport (SAN). These measurements were made using the following test methods:

•	 Aircraft flyover—for all 10 homes using stationary and moving microphones.
•	 Exterior ground-level speaker—for all 10 homes.
•	 Exterior elevated speaker—for five homes.
•	 Interior speaker—for all 10 homes.
•	 IBANA (Insulating Buildings Against Noise from Aircraft) calculation—for all 10 homes.
•	 Spreadsheet populated with industry-standard façade transmission loss (TL) calculations—

for all 10 homes.
•	 Sound intensity—for the first five homes.

This measurement program was then repeated for a week on nine homes in noise impacted 
areas around Boston Logan International Airport (BOS). This program was less successful 
than that for the SAN testing due to shifting runway use. However, additional information was 
obtained, which generally supported the greater database of information obtained at SAN.

Following is a brief description of each measurement method, technique, and results.

1.2.1.1 Aircraft Flyover

•	 Action: The research team conducted aircraft flyover measurements at 10 homes near SAN 
and at four homes near BOS. Flyover measurements consist of the placement of one sound 
level meter outside of the home and one to three sound level meters in each of the rooms 
under test. The meters concurrently measure aircraft flyovers and the difference in flyover 
noise level between exterior and interior is calculated. (See Figure 1-1.)

•	 Findings:
 – Measurements need to be conducted in vacant homes, as occupant contamination easily 

occurs.
 – On average, the NLR measured using the flyover method is 0.4 dB higher than the overall 

average NLR.
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 – There are some rooms with results that are outliers and these findings are discussed in 
Section 4.1.

 – The mean and the median noise reduction should be computed, because comparing the 
results from the two statistics provides a check on the validity and stability of the NLR results.

 – A properly placed single microphone is adequate for most NLR measurements.

1.2.1.2 Ground-Level Exterior Loudspeaker

•	 Action: The research team conducted ground-level loudspeaker measurements at 10 homes in 
San Diego. In Boston, the research team conducted measurements in nine homes. The mea-
surements were taken in two rooms per home and were conducted by placing a loudspeaker 
outside of the room under test, generating a loud test signal (pink noise) and measuring at the 
exterior façade and inside of the room being tested. (See Figure 1-2.)

•	 Findings:
 – The NLR measured using the ground-level exterior loudspeaker method is, on average, 1.4 dB 

lower than the overall average NLR.
 – There are some rooms with results that are outliers, which are discussed in Section 4.8.
 – On average, calculated NLR using the OITC (outdoor-indoor transmission class) spectrum 

was slightly lower (0.5 dB) than that of the flyover spectrum.
 – In general, the results varied little when the measurements were repeated.
 – Similar to the elevated loudspeaker, the NLR decreased by approximately 1 dB when the 

roof and walls were measured at the exterior.

1.2.1.3 Elevated Exterior Loudspeaker

•	 Action: The research team conducted elevated exterior loudspeaker measurements in five homes 
in San Diego and five homes in Boston. Two rooms per home were measured. The elevated 
loudspeaker measurement is performed in a manner similar to the ground-level loudspeaker, 
except the loudspeaker is elevated above the building via a crane or bucket truck. (See Figure 1-3.)

Figure 1-1.  Flyover 
measurement picture.
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4  Evaluating Methods for Determining Interior Noise Levels Used in Airport Sound Insulation Programs

•	 Findings:
 – The NLR measured using the elevated-level exterior loudspeaker method is, on average, 

0.5 dB lower than the overall average NLR.
 – There are some rooms with results that are outliers; Section 4.8 discusses this in detail.
 – On average, the calculated NLR using the OITC spectrum was slightly lower (0.3 dB) than 

that using the aircraft flyover spectrum.
 – With repeated measurements, noise reduction did not significantly change.
 – NLR decreased by 0.8 dB when the measurement included a microphone scan of the roof.

Figure 1-2.  Ground-level loudspeaker measurement 
picture.

Figure 1-3.  Elevated exterior 
loudspeaker picture.
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1.2.1.4 Interior Loudspeaker

•	 Action: The research team conducted interior loudspeaker measurements in 10 homes in 
San Diego. In Boston, the research team conducted interior loudspeaker measurements 
in nine homes. Measurements were taken in two rooms per home. Interior loudspeaker 
measure ments were conducted by placing the loudspeaker inside of the room under test, 
generating a test signal, and measuring both inside of the room (source) and at the exterior 
of the room (receive).

•	 Findings:
 – The interior loudspeaker method yielded NLR values significantly higher than the other 

methods. Differences like this are frequently systematic; it appears a correction is needed 
to account for reverberant build-up in the source room. The research team applied a 5 dB 
correction to the measurement data for reverberant build-up; however, additional investi-
gation is necessary to determine the appropriate correction for the type of measurement.

 – There are some rooms with results that are outliers.
 – On average, the calculated noise reduction using the OITC spectrum was slightly lower 

(0.9 dB) than that calculated using the flyover spectrum.
 – NLR varied by less than 1 dB when measurements were repeated.
 – NLR increased when the wall and roof were measured. This is opposite of what happened 

when the loudspeaker was located outside.

1.2.1.5 Acoustical Calculations

•	 Action: The research team performed noise reduction calculations using two calculation 
models: IBANA and a spreadsheet populated with industry standard TL formulas. The calcu-
lations require detailed information on building element sizes (e.g., window area) along with 
information on the construction of the building elements. An additional and generally small 
computation is also made for the acoustical absorption effects of the room interior. Calcula-
tions are made using either IBANA computer program or individual consultant spreadsheet 
programs and TL files for building elements.

•	 Findings:
 – Both calculation methods resulted in similar NLR values for most rooms.
 – Calculations typically provide similar results as the exterior loudspeaker or flyover test-

ing; however, the accuracy of the calculation is dependent upon a comprehensive field 
survey.

 – Flanking paths (e.g., noise leaks) can easily be missed in the field survey and calculation, 
resulting in overstatement of NLR.

 – The acoustical calculations resulted in NLRs that were higher than the average NLR by 0.7 
to 1.3 dB.

1.2.1.6 Air Infiltration

•	 Action: The research team measured air infiltration values via a blower door test, and correlated 
the air infiltration value to measured noise reduction.

•	 Findings:
 – There is no correlation between the air infiltration results from blower testing and the 

measured noise reduction.

1.2.1.7 Sound Intensity

•	 Action: The research team conducted sound intensity measurements in five homes near the 
San Diego International Airport. Additional measurements were conducted at a residence in 
Champaign, IL. The research team took measurements from outdoor to indoor, as well as 
from indoor to outdoor.
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6  Evaluating Methods for Determining Interior Noise Levels Used in Airport Sound Insulation Programs

•	 Findings:
 – Classical acoustic theory presumes that TL is the same in both directions (i.e., a wall 

performs equally whether the source of noise is inside of a home or outside of a home). 
Through this study, the research team found this generally to be true.

 – The best strategy when conducting sound intensity measurements is to measure as close to 
the exterior wall as feasible.

 – Based on the research team’s experience with this measurement method, the technology 
and time required preclude the use of sound intensity for airport sound insulation pro-
grams at this time.

 – There are a number of enhancements suggested to provide for better sound intensity results 
and possibly allow for the use of sound intensity for airport sound insulation programs in 
the future. Additional research is needed.

 – Sound intensity holds the promise of being an extremely effective method because the results 
are virtually independent of weather effects, the measurements are independent of resonance 
effects, there are no neighbor noise disruptions, and nearby reflectors are not a problem.

1.2.2 External Sound Spectra

A significant factor that affects the measured noise reduction is the external sound spectra 
(i.e., the noise “signature” of aircraft overflights at a given airport). The external DNL frequency 
spectrum to be modeled (from the FAA Part 150 program Noise Exposure Map) is unknown 
since it is the annual energy average of all aircraft over a particular location, with the 10 dB night-
time penalty (a single nighttime flyover is equal to 10 daytime flyovers of the same level), under 
all annual meteorological conditions; it can only be estimated. The spectra of louder aircraft 
should be biased on an energy basis; for instance, a single flyover at 90 dB should be averaged 
equally with 10 flyovers at 80 dB.

Since the sound spectra cannot be addressed in the field measurements addressed in this 
report, the issue of external sound spectra is beyond the scope of this study. Additional research 
and investigation is suggested.

1.2.3 Relative and Absolute Measurement

Two basic types of measurements are now required:

1. Relative measurements—Those measuring only the difference or change from a previous 
measurement. For the residential sound insulation program (RSIP), this is the NLR im-
provement from pre- to post-construction.

2. Absolute measurements—Those measurements without reference to other measurements. 
For the RSIP’s, this requirement is restated in the PGL/FAA Order 5100.38D to measure the 
pre-construction NLR to determine eligibility for acoustic retrofit.

Prior to PGL 12-09, industry practice concerning noise reduction measurements was princi-
pally relative measurements rather than absolute measurements. Relative measurements assess 
the change in noise reduction performance, whereas absolute measurements assess the absolute 
interior DNL values.

There are various sources of error or uncertainty with the different NLR test methods. These 
include the effects of measurement location, instrument error, meteorological conditions, air-
craft flight operations and fleet mix, and background noise.

All relative measurements will incur less uncertainty than absolute measurements. Rela-
tive measurements may duplicate certain uncertainties, such as instrument error (by using the 
same instrument for pre- and post-construction measurements). Therefore, for example, if an 
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acoustical instrument had a +0.5 dB error, it would not affect a relative measurement because 
the +0.5 dB would be added to both measurements and the difference would not be affected. 
Using the same instrument for an absolute pre-program qualifying measurement would incur 
the +0.5 dB in interior DNL. Therefore, additional care and enhanced precision are necessary for 
the interior DNL measurements to reliably determine whether structures are eligible for sound 
insulation (i.e., interior noise levels are greater than 45 dB).

1.3 Acoustical Testing Matrix

Table 1-1 identifies various situations and measurement elements to be considered when 
selecting a particular test method. This has been developed to assist in choosing the most effec-
tive and efficient test method for NLR measurement in a particular situation. Each method has 
advantages and disadvantages in terms of both technical accuracy and reliability, and in field 
implementation and costs. In developing the matrix in terms of errors, all methods are assumed 
to yield similar results after correction factors are applied (see Note 1 of Table 1-1). Therefore, it 
was necessary to average results for each method applied to each room of each residence tested. 
The variation from the average is given in the “average NLR difference.” However, this average 
is necessarily influenced by all test methods evaluated, some of which must be less accurate and 
reliable than others. So a method yielding a result closest to the average of all methods is not 
necessarily the best, most accurate, or most reliable.

The best method is a method that is logistically feasible, has the smallest average NLR differ-
ence and standard deviation, and conforms to a national/international standard.

1.4 Acoustical Testing Decision Matrix

Table 1-2 is a decision matrix addressing various situations and measurement elements to be 
considered when selecting a particular test method. This may be used to assist in choosing the 
most effective and efficient test method for NLR measurement in a particular situation. Each of 
the measurement issues listed may be reviewed with respect to any particular test program. This 
should assist in selecting the optimum test method for a particular program. For specific homes 
and measurement issues, it may be advisable to add to this list for a specific evaluation.

Noise level reduction measurements are made (1) to assess eligibility for acoustical treatment 
according to PGL guidelines and (2) for quality control to determine the degree of NLR achieved 
from acoustical retrofit. The three main considerations in selecting a particular testing method are 
technical issues, administrative issues, and financial issues. There is no single method that is best for 
every home or program since physical, administrative, and financial issues vary with every program.

The primary technical issues with the aircraft flyover method are the availability of aircraft 
types and flight tracks in the area to be measured on the day of measurement. The aircraft activ-
ity measured should reasonably represent a sampling of the average annual aircraft operation 
from the Integrated Noise Model (INM)/Aviation Environment Design Tool (AEDT) qualifying 
the sound insulation program. Particular attention should be paid to nighttime operations, since 
they are biased by 10 dB in the DNL assessment.

The ground-level loudspeaker measurement method may be constrained by second story 
homes where it is difficult to produce significant sound energy on the roof. This situation is 
particularly sensitive for homes with flat monolithic roofs, often the weak acoustical link in the 
building envelope (i.e., building façade and roof). Also, closely packed residences may not allow 
for all rooms in a home to be measured, because it may not be possible to place the exterior 
loudspeaker in the required location for a given room.
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Notes: Meas. = dura�on of the text; ppl = people; Inst. = cost of the measuring equipment; RT = reverbera�on �me; RT60 = The �me it takes for sound to decay 60 dB in a room. Large rooms with hard surfaces, such as
concert halls, have reverbera�on �mes of around 2 seconds. Smaller rooms with sound absorbing surfaces have shorter reverbera�on �mes.
1) Correc�ons applied - Flyover: 2 A-weighted decibels (dBA), Exterior loudspeaker: 2 dBA, Interior loudspeaker: 5dBA.
2) Average NLR difference calculated by first averaging all of the NLR across all measurement methods (except interior loudspeaker and sound intensity), and then subtrac�ng the NLR from one method (e.g., flyover)
from the average NLR. Interior loudspeaker not used in average as this method does not follow na�onal standards and the 5 dB 
ve�ed).

correc�on applied to the data is based on limited field measurements (i.e., not fully

3) Loudspeaker measurement accuracy would be improved if flush microphone posi�on is used instead of the 1 to 2 meter posi�on.
4) Costs based upon the best prac�ces outlined in this report, not current prac�ce for sound insula�on programs.

Method Accuracy Uncertainty Logiscs Public Relaons Repeatability Limitaons

Meas: 5.3 hrs
Instr: $260

Avg. Diff. = 0.4 dB Std. Dev. = 1.9 dB Analysis: 4.0 hrs
Other: $23
Total: $1,473
Meas: 4.0 hrs x 2 ppl
Instr: $65

Avg. Diff. = 1.4 dB Std. Dev. = 1.8 dB Analysis: 4.0 hrs
Other: $18
Total: $1,600
Meas: 4.0 hrs x 2 ppl
Instr: $65

Avg. Diff. = 0.5 dB Std. Dev. = 1.7 dB Analysis: 4.0 hrs
Other: $618
Total: $2,200
Meas: 5.3 hrs
Instr: $43

Avg. Diff. = 0.1 dB Std. Dev. = 2.9 dB Analysis: 4.0 hrs
Other: $12
Total: $1,233

Survey: 5.3 hrs
Instr: $0

Avg. Diff. = 0.7 dB Std. Dev. = 1.4 dB Analysis: 4.0 hrs
Other: $12
Total: $1,190

Survey: 5.3 hrs
Instr: $43

Avg. Diff. = 1.3 dB Std. Dev. = 2.1 dB Analysis: 6.0 hrs
Other: $12
Total: $1,233
Meas: 4.0 hrs x 2 ppl
Instr: $325

Analysis: 6.0 hrs
Other: $18
Total: $2,110

Requires use of expensive
instrument.

Li�le effect.

Disturbing to
neighbors.

Disturbing to
neighbors. Truck
may block traffic.

Minor effect.

Li�le effect.

Minor effect. Likely. No standards exist.

Flyover

Exterior Ground
Level Speaker

Exterior Elevated
Speaker

Indoor Speaker

IBANA
Calculation

Spreadsheet
Calculaon

(measured RT60)

No standards or
conformance tests.

Conforms to Canadian
standards.

Conforms to known
acous�cal theory.

Sound Intensity

No.

Yes.

Yes.

Yes.

Yes.

Straightforward. May be
contaminated by high traffic noise
levels.

Straightforward. Requires on site
survey of each room/building.

Li�le effect. Yes.Straightforward.

Straightforward. Requires vacant
residence. May be contaminated by
occupants or exterior noise (e.g.,
dog bark).

Straightforward. Not feasible at
some rooms due to lack of
space/access to required exterior
speaker loca�on.

Difficult with bucket truck. Not
feasible at some rooms due to lack
of space/access to required exterior
speaker loca�on.

New method under development.

Assumes built construction per
computer database. Does not
account for leaks or other building
deficiencies.

No.

No.

No.

Assumes built construction per
computer database. Does not
account for leaks or other building
deficiencies.

Not ve�ed by acous�cal consultant
community; correc�on factors
required, but no clear guidance on
what to use.

No.

Yes.

Yes.

Yes.

Covered under
FAA PGL 12 09 /
Order 5100.38D?

Requires substantial flight ac�vity.
The measurement may not capture
all aircra¡ types (e.g., package
delivery aircra¡).

Does not reach roof, leading to poor
results for flat monolithic roofs.

Access not always possible due to
trees, buildings & wires.

Cost/home

Generally conforms to
ASTM E966.

Generally conforms to
ASTM E966.

Generally conforms to
ASTM E966.

Standardization

Table 1-1.  Matrix of acoustical testing methods.
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The elevated loudspeaker method requires a bucket truck with hydraulic lift to be used. 
Closely packed residences may not afford sufficient room to maneuver the truck to elevate the 
speaker for measurement. Trees and utility lines often obstruct areas where the speaker should 
be elevated. Additionally, similar to the ground-level loudspeaker, it may not be possible to 
measure all rooms when residences are closely packed.

The calculation method has few technical impediments, though currently it is often difficult 
to accurately determine the acoustical flanking (leaks) from a home survey. However, new meth-
ods may be developed to minimize this shortcoming.

Administrative issues are those where homeowner satisfaction may be affected by the mea-
surement method. Most homeowners seem to intuitively trust the aircraft flyover method 
over other methods. Some skepticism has been expressed in the past over loudspeaker and 
computation NLR methods, however unfounded. It is important, in all cases when measuring 
the NLR improvement, to employ the same method for pre- and post-construction measure-
ment. When measuring for qualification for the program under PGL/Order 5100.38D guide-
lines, homeowners may be particularly sensitive about the measurement method because it 
may eliminate their eligibility for participation while a seemingly similar neighbor home 
may qualify. To the extent possible, it is advisable to use a single NLR measurement method 
throughout the neighborhood to minimize homeowner skepticism about the measurement 
process.

Financial considerations are fairly straightforward by assessing the data in the Table 1-1 
matrix. There is a natural desire to minimize measurement expense to allow for additional fund-
ing for the actual noise insulation work. However, with the new PGL/Order 5100.38D guidelines, 
homeowners may be expected to challenge eligibility, perhaps by lawsuit, if they are eliminated 
from the program by pre-construction acoustical measurement. Therefore, in sensitive situa-
tions it may be advisable to select the most accurate and reliable method from Table 1-3 despite 
an increased cost for measurement.

Table 1-2.  Decision matrix for acoustical testing method.

Note: Shaded columns represent the suggested measurement methods.

Measurement Issue Airc
ra

�
Fly

ove
r

Ex
te

rio
r Gro

und Sp
eak

er

Ex
te

rio
r Ele

va
te

d Sp
eak

er

Indoor Sp
eak

er

IBANA
Calc

ula�
on

Sp
re

ad
sh

eet C
alcu

la�on

So
und Inte

nsit
y

Method has been accepted for previous FAA testing X X X
Testing may be repeated for verifica�on X X X X
Minimum disrup�on to occupants X X
Minimum disrup�on to neighbors X X X X X
Perceived as most credible by homeowners X
Adequately measures poor roof ceiling assemblies X X X X X
Runway use varies, limited flyover ac�vity X X X X X X
Testing method supported by na�onal standards or theory X X X X X
Home must be vacant X
Elevated interior noise levels (e.g., birds, dogs) X X X X X X X
Home surrounded by trees or utility wiring X X X X X X
Informa�on on home construc�on unavailable X X X X X
Covered under FAA PGL/5100.38D X X X
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Based on the research team’s findings, the aircraft flyover and exterior loudspeaker meth-
ods provide the best results. Sound intensity and indoor speaker methods show promise for 
future measurements, but additional research and standardization of the measurements is 
necessary. Acoustical calculations generally provide accurate results; however, it is possible to 
miss flanking paths (sound leaks) during the field survey that would result in overstatement 
of the NLR.

1.5 Measurement Uncertainty—Present and Future

As part of data analysis, the research team used national and international standards for acous-
tical measurement to correlate and correct measurement results obtained. While the research 
team was able to measure and analyze the uncertainties associated with the measurements, there 
are other known factors to influence measurement results. This proved most important for 
external loudspeaker and microphone position for the flyover and speaker measurements. Table 
1-3 shows the measurement uncertainties for current measurement practices and best practices 
outlined in Section 1.6. The aircraft flyover, exterior speaker, and sound intensity methods are 
assessed. The cumulative margin of error is given in the second column adjacent the measure-
ment method; this is the convolution of the individual uncertainties for each measurement 
method and technology.

Appendix D provides detailed information on how the measurement uncertainty was 
calculated.

The above margins of error are for the absolute measurement conditions and not for the 
relative measurements. Relative measurement uncertainty will be less because some of the 
uncertainty factors such as instrument error would be nearly the same for the pre- and post-
construction NLR measurements.

Method

Field
Meas.
Margin

of
Error

Calculated
Total

Margin
of Error

Outdoor Measurement Factors Interior Measurement Factors

Meteor
ology

Ground
Dip

Mass air
mass

resonanceLoca�on Ambient Instrument Loca�on Ambient Instrument

Exis�ng Prac�ce
Aircra�
flyover ± 1.9 ± 1.9 1.2 0.5 0.4 0.4 0.5 0.4 1.0 0.5

Speaker
outside ± 1.8 ± 1.9 1.3 0.3 0.4 0.4 0.3 0.4 0.5 0.3 1.0

Best Prac�ce
Aircra�
flyover ± 1.4 0.2 0.5 0.4 0.2 0.5 0.4 1.0

Speaker
outside ± 1.1 0.2 0.3 0.4 0.2 0.5 0.4 0.5 0.2 0.5

Intensity ± 0.9 0.4 0.3 0.4 0.4 0.3 0.4

Notes:
1. Assume no significant grazing incidence (when the angle formed between the façade surface and noise source approaches zero). Accurate
measurements are not possible with significant grazing incidence.
2. Flyover method: Assumes only aircra� with a 10 dB or higher signal to noise ra�o used.
3. Loudspeaker: Assumes only data with a 10 dB or higher signal to noise ra�o used.
4. Loudspeaker Best Prac�ce: Assumes four loudspeaker posi�ons, two surface mounted microphones (exterior) per wall/roof, and interior
spa�al average/manual scan.

Table 1-3.  Calculated measurement uncertainty.
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1.6 Acoustical Testing Best Practices

Careful measurement protocol will minimize measurement uncertainties, particularly for the 
relative measurements. All measurement conditions should be carefully documented with field 
notes and photographs, with particular attention given to measurement locations. Ambient 
noise levels and sources, aircraft operations, meteorological conditions, and measurement team 
should be noted. This will be particularly true for the relative post-construction measurements, 
where accurately replicating the original measurement conditions will minimize uncertainty.

Table 1-4 summarizes the best practices for each measurement method.

1.6.1 Best Practices for Aircraft Flyover Measurements

1. Measurements should be conducted in vacant homes, as occupant noise contamination 
readily occurs.

2. Consultants should review the general operations of each airport to ensure that the aircraft 
spectrum being used (based on the airport’s fleet mix) is from the INM/AEDT study qualify-
ing the sound insulation program. Special selection of fleet mix to be used may be required 
in special cases such as military operations occurring at night.

3. Outdoor microphones should be set in the free field or flush mounted to the ground or build-
ing façade. Near field measurement, 1 to 2 m from the façade, is not recommended.

4. Measurements should be made in one-third octave bands from 50 Hz through 5 kHz or octave 
bands from 63 Hz through 4 kHz; the A-weighted value (see Section 3.2.1.3: Frequency Weight-
ing) should be computed from these frequency ranges, rather than using the A-weighted value 
calculated by the sound level meter.

5. Measurement sample time should not be faster than every 0.5 sec (500 ms). See Section 4.1.1.
6. In general, raw noise reduction is higher with the flyover measurement method than the 

loudspeaker measurement method; a correction of 2 to 4 dB is recommended to compensate 
for ground reflection and/or reflected noise off the façade under test.

7. The preferred statistical analysis (1) computes the mean NLR values for all events, (2) orders 
all NLR values from highest to lowest standard deviation, and (3) sequentially deletes the 
NLR event with the highest standard deviation computing a new mean, standard deviation, 
and desired confidence interval. This process, deleting the top value with the highest standard 
deviation, is repeated until the desired mean, standard deviation, and confidence interval are 
achieved. The procedure and example are found in Section 4.1.2.

8. A single properly placed microphone in interior rooms is adequate for most NLR measurements.

1.6.2 Best Practices for Ground-Level Exterior Loudspeaker

1. The loudspeaker should be located approximately 6 to 12 m (20 to 40 feet) away from the 
façade for typical homes; adequate sound levels (e.g., 90 dB minimum) should be generated 
at the façade to overcome background noise. For rooms with multiple façades (e.g., corner 
rooms), the loudspeaker should be positioned to generate diffuse sound levels. Noise levels 
along the façades should not vary by more than 3 dB.

2. Measurements should be made in one-third octave bands from 50 Hz through 5 kHz or octave 
bands from 63 Hz through 4 kHz; the A-weighted value should be computed, rather than from 
direct A-weighted measurement.

3. For the exterior (source measurement), the roof should be measured if the noise level at the 
roof is within 10 dB of the noise level of the wall.

4. For the exterior measurement position, four loudspeaker positions should be used (e.g., 30°, 
45°, 60°, 75°). The results should then be averaged using the weighting outlined in ASTM 
(American Standard for Testing and Materials) E966 (ASTM 2010).
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Test Method Source Loca�on Source Microphone Source Correc�on Receiver Microphone Receiver Correc�on
Loca�on (Reference) Location (Reference)

Flyover Airborne (aircra�) Free field above ground Interior away from walls, 0 dB
measuring diffuse field

10m to bldg/1.5m elev 2m off facade 2 dB 0 dB
Exterior Ground- (far field) (spatial average) (ASTM E966)
Level Speaker

10m to bldg / 1.5m elev flush to facade recommend 5 dB 0 dB
(far field) (2 locs per wall/roof) (ASTM E966)

10m to bldg / above roof 2m off facade 2 dB 0 dB
Exterior Elevated (spa�al average) (ASTM E966)
Speaker

10m to bldg / above roof flush to facade recommend 5 dB 0 dB
(2 locs per wall/roof) (ASTM E966)

Exterior flush mounted ? research needed
Indoor Speaker Room corner, producing Moving microphone,

diffuse sound field measuring diffuse 2m off facade ? research needed
field (near field)

Exterior flush mounted ? research needed
Sound Intensity Room corner, producing Moving microphone 0 dB

diffuse sound field measuring diffuse 2m off facade ? research needed
field (near field)

2 to 4 dB,
due to ground reflec�on and
reflec�on from building
facade

5 dB,
due to reverberant build up;
research needed

Interior away from walls,
spatial average

Interior away from walls,
spatial average

Interior away from walls,
spatial average

Interior away from walls,
spatial average

Table 1-4.  Best practices summary table.
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5. Exterior microphones should be flush mounted where possible, rather than 1 to 2 m (3 to 
6 feet) off the façade. For the flush mount, at least two microphone positions per façade and/
or roof should be used (e.g., a corner room without a roof measurement would yield four 
positions).

6. Measurements should be halted during aircraft flyovers. This requires two technicians (one 
outdoor and one indoor) and a visual or non-auditory alert system so the interior measurement 
can be halted during a flyover.

7. Other practices outlined in ASTM E966 should be followed, such as subtraction of back-
ground noise, spatial averaging (manual scanning) in the room, etc.

1.6.3 Best Practices for Elevated Exterior Loudspeaker

1. The loudspeaker should be located approximately 6 to 12 m (20 to 40 feet) away from the 
façade for typical homes; the loudspeaker should be elevated above the roof plane. Adequate 
sound levels (e.g., 90 dB minimum) should be generated at the façade to overcome back-
ground noise. For rooms with multiple façades (e.g., corner rooms), the loudspeaker should 
be positioned to generate diffuse sound levels. Noise levels along the façades should not vary 
by more than 3 dB.

2. Measurements should be made in one-third octave bands from 50 Hz through 5 kHz or 
octave bands from 63 Hz through 4 kHz; the A-weighted value should be computed, rather 
than direct A-weighted measurement.

3. For the exterior (source measurement), the roof should be measured.
4. For the exterior measurement position, four loudspeaker positions should be used (e.g., 30°, 

45°, 60°, 75°); the four angles can be achieved in the horizontal and/or vertical plane. The 
results should then be averaged using the weighting outlined in ASTM E966.

5. Exterior microphones should be flush mounted where possible, rather than 1 m to 2 m (3.3 ft. 
to 6.6 ft.) off the façade. For the flush mount, at least two microphone positions per façade 
and/or roof should be used (e.g., a corner room with roof would yield six positions).

6. Measurements should be halted during aircraft flyovers. This requires two technicians (one 
outdoor and one indoor) and a visual or non-auditory alert system so the interior measure-
ment can be halted during a flyover.

7. Other practices outlined in ASTM E966 should be followed, such as subtraction of back-
ground noise, spatial averaging (manual scanning) in the room, etc.

1.6.4 Best Practices for Interior Loudspeaker

Since there is no national/international standard for the interior loudspeaker noise reduction 
measurement, the research team has not provided best practices. Additional research is neces-
sary to standardize this measurement and determine which correction factors are required for 
the data to be comparable to the exterior loudspeaker and flyover measurements.

1.6.5 Best Practices for Acoustical Calculations

1. Compute the composite transmission loss (CTL) for all façades receiving flyover noise using 
dimensions from field drawings and reliable TL data for the building elements.

2. It is not necessary to measure reverberation time in typical rooms; rather, the research team 
proposes utilizing typical, conservative reverberation times to adjust the calculated noise 
reduction.

3. A laser glass gauge or similar should be used during the field survey to determine the exact 
glazing configuration of the windows. Close review of door gasketing and other fenestration 
elements is warranted to estimate the “leakiness” of components.
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4. It is not generally necessary to consider flanking transmission from air infiltration, because 
CTL need only be computed in the frequency range 50 Hz through 5 kHz where flanking 
effects are minimal.

5. Acoustical calculations should be calibrated/back-checked via acoustical measurements. For 
example, if calculations are performed on 100 homes, then 10 homes should be acoustically 
tested to verify the calculation model.

1.6.6 Best Practices for Air Infiltration

There was no correlation observed between the air infiltration results from blower door test-
ing and measured noise reduction. Thus, the research team does not recommend utilizing air 
infiltration to predict noise reduction and has not proposed the procedure in best practices.

1.6.7 Best Practices for Acoustic Intensity

Since there is no national/international standard for sound intensity measurements of the type 
required, the research team has not provided best practices in this area. Additional research is 
necessary to standardize this measurement and determine which correction factors are required 
for the data to be comparable to the exterior loudspeaker and flyover measurements.

Intensity is included here because it has the potential for becoming “the” best practice. In addi-
tion to its low measurement uncertainty and immunity from factors that affect other methods, it 
is the only method that can be used equally well at any airport in the world.
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C H A P T E R  2

2.1 Sound Insulation History

In 1981 the FAA issued interim Federal Aviation Regulation, Part 150, Airport Noise Compat-
ibility Planning, as the primary regulation guiding and controlling planning for aviation noise 
around airports (Federal Register Notice 46 FR 8316). The FAA can and does influence compat-
ible land use planning, though it has no jurisdiction over local or state land use decisions (i.e., 
zoning). Part 150 established procedures, standards, and methodologies to be used by airport 
operators for the preparation of Airport Noise Exposure Maps (NEMs) and Airport Noise Com-
patibility Programs (NCPs), which they may submit to the FAA under Part 150 and the ASNA 
(Aviation Safety and Noise Abatement Act of 1979). Part 150 does the following:

•	 Establishes standard noise methodologies and units.
•	 Establishes the INM as the standard noise modeling methodology is compatible or non-

compatible with various levels of airport noise.
•	 Provides for voluntary development of NEMs and NCPs by airport operators.
•	 Provides for review of NEMs to insure compliance with the Part 150 regulations.
•	 Provides for review and approval/disapproval of Part 150 NCPs submitted to the FAA by 

airport operators.
•	 Establishes procedures and criteria for making projects eligible for funding as noise projects 

through the Airport Improvement Program (AIP).

As part of an NCP, measures to achieve compatibility are proposed and typically characterized 
as either:

•	 Noise abatement measures, such as aircraft flight procedures that reduce noise or redistribute 
it to less populated areas, or

•	 Land use measures, such as property acquisition or sound insulation of noise-sensitive 
properties.

After the airport authority submits an NCP, the FAA will respond with a Record of Approval 
stating which measures are approved or not approved and could be further considered for fund-
ing under its AIP. Mitigating the impact of aircraft noise on communities is known by a variety 
of terms, including noise insulation, noise attenuation, soundproofing, sound insulation, acous-
tical treatment, sound mitigation, and noise mitigation. Individual airports often give their pro-
grams unique names incorporating some of these descriptors. To avoid confusion, this report 
will use the term sound insulation throughout.

2.1.1 The AIP

The AIP is authorized by Title 49 of the United States Code (USC). Previously, the AIP was 
authorized by the Airport and Airway Improvement Act of 1982 [Public Law (P.L.) 97-248, as 

Project Background  
and Study Scope
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amended]. The AIP’s broad objective is to assist in the development of a nationwide system of 
public-use airports adequate to meet the current needs and projected growth of civil aviation.

The Act provides funding for airport planning and development projects at airports included 
in the National Plan of Integrated Airport Systems (NPIAS) and authorizes funds for noise 
compatibility planning and implementation.

2.1.2  FAA Order 5100.38D, the Airport Improvement  
Program Handbook

The Airport Improvement Program Handbook (referred to in this report as the AIP Handbook) 
provides FAA staff with guidance about the administration of the AIP. It sets forth policy and 
procedures to be used in the administration of the AIP. AIP Handbook Chapter 2: Who Can 
Get a Grant?, Appendix C: Prohibited Projects, and Appendix R: Noise Compatibility Planning 
Projects all discuss sound insulation projects.

Between revisions of the handbook, additional information and guidance is provided to users 
through a variety of FAA publications such as PGLs, Advisory Circulars (ACs), and FAA directive 
orders.

2.1.3 FAA PGL 12-09

Prior to the recent publication of 5100.38D, the FAA issued PGL 12-09 to address confusion 
and ambiguity in the application of the two-step requirement for AIP eligibility for residential 
and other sound insulation projects. The previous AIP Handbook (5100.38C) and Title 14 Code 
of Federal Regulations (CFR) Part 150 have been interpreted as requiring that structures only 
need to be located in the existing or forecast yearly DNL 65 dB noise contour to qualify for sound 
insulation; noise insulation projects were to be designed to achieve interior noise levels of DNL 
45 dB to qualify for federal funding.

Most of the policy revisions and clarifications contained in PGL 12-09 have been incorporated 
into the new AIP Handbook (5100.38D: FAA 2014). The FAA has also provided guidance for 
sound insulation projects currently underway in their document, Handling Noise Insulation Pro-
grams That Are Currently Underway (FAA 2012a). It establishes a transition period (fiscal years 
2012 through 2014) during which the FAA will allow sponsors to complete the sound insulation 
of structures as planned, provided that all sound insulation projects undertaken during this time 
meet all required federal contract provisions (e.g., Buy American). Any sound insulation project 
that is started during the transition period must have been completed prior to September 30, 2015.

Projects for which construction is ongoing after September 30, 2015, must fully meet the 
AIP requirements, including experiencing pre-insulation interior DNL noise levels of 45 dB or 
greater with windows closed.

Additional information regarding the PGL was issued as follows:

•	 November 7, 2012: Revised memorandum regarding the PGL issued by the FAA as a Record 
of Changes to remove “AIP” from title of the PGL; three other corrections noted.

•	 November 9, 2012: Additional information regarding the PGL posted to the FAA’s website in 
the form of nine frequently asked questions (FAQs).

These updated guidelines reflect information provided by the FAA inclusive of the PGL and 
these two items. Users can access these documents on the FAA website at www.faa.gov/airports/
environmental/airport_noise/#part150guidance.

2.1.4 Acoustical Measurement Changes from the PGL

Prior to PGL 12-09, industry practice was to assess the improvement in NLR resulting from sound 
insulation treatment. The criteria were a minimum 5 dB improvement in NLR and an interior DNL 
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noise environment not greater than 45 dB. The 5 dB improvement was always the primary criterion, 
since it almost always guaranteed compliance with the 45 dB criterion, and because the allowable 
noise retrofit treatments seldom resulted in NLR improvements much above 5 dB.

Also, prior to PGL 12-09 and the updated AIP Handbook, industry practice concerning noise 
reduction measurements was principally relative measurements rather than absolute measure-
ments. Relative measurements assess the change in noise reduction performance, whereas abso-
lute measurements assess the absolute interior DNL values.

The subject of this report is the accuracy and validity of relative NLR measurement and that 
of absolute interior DNL performance for assessment with respect to the absolute PGL criteria 
for pre-retrofit minimum interior DNL values. There are a number of factors that influence the 
accuracy and validity of the various measurement techniques. Factors influencing accuracy tend 
to offset measurement results by a fixed amount, resulting in a fixed error. When measurements 
are carefully repeated in the same fashion for the pre- and post-construction measurements, this 
offset is nearly the same and a valid relative measurement is made by simply subtracting the post-
construction measurement values from the pre-construction values. However, the offset error 
also affects the absolute measurement of interior DNL. Therefore, additional care and enhanced 
precision are necessary for the interior DNL measurements to reliably determine whether struc-
tures are eligible for sound insulation (i.e., interior noise levels are greater than 45 dB).

Accurate and valid measurement is important due to the possibility that homes may not meet 
the interior noise level criteria and homeowners may choose to challenge the testing protocol. If a 
homeowner sees nearby neighbors with similar homes receiving the valuable noise insulation treat-
ment, while they are ineligible, they may challenge their ineligibility. This may be pursued through 
local government agencies, the FAA, and/or the courts. Therefore, it is important to accurately 
and reliably measure pre-construction interior DNL values, with known measurement tolerances.

Errors from NLR measurement may be positive or negative, that is, errors may either overesti-
mate or underestimate the NLR and the attendant interior DNL level. This may render a residence 
falsely eligible or falsely ineligible. Table 2-1 shows the effects of a 3 dB error in either direction.

TRUE MEASUREMENT ERROR

DNLin 3 2 1 0 1 2 3

42 39 40 41 42 43 44 45

43 40 41 42 43 44 45 46

44 41 42 43 44 45 46 47

45 42 43 44 45 46 47 48

46 43 44 45 46 47 48 49

47 44 45 46 47 48 49 50

48 45 46 47 48 49 50 51

Correctly eligible — True posi�ve (lower right)

Incorrectly eligible — False posi�ve (upper right)

Correctly ineligible — True nega�ve (upper le�)

Incorrectly ineligible — False nega�ve (lower le�)

Note: DNLin = interior day-night average noise level.
Courtesy of Freytag & Associates.

Table 2-1.  Measurement error and effect on eligibility.
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3.1 Objectives and Tasks

The objectives of this research study were to:

1. Identify and evaluate the accuracy of NLR measurement methods for non-compatible 
structures.

2. Propose procedures to minimize the measurement inaccuracies of each method.
3. Develop a matrix to help program sponsors identify the most appropriate methodology for 

determining interior noise levels for their airport sound insulation programs.

To accomplish this, the research was broken up into eight main tasks:

1. Kick-off Meeting with the ACRP Panel.
2. Additional Development of Measurement and Analysis Plan.
3. Acoustical Field Measurements.
4. Data Analysis.
5. Preparation of Interim Report #1.
6. Preparation of Interim Report #2.
7. ACRP Panel Meeting and Draft Report.
8. Final Report.

The following sections describe these steps in detail.

3.1.1 Task 1—Kick-off Meeting with the ACRP Panel

On June 30, 2014, the research team held a conference call with the ACRP Project 02-51 
panel to discuss the work plan submitted by the research team after receiving the project 
Notice to Proceed. In addition to questions and clarifications discussed during the call, the 
research team received additional comments and questions in writing from the panel. Sub-
sequent to the kick-off meeting, the research team provided responses and clarifications to 
ACRP.

3.1.2  Task 2—Additional Development of Measurement  
and Analysis Plan

Incorporating feedback received from the ACRP panel, the research team refined the mea-
surement and analysis plan and also identified prior relevant research and standards that 
would be reviewed by the team. These documents are listed in the bibliography section of 
this report. A summary of the research review and applicability to this research is provided 
in Appendix C.

Research Approach

C H A P T E R  3
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3.1.3 Task 3—Acoustical Field Measurements

The objective for the field measurements was to focus on the quality of the research versus the 
quantity of measurements. This means taking a thorough approach to each individual home’s 
noise assessment, which provided greater data for the analysis.

The acoustical field measurements were conducted in 10 homes adjacent to San Diego Inter-
national Airport and nine homes adjacent to Boston Logan International Airport. Measurements 
were conducted between July 14 and 18, 2014, in San Diego, and July 27 through August 1, 2014, 
in Boston. For each home, the research team conducted a variety of acoustical measurement 
and field analyses. These are summarized as follows; detailed descriptions of each measurement 
method are contained in subsequent chapters.

•	 Outdoor Ground-Level Artificial Sound Source (Loudspeaker)
•	 Outdoor Elevated Artificial Sound Source (Loudspeaker)
•	 Indoor Artificial Sound Source (Loudspeaker)
•	 Fixed Microphone Flyover Measurement
•	 Moving Microphone Flyover Measurement
•	 Architectural Survey and Noise Reduction Calculations
•	 Acoustic Intensity Measurements, Exterior Loudspeaker plus Interior Intensity

Additional acoustic intensity measurements were conducted at one test home in Champaign, 
Illinois. This is described in further detail in Section 4.7: Sound Intensity.

3.1.4 Task 4—Data Analysis

Upon completion of the field measurements, the team began the data analysis process. An 
enormous quantity of data was generated in performing the field measurements. In order to 
maintain the project schedule, the data analysis tasks were divided up among the research team, 
with team members analyzing the data from the measurement method they oversaw/conducted 
while in the field. A brief description of the data analysis process for each measurement method 
follows.

3.1.4.1 Flyover Measurement

For each measured room, the sound level meter logged the sound level two times per second 
(500 ms sampling) to create a time history of the noise level within a room over the measurement 
period. This time history was then processed to identify any noisy periods (events) where the 
sound level was more than 10 dB above the background noise level. For each identified event, 
the research team then correlated its events with flyovers measured by each airport’s automated 
noise monitoring system (ANOMS). This allowed the research team to positively identify each 
flyover and append the airline, flight number, and aircraft type to each event. This provides cer-
tainty that the measured event was a flyover rather than a non-aircraft event such as a motorcycle 
passby.

3.1.4.2 Artificial Sound Source (Loudspeaker)

Data analyses were performed using spreadsheet calculations, using the one-third octave noise 
measurement data gathered in the field. For each loudspeaker test, there were four key noise mea-
surements: loudspeaker source, loudspeaker receive, exterior ambient, and interior ambient. For 
each loudspeaker measurement, the ambient (background) noise was subtracted from the loud-
speaker data to effectively eliminate any non-loudspeaker noise sources from affecting the results 
of the measurement. The loudspeaker-received noise was then subtracted from the loudspeaker 
source data. The result of this calculation is the measured noise reduction of a building façade. To 
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finalize the noise reduction calculation, two corrections are then applied: a correction to account 
for the specific noise “signature” of aircraft and a correction to account for the reverberant field 
created when noise from the loudspeaker impinges upon a building façade. These corrections and 
their effect on the data are discussed in detail in Chapter 4.

After identifying all aircraft events, the research team then subtracted the measured exterior 
noise level from the noise level measured by each interior meter. This subtraction was performed 
for each event. A statistical analysis of all events was then performed to quantify the average NLR 
and standard deviation for each meter.

3.1.4.3 Architectural Survey and Noise Reduction Calculations

At each home, an architectural survey was conducted to capture details on the architectural 
and acoustical features of each tested room. The gathered data was then used to calculate the 
expected noise reduction. The research team employed two calculation methods: the IBANA 
software tool and a spreadsheet utilizing industry-standard façade TL calculations. Both tools are 
described in more detail in Chapter 4.

Each calculation utilizes the following inputs: surface area and TL characteristics of exterior 
wall(s), roof, window(s), and door(s), and the effect of furnishings and finishes in the room.

3.1.4.4 Sound Intensity

The purpose of the intensity measurements was to see if sound power can be used to deter-
mine a building envelope’s TL, and if so, to gauge the accuracy, complexity, and costs of using 
sound intensity with respect to conventional sound pressure measurements.

In order to evaluate sound intensity, there are a few factors that need to be ascertained. These 
factors include:

•	 Does reciprocity work for indoor versus outdoor loudspeaker locations?
•	 Can one make a traditional TL measurement using intensity or is it different?
•	 General measurement techniques: how and where to measure, how long, at fixed points or 

using an area scan, how to read and manipulate the measured data, etc.

Chapter 4 describes, in detail, the answers to the above questions.

3.1.5 Task 5—Preparation of Interim Report #1

Interim Report #1 summarized the results of the measurements and calculations for review 
by the panel. The report consisted of the background to this project, along with an introduction 
that explained the content of this report and the planned content of the final report. The data 
collection methodology was explained and virtually every measurement made was presented. 
Measurement results from individual tests were paired against those for other specific tests to 
identify various potential errors. For example, the moving microphone measurements were eval-
uated with those from the stationary microphones to assess the effects of various room acoustic 
aberrations.

As part of the overall statistical analyses, the research team attempted to quantify the uncer-
tainty that results from the sound level meter itself and the equipment operators’ technique (e.g., 
the microphone, its placement, its windscreen’s effects) into a basic measurement uncertainty; 
these variables are at least to some degree controllable by the technician. In addition to this basic 
measurement uncertainty is an uncertainty of the noise source (e.g., sound, level, duration of 
overflying aircraft, the difference between using a real source and a loudspeaker); these items are 
not directly controllable by the technician. There are two fundamental sources to the variance: the 
measurement uncertainty and this source-related and method-related uncertainty. These two 
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independent sources of uncertainty, assuming normality, will be combined into an estimate of 
the total uncertainty. Group members (all the houses that have the same measurement method) 
were analyzed within groups and across groups.

3.1.6 Task 6—Preparation of Interim Report #2

After the panelists reviewed Interim Report #1, the research team incorporated their com-
ments to produce Interim Report #2. This report included an analysis of the difference between 
flyover and loudspeaker results, photos of all homes, an analysis of air infiltration data, and a 
discussion of outlier data. In addition, in-depth discussion of sound intensity and airport sound 
insulation programs was included.

3.1.7 Task 7—ACRP Panel Meeting and Draft Report

After submission of Interim Report #2, the research team met with the panel to discuss, in 
detail, the contents of Interim Report #2 and the contents of the Draft/Final Reports. Based on 
this meeting, the research team agreed to draft a report that would provide the following:

•	 A decision matrix that would allow airport and consultant staff to select the most appropriate 
measurement method for a given airport.

•	 Statistical assessment of all measurement and modeling results.
•	 Identification of factors affecting variations in results.
•	 Suggestions for improving measurement consistency and accuracy, including loudspeaker 

positioning, microphone locations, and aircraft types and operations for measurements.
•	 Proposed standards and correction factors for various measurement methods.
•	 Measurement uncertainty for each method.
•	 An assessment of modeling accuracy in predicting the NLR of structures.

The Draft Report was then submitted to the panel for review and comment.

3.1.8 Task 8—Final Report

After receiving comments on the Draft Report from the panel, the research team incorporated 
the comments and made the necessary revisions.

3.2 NLR Science

This section is intended to provide sufficient background to explain the rationale behind the 
procedures for NLR measurement. A brief discussion of the physics of acoustics, principles, 
measurement metrics and standards, and acoustical measurement issues is included. Since most 
readers interested in this report already have a basic understanding of NLR measurement, they 
may wish to skip much of this chapter. For others, the discussions herein may be too cursory, 
and it is recommended that Chapter 4 of ACRP Report 89 [from which much of the information 
in this chapter comes (with minor updates made by the research team)] or a basic acoustical text 
be consulted for more detailed discussions and explanations.

3.2.1 Acoustical Fundamentals

Airborne sound is a rapid fluctuation of air pressure and local air velocity traveling through 
normal sea-level atmosphere at approximately 342 meters/second (766 miles per hour; 1,122 
feet/second). The fluctuating pressure wave is at a maximum when the velocity is at a mini-
mum, and the velocity wave is at a maximum when the pressure wave is a minimum. The 
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sound intensity is defined as the sound power per unit area. Thus, sound has both magnitude 
and direction.

However, it is difficult to measure sound velocity, and, generally, those measuring sound are 
only concerned with the sound level and not the direction of the sound. Therefore, those in the 
field measure only the sound pressure, the local pressure deviation from the ambient (average, 
or equilibrium) atmospheric pressure, caused by a sound wave. Sound pressure level (SPL), or 
sound level, is a logarithmic measure of the effective square of the sound pressure of a sound 
relative to a reference value. It is measured in dB above a standard reference level. The standard 
reference sound pressure in air or other gases is 20 µPa, which is usually considered the threshold 
of human hearing (at 1 kHz).

Sound has properties of both fluids and waves. As it propagates outward from its source, it 
bends around interposing structures (diffracts), is partially reflected and partially absorbed by 
incident surfaces, and radiates structures that attenuate (i.e., reduce) the transmitted sound. 
Improved interior NLR (the difference in sound level from exterior to interior) is the objective 
of airport sound insulation projects, and this NLR is achieved by retrofitting structures with 
building elements having higher sound TL properties.

Three aspects of noise are important in determining subjective (human) response:

•	 Level (i.e., magnitude or loudness) of the sound.
•	 The frequency composition or spectrum of the sound.
•	 The variation in sound level with time.

3.2.1.1 Sound Perception and Combination of Sound Levels

The characterization of sound level magnitude with respect to frequency is the sound spec-
trum. Changes in sound level and combinations of sound levels are nonlinear. Two sounds from 
the same source are not perceived as twice as loud as that from the single source (it takes 10 such 
sources to be judged as twice as loud). Because the level and frequency of sound are perceived in 
a nonlinear way, the dB scale is used to describe sound levels; the frequency scale is also measured 
in logarithmic increments. Decibels, measuring sound energy, combine logarithmically.

Decibel addition is also nonlinear. Two sources within 1 dB of each other total to the higher 
level plus 3 dB; two sources between 2 dB and 4 dB of each other total to the higher level plus 2 dB; 
two sources within 5 dB and 9 dB total to the higher level plus 1 dB; and two sources beyond a 9 dB 
difference total to a negligible contribution of less than 1 dB.

3.2.1.2 Subjective Response to Noise

The effects of noise on people can be (1) interference with activities such as speech, sleep, 
and learning; (2) physiological effects such as anxiety or hearing loss; or (3) subjective effects of 
annoyance, nuisance, and dissatisfaction. Wide variation of individual attitude is found regard-
ing noise sources. For aircraft noise, typical reactions vary from annoyance to anxiety to fear. 
Small changes in noise level typically go unnoticed. Changes in noise exposure generally follow 
these conditions:

•	 Except under special conditions, a change in sound level of 1 dB cannot be perceived.
•	 Outside of the laboratory, a 3 dB change is considered to be a just-noticeable difference.
•	 An increase or decrease in level of at least 5 dB is required before any noticeable change in 

response would be expected.
•	 A 10 dB increase is subjectively heard as an approximate doubling in loudness.

Humans may perceive changes in noise exposure with less sensitivity since there is typically a 
time period, or latency, between exposure intervals.
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3.2.1.3 Frequency Weighting

Many rating methods exist to analyze sounds of different spectra. The simplest method, 
A-weighting, is widely used internationally so that measurements can be made and assessed 
using basic acoustical instrumentation. This method evaluates audible frequencies by using a 
single weighting filter that progressively de-emphasizes frequency components below 1000 Hz 
and above 5000 Hz. This frequency bias reflects the relative decreased human sensitivity to low 
frequencies and to extreme high frequencies. Figure 3-1 shows the A-weighted network.

3.2.1.4 Noise Exposure

Noise exposure refers to a measure of noise over a period of time, whereas noise level is a 
value at an instant in time. Although a single sound level may adequately describe the noise at 
any instant in time, airport and other community noise levels vary continuously. Most commu-
nity noise is produced by many noise sources, which create a relatively steady background noise 
that has no identifiable source, punctuated by discrete noise events such as aircraft flyovers.

For purposes of quantifying noise that varies over a period of time, a standard term, “equiva-
lent sound level,” has been adopted in the United States and internationally (see ANSI S1.8 and 
ISO 1996-1:2003). Equivalent sound level is a single number whose value is referenced by the 

Figure 3-1.  A-weighted network.
Courtesy of Charles M. Salter Associates, Inc.
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symbol Leq. Equivalent sound level is that constant sound level containing the same acoustic 
energy as the varying sound level during the same time period.

Discrete, short-duration transient noise events, such as aircraft flyovers, may be described 
by their maximum A-weighted noise level or by their sound exposure level (SEL). The SEL 
value is preferred over maximum noise levels in defining individual events, because measured 
results may be more reliably repeated and because the duration of the transient event is incor-
porated into the measure (thereby better relating to subjective response). Maximum levels of 
transient events vary with instantaneous propagation, measurement system time constant, 
and receiver conditions, while SEL is more stable. The SEL of a transient event is a measure 
of the acoustic energy normalized to a constant duration of 1 second. Figure 3-2 depicts how 
a SEL is computed.

SEL values may be summed on an energy basis to compute Leq values over any period of time. 
This is useful for modeling noise in areas exposed to numerous transient noise events, such as 
communities around airports. Hourly Leq values are called hourly noise levels (HNLs).

In determining the daily measure of community noise, it is important to account for the dif-
ference in human response to daytime and nighttime noise. During the night, people are more 
often at home and exterior background noise levels are generally lower than during the day, which 
causes exterior noise intrusions to become more noticeable. For these reasons, most people are 
more sensitive to noise at night than during the day.

To account for human sensitivity to nighttime noise, the DNL (value represented by the sym-
bol Ldn) descriptor is a U.S. and international standard adopted by the Environmental Protection 
Agency (EPA) in 1974 that describes community noise exposure from all sources. The DNL 
represents the 24-hour, A-weighted equivalent sound level with a 10-dB penalty added for night-
time noise between 10:00 p.m. and 7:00 a.m. The FAA has officially used DNL as its standard 
since 1981. The DNL is computed by (1) adding 10 dB to the nighttime noise exposure, (2) then 
summing the adjusted noise exposure, and (3) expressing this sum as an average by dividing by 
the 24-hour time period. Thus, DNL truly represents a daily energy sum, and not an energy aver-
age. California has adopted the CNEL, a similar descriptor but with an additional small penalty 

Figure 3-2.  Sound exposure level graph.
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for evening noise making CNEL values typically 0.5 dB to 1 dB greater than the DNL value for 
the same noise measurement.

3.2.2 Sound Propagation

3.2.2.1 Sources

There are two kinds of sources considered when dealing with airport noise: (1) point sources 
and (2) line sources. An example of a point source is a fixed source such as a loudspeaker on a stand 
in a front yard or a speaker positioned higher in a bucket truck. A car idling at a stoplight or an air-
plane idling while waiting in a line to take off both represent point sources, at those times. However, 
when these point sources traverse a line, they approximate a large number of point sources equally 
spaced along the line that turned on and off sequentially with increasing time. This summation of 
sources becomes a line source. Why is this important? It is important because a point source decays 
by 6 dB for a doubling of distance, while a line source only decays by 3 dB for a doubling of distance. 
The SEL of an aircraft flyover or car passby approximates a line source when the distance from 
the observation point to the flyover or car passby line is less than about half the length of the line.

3.2.2.2 Sound Decay

The FAA’s INM uses SEL versus distance for various aircraft and their modes of operation. In 
the study discussed herein, SEL is the metric used to describe the aircraft sound as it impinges 
on the exterior of the house, and it is what is used to describe the received aircraft sound 
indoors. In addition to the sound spreading out with distance, there are several other factors 
that affect decay of sound. These factors include air absorption, the diffraction of sound behind 
barriers, and the diminution of sound by enclosures.

3.2.2.3 Air Absorption

The first two of these factors, air absorption and diffraction, are dealt with by the international 
and national standards, respectively, ISO 9613–2 and ANSI S12.62. Both absorption and dif-
fraction can be major factors in the decay of sound with distance. Air absorption is very much 
a function of distance and frequency, and is also dependent on relative humidity. As a general 
rule, absorption increases rapidly with frequency. Table 2 of ISO 9613–2 (recreated herein as 
Table 3-1) illustrates some of the functional relationships of air absorption. This table shows the 
increase in absorption with frequency.

Temp Rela�ve 
Humidity 

Pure-tone Atmospheric-absorp�on A�enua�on Coefficients (dB/km)* 
Nominal, Mid-octave-band frequency (Hz) 

oC 63 125 250 500 1000 2000 4000 8000 

10 70% 0.1 0.4 1.0 1.9 3.7 9.7 32.8 117.0 
20 70% 0.1 0.3 1.1 2.8 5 9 22.9 76.6 

30 70% 0.1 0.3 1 3.1 7.4 12.7 23.1 59.3 

15 20% 0.3 0.6 1.2 2.7 8.2 28.2 88.8 202 
15 50% 0.1 0.5 1.2 2.2 4.2 10.8 36.2 129 

15 80% 0.1 0.3 1.1 2.4 4.1 8.3 23.7 82.8 

* Coefficients, α, at an air pressure of one standard atmosphere (101.325 kPa). Acouscal Society of America/
American Naonal Standards Instute, ASA/ANSI S1.26-1995 (R2014). American Naonal Standards Method for 
Calculaon of the Absorpon of Sound by the Atmosphere. Acouscal Society of America, Melville, NY.

Table 3-1.  ISO 9613-2 atmospheric attenuation coefficient.
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The air absorption only reaches about 1 dB per kilometer in the 250 Hz octave band, being 
lower than this 1 dB rate at lower frequencies.

The air absorption generally increases with temperature up through the 1,000 Hz octave 
band and then begins to reverse the order and by the 8,000 Hz octave band, the air absorp-
tion decreases with temperature. Within the temperature and humidity region encompassed by 
Table 3-1, the air absorption decreases with increasing humidity in a regular fashion but the rates 
become large. As a result of these humidity and temperature effects, it is not usually possible to 
compare measured and predicted levels in bands above the 2,000 Hz octave band.

In summary, air absorption is insignificant in the 250 Hz octave band and below, and it is too 
large to accurately predict in bands above the 2,000 Hz octave band. So, as a practical matter and 
for expediency, when using INM or similar predictive software, the temperature and humidity 
are set to just one pair of values for use throughout the entire year, frequently 15°C (59°F) and 
50% to 70% relative humidity.

3.2.2.4 Diffraction

Noise barriers are frequently used to reduce unwanted outdoor noise. Just as the sun visor 
in a car can cast a shadow across your face and shield your eyes from the glaring sun, a noise 
barrier can cast a sound shadow across your ears and shield them from a specific noise. Diffrac-
tion is the process whereby light enters its shadow region and sound enters its shadow region. 
The amount of diffraction into the shadow region is dependent on the sound wavelength 
and the size of the barrier with respect to the source and receiving positions. In general, the 
higher the frequency, the more effective the barrier (less diffraction into the shadow region). The 
lower the frequency, the longer the wavelength. At 50 Hz the wavelength is 6.1 meters (20 feet); 
so a 3 meter (10-foot) tall barrier wall will only make a small difference. Since aircraft noise in 
residential areas is typically generated by airborne aircraft, noise barriers are not a feasible option 
for aircraft noise reduction.

3.2.2.5 Sound Isolation and TL Overview

Once the sound is measured or predicted at the receiving property (including spreading, absorp-
tion, and diffraction), the next step is to determine how much of this outdoor sound impinges 
the structure with the windows closed. One may think that the ability to protect residents from 
the unwanted sound can be determined from measurements that are essentially the aircraft sound 
with and without the building present. This is known as the insertion loss; it is dependent on both 
the TL characteristics of the building and the sound absorbed by room furnishings. For the same 
aircraft sound outdoors, the corresponding aircraft sound inside the house will be lower in a 
room with considerable sound absorption versus a room with minimal sound absorption. So to 
develop a measure that is sensitive to just how the building is constructed and not its furnish-
ings, the sound isolation is adjusted essentially by the amount of sound absorbing material in 
the receiving room. This sound isolation, so adjusted, is defined to be the TL. TL is discussed in 
detail in Section 3.3.3.

3.3 Basics of FAA-Sponsored Sound Insulation

3.3.1 The Building Envelope

While a building may have been consistently constructed, each room may provide a different 
NLR depending on (1) the noise reduction properties of the façade’s building materials exposed 
to incident aircraft noise and (2) the area of the exposed building material (i.e., ratio of wall to 
window). This is important in developing and implementing NLR design criteria for airport 
sound insulation programs.
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Design approaches include:

•	 Designing a room to achieve a ≥5-dB DNLR and a DNL ≤45 dB.
•	 Applying a uniform noise reduction treatment standard to create a homogeneous building 

envelope using consistent treatments.
•	 Providing a hybrid approach where consistent treatments are applied across the building 

envelope. Rooms that need additional treatments to achieve the DNL ≤45 dB will receive 
additional design attention.

PGL 12-09 and FAA Order 5100.38D are not specific as to which of these design objectives 
meet FAA noise reduction goals. Depending on a building’s location in the contour and its exist-
ing noise reduction capabilities, treatments may need to achieve greater than 5 dB of reduction to 
meet the DNL interior 45-dB criteria.

In the first approach, each room could have a different existing NLR depending on the ratio and 
composition of building materials. Achieving a uniform minimum 5 dB treatment could require 
different treatments for each room to achieve the required NLR. The second approach allows for 
use of uniform building materials and construction procedures throughout the sound insulation 
program. This provides considerable cost savings in both material and labor. Using this second 
approach, each room receives a slightly different NLR improvement but a similar interior noise 
environment after retrofit. In the third approach, the exterior envelope of the whole building is 
reviewed for consistency of construction and building elements, and then individual rooms are 
verified for specific performance issues. This allows for use of uniform building materials and 
construction procedures for the majority of the treatments and acknowledges that more retrofit 
may be needed in limited cases.

The majority of residential airport sound insulation programs employ some form of the second 
or third approaches for treatment design; few programs attempt to achieve specific NLR perfor-
mance for each room. Consequently, when applying a uniform sound transmission class (STC) 
performance envelope across a program, older homes and those having poorer pre-retrofit NLR 
performance will realize a greater NLR improvement (on average 7 dB to 8 dB) than newer (better 
built) and well-maintained homes, which may only realize a 4 dB to 5 dB improvement from the 
same treatments.

In addition to the TL properties of basic building elements, another significant noise path is 
the presence of acoustical leaks, termed “flanking paths.” These are typically cracks or poor seals 
where air and sound may infiltrate. Flanking may significantly degrade sound insulation perfor-
mance and requires treatment in every instance. Sound has the property of always infiltrating 
the weakest spot. It is not feasible to apply excessive acoustical treatment in one location while 
allowing for flanking in another; therefore, attention must be paid to the building envelope 
beyond the major fenestration openings.

3.3.2 Achieving an NLR of at Least 5 dB

Prior to sound insulation treatments, a structure will typically provide various degrees of noise 
reduction in various rooms. Corner rooms with three exposed façades, containing large non-
sound-rated windows (including most of dual-pane thermal insulating glass) that make up a 
large percentage of the exposed exterior, will be much noisier inside than a contained first floor 
room with a single exposed façade. The solid wall in the basic façade structure, typically stucco 
or wood siding, has much better sound attenuation properties than non-sound-rated windows. 
Certain uninsulated façades and lightweight façades (such as those of aluminum and lightweight 
vinyl) fall short of the standard sound TL level; in these cases, the windows provide more noise 
reduction than the façade. Heavy brick and stucco façades, on the other hand, typically provide 
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more than the standard sound TL level; in these cases the windows provide less noise reduction 
than the façade.

Given differences in room exposure, there has been considerable discussion as to how the 
minimum 5-dB NLR improvement criterion is to be applied in sound insulation programs. 
Alternative interpretations include:

•	 Every room treated must achieve a minimum 5-dB NLR improvement.
•	 The average NLR improvement for all tested rooms in a single dwelling must be at least 5 dB.
•	 The average NLR for all dwellings in a single project or a single program must be at least 5 dB.

FAA Order 5100.38D (which supercedes PGL 12-09) is not specific as to which of the above 
is consistent with FAA noise reduction goals; however, it does state, “The measurement of inte-
rior noise levels is an average for all habitable spaces in a particular residential unit.” This is 
consistent with the practice of many sound insulation programs that the second interpretation 
(i.e., the average NLR improvement should be at least 5 dB) is the prevailing NLR improvement 
objective for programs to meet.

3.3.3 Sound TL Concepts

Sound TL of individual building elements depends on three factors: the material’s mass, resil-
iency, and acoustical decoupling properties; the spectra of the aircraft producing the noise envi-
ronment; and the angle of incidence of all aircraft noise impinging on each building element on 
the structure’s façade.

The first and most fundamental principle of sound TL is the mass law, which relates the TL at 
each frequency as a function of surface weight. According to the mass law, TL increases linearly 
with ascending octave or one-third octave bands. This law works well only for limp monolithic 
(i.e., no composite structure) materials, but also forms the basis for TL properties for all materials 
and structures. Specifically, all materials and systems exhibit a general trend of increasing TL per-
formance with increasing frequency. That is, higher frequencies are attenuated more effectively 
than lower frequencies in all structures.

The second TL principle is resiliency (or its inverse, stiffness); resilience is an important prop-
erty for TL in composite materials. Sound does not pass through materials but, rather, impinges 
on a material and reradiates from the other side at some reduced level. Materials attenuate sound 
energy through consuming mechanical vibration energy and converting it to small (almost 
immeasurable) quantities of heat. Thus, the more resilient a composite material, the more energy 
will be consumed and the greater the sound attenuation.

The third principle in sound attenuation is decoupling, which is a property of composite 
materials to structurally and acoustically isolate parallel elements of the composite structure. 
One example of acoustical decoupling is the dual-glazed windows used in airport sound insula-
tion programs. Here sound impinges on the exterior glazing panel, which must then reradiate 
the sound through a substantial air space (typically more than an inch) and then through a sec-
ond layer of glass. This acoustical transmission inefficiency reduces sound transmission through 
the assembly. The glazing panels are in resilient zipper gaskets, which minimize structural cou-
pling through the framing system (Department of the Navy, 2005).

High TL is most efficiently achieved by double-wall construction, allowing for greater TL with 
lighter-weight assemblies. Best results are achieved when the parallel panels are mechanically and 
acoustically isolated. Mechanical isolation is achieved by independent support of the parallel panels 
(no structural coupling), and acoustical isolation is achieved by increased air space between the 
panels. The net TL of two isolated panels may be computed from the individual TL properties of 
each (Sharp, 1978).
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Several prediction methods may be used to compute the TL properties of building elements 
and assemblies. These models incorporate the mass, stiffness, geometry, mechanical isolation, 
and acoustic isolation properties of the building assembly. However, these models do not 
often yield precise results because of the difficulty in measuring the various properties, par-
ticularly stiffness and mechanical isolation in building elements. For this reason, laboratory 
TL testing is required for acoustical materials and assemblies used in airport sound insulation 
programs.

3.3.4 STC Rating

While the TL characteristics of building materials and assemblies may generally be computed 
with reasonable accuracy and reliability or tested in sample field installations, the best method 
of ensuring TL performance is acoustical testing in an accredited laboratory and according to 
ASTM E90. Laboratory accreditation is by the National Voluntary Laboratory Accreditation 
Program (NVLAP) under the oversight of the National Institute of Standards and Technology 
(NIST). Architectural product manufacturers are generally required to submit such laboratory 
test results for all major building elements in order to obtain approval for use in airport sound 
insulation programs.

The sound TL properties of building elements are tested and reported according to national 
standards in one-third octave bands, classified as an STC rating (refer to ASTM E1332). Each 
building element, such as a particular window, may be expected to have a unique TL signature 
represented by 16 TL values from 125 Hz to 4000 Hz. As mentioned in the previous section 
discussing mass law, the nature of sound attenuation through structures is such that all TL 
tests have generally up-sloping properties from low frequency to high frequency, indicating 
generally increasing noise reduction in higher frequencies. Figure 3-3 depicts a typical TL test 
result.

3.3.5 TL Metrics

STC is the oldest and most established rating for the TL properties of building elements and 
systems. STC is computed by using the standard three-straight-line-segment curve in Figure 3-3 
and computing the TL deficiencies (differences in measured TL and curve value) in each of the 
24 one-third octave bands. The STC rating is determined as the highest value of the curve at 
500 Hz for which the sum of deficiencies does not exceed 32 and no single deficiency exceeds 8. 
This procedure was developed for two purposes: to consider the subjective response of the human 
ear at various frequencies with the shape of the segmented curve and to account for the annoyance 
effects of panel resonance and coincidence dips. These later effects are most prevalent with light-
weight structures, where specific frequencies are reinforced and cause annoying buzzing tones. 
However, with most building elements of STC 40 or greater, these effects become imperceptible. 
Coincidence dip is a drop in the TL of a material or assembly at a certain frequency caused by 
resonance effects.

Another TL standard was adopted by ASTM, the OITC (see ASTM E1332). The OITC method 
is simpler and more easily understood than STC. It was developed specifically to assess the TL prop-
erties of materials and systems subjected to transportation noise. Specifically it (1) employs a refer-
ence sound spectrum composed of the average from railroad, freeway, and aircraft noise sources; 
(2) subtracts the 18 one-third octave band TL values from 80 Hz to 4 kHz; and (3) A-weights 
the resulting sound spectrum to produce the OITC value. Some airport sound insulation pro-
grams have shown interest in OITC, and some have accepted OITC tests as an option to STC test  
results.
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3.3.6 The Acoustical Design Process

The acoustical consultant plays a key role throughout the acoustical design process, extending 
from the project planning phase through conceptual and detail design, construction consulting, 
acoustical testing, and project performance reporting to the FAA.

After selection of program structures for treatment, the acoustical consultant performs pre-
retrofit acoustical testing of representative structures in the program. Established or ongoing 
programs typically test 10% of program structures. Pilot programs or programs with widely vari-
ant housing types may test a higher percentage, from 25% to 100%, depending on the amount 
of data needed to make decisions on treatments.

Based on test results, the consultant prepares an acoustical conceptual design, which identi-
fies the performance needs for various treatment elements. Following the review, the project 
architect and engineers develop drawings for each structure to be sound insulated, list specifica-
tions for all building materials and systems, and outline project details for on-site construction 
and installation of building elements and systems. Customized treatments for each residential 
structure are developed based on a standard set of treatments as well as program policies and 
procedures.
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Figure 3-3.  Typical TL test results. (Figure 
reprinted from ASTM E413-10, Classification 
for Rating Sound Insulation, copyright ASTM 
International, 100 Barr Harbor Drive, West 
Conshohocken, PA 19428. A copy of the 
complete standard may be obtained from ASTM 
International, www.astm.org.)
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The following are typical acoustical treatments for building elements and systems:

•	 Replacement of windows with sound-rated windows.
•	 Replacement of exterior doors into habitable/occupied spaces with sound-rated entry doors, 

or addition of sound-rated storm doors over new or existing doors. Also, new perimeter gas-
kets and threshold systems are installed.

•	 Addition of attic insulation. Often fiberglass or cellulose insulation is added by blowing in, 
although roll out insulation works equally well.

•	 Addition of vent baffles for outsized gable vents in the attic. Eave vents are typically not treated 
due to their small size.

•	 Addition of flex ducting to bath fans and dampers atop kitchen fan exhaust stacks.
•	 Addition of chimney-top dampers or glass doors on fireplaces.
•	 Patching and sealing of extraneous protrusions through the façade such as mail slots, pet 

doors, through-wall air conditioning, and various homeowner modifications.
•	 Addition of or modification to heating, ventilating, and air conditioning (HVAC) systems to 

ensure air quality and comfort.
•	 Addition of secondary glazing to skylights.
•	 Addition of ceiling or wall materials where needed.

On completion of construction, the acoustical consultant performs post-construction acous-
tical testing on the same structures originally tested. Testing locations, procedures, and condi-
tions are replicated to the maximum extent possible in order to determine NLR improvement 
as accurately and reliably as possible.

The final step in the acoustical design process is preparation of sections of the project’s final 
report that are specific to acoustical treatments. Topics and issues typically covered are struc-
tures treated, design criteria, treatments effected, special structures, the pre- and post-retrofit 
DNL and NLR, and assessment of compliance with the FAA acoustical objectives for the pro-
gram. These reports are typically submitted to the airport sponsor, which submits the full report 
to the local FAA ADO.

3.4 Acoustical Testing

The program objectives are to meet the interior DNL ≤ 45 dB and DNLR ≥ 5 dB on the basis 
of the design year NEM. FAA Order 5100.38D goes on to clarify this requirement:

In general, Noise Exposure Maps (NEMs) less than five years old are considered current, unless condi-
tions have created a significant change that would affect noise contours. NEMs older than five years old 
must be certified by the sponsor and updated as required as discussed in the PGL.

Therefore, the aircraft noise environment used for acoustical design and for acoustical testing 
of NLR should consider the aircraft fleet mix, flight tracks, and other parameters for all flight 
operations from the NEM.

An ideal acoustical test program for pre- and post-retrofit would accomplish the following 
for each structure tested:

•	 Consider only aircraft noise, ignoring all other noise sources.
•	 Integrate the sound spectra from all aircraft used in the NEM.
•	 Integrate the runway use and flight tracks by aircraft type from all aircraft used in the NEM.
•	 Integrate the sound incidence angles of all aircraft on all flight tracks, by aircraft type, from 

all aircraft used in the NEM.
•	 Integrate the change in meteorological conditions with all other parameters used in the NEM.

The only way all of these goals can be accomplished would be through continuous attended 
noise monitoring and simultaneous monitoring inside and outside each residence for the NEM 
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scenario, while manually deleting non-aircraft acoustic events. Since this is infeasible, testing 
methods that allow for data generation that can be further analyzed by computer models are a 
benefit for an acoustical testing program.

Two methods have been most commonly used in airport sound insulation programs for field 
testing the NLR of rooms within a structure: the aircraft flyover test and the artificial noise 
source test. A third method has also been employed: the indoor-outdoor speaker test. Each 
method has technical and logistical advantages and disadvantages.

The most valid and precise acoustical testing for sound TL is laboratory testing of building sys-
tems and materials (ASTM E90); field testing procedures (ASTM E966) are designed to parallel 
laboratory procedures as much as is practicable. Laboratory testing is performed by inserting the 
window, door, or other building element into an opening between two large rooms in the testing 
facility, then generating a diffuse sound field on the source room side, recording the spatial average 
diffuse sound level in each room, and subtracting the receiver room noise level from the source 
room noise level to obtain the NLR. Laboratory measurements employ moving microphones and 
moving vanes to break up room modes and ensure proper measurement of the diffuse sound field. 
A small correction is then applied to account for the noise build-up and absorption effects of the 
receiving room. The diffuse sound field has sound waves traveling in all directions with equal prob-
ability. This is necessary because the incidence angle at which sound impinges on a material affects 
its TL properties. However, it is impossible to field test existing buildings using this laboratory-
based method, even though an interior room approximates one room with a diffuse sound field. 
The sound field outside the structure constitutes both a free field, not influenced by local sound 
reflection, and a far field, not close to or influenced by the noise source size.

The specific shortfalls of field NLR testing not encountered with laboratory testing include:

•	 NLR measurement of a composite façade typically includes the wall assembly, windows, 
door(s), vents, etc. rather than a single building element.

•	 Flanking transmission of sound through various leaks.
•	 Small source and receiving rooms that limit the ability to properly measure low frequency NLR.
•	 Directional properties of sound from loudspeaker systems rather than a diffuse sound field.
•	 Standing wave effects from stationary microphones and a lack of moving vanes with the aircraft 

flyover method.

FAA Order 5100.38D specifies several testing procedures and protocols for AIP-funded 
programs:

•	 Interior noise testing is to be conducted with windows and doors closed. This protocol applies 
without regard to the presence of ventilation systems.

•	 The measurement of interior noise levels is an average for all habitable spaces in a particular 
residential unit.

•	 FAA-accepted guidance on testing frequency, sampling, and other statistical measures is 
contained in the Guidelines for Sound Insulation of Residences Exposed to Aircraft Operations, 
prepared for the Department of the Navy by Wyle Laboratories in 1992.

•	 The ADO must approve or disapprove a sponsor request for reimbursement for testing more 
than 10% of the residences of a particular construction type.

•	 For requests for reimbursement for more than 30% of the residences of a particular type, the 
ADO must receive APP-400: FAA Planning and Environmental Design approval.

•	 Occasionally, residents may request that their residence be tested specifically. This may be 
because of the condition of the home or because the resident believes that the residence will 
test differently than others. These additional tests are generally allowable. However, if an addi-
tional residence is tested, it must be tested both before and after any noise insulation work to 
ensure that the 5 dB NLR is achieved.
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3.5 Overview of Tested Homes

3.5.1 San Diego Homes

The following pages offer pertinent details of the homes measured around San Diego Inter-
national Airport.

Residence San Diego #1
Measurement
Date July 14, 2014

Rooms Measured Living room, dining room

Residence Type Single family house

Roof Type Gable roof with wood trusses and asphalt composite shingles
Exterior Wall
Type

Exterior wall thickness of 5 1/2” consis�ng of 2 X 4 wood studs and two layers of
wood shingles

Interior Wall
Type Painted gypsum board interior finish

Door Wood panel “Hollywood” doors with half lite of 3/16” thick glazing

Window Type Typical window is single pane with glazing thickness of 1/8”–3/16”

Ceilings/Floors Ceiling height of 8’ 0”, wood floors with area rugs

Residence San Diego #2
Measurement
Date July 14, 2014

Rooms Measured Living room, office (bedroom 4, above living room)

Residence Type Single family house

Roof Type Gable roof with wood trusses and asphalt composite shingles
Exterior Wall
Type

Exterior wall thickness of 5 1/8” consis�ng of 2 X 4 wood studs and one layer of
wood shingles

Interior Wall
Type Painted gypsum board interior finish

Door Wood panel “Hollywood” doors with half lite of 1/2” thick glazing

Window Type Typical window is single pane with glazing thickness of 1/8”–1/4”

Ceilings/Floors Ceiling height of 9’ 0”, wood floors with area rugs
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Exterior Wall
Type

Exterior wall thickness of 5 1/2” consis�ng of 2 X 4 wood studs and stucco
exterior finish

Interior Wall
Type Painted gypsum board interior finish

Door Wood flush solid entry door, rear wood “Hollywood” door with half lite of 1/8”
thick glazing

Window Type Typical window is single pane with glazing thickness of 1/8”

Ceilings/Floors Ceiling height of 8’ 0”, wood floors with linoleum in kitchen

Residence San Diego #4
Measurement
Date July 15, 2014

Rooms Measured Living room, bedroom 1

Residence Type Single family house, one of four detached units on lot

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type Exterior wall thickness of 4 3/8” consis�ng of 2 X 4 wood studs and wood siding

Interior Wall
Type Painted gypsum board interior finish

Door Wood glass panel door with 1/8” thick glazing at entry, rear wood flush solid door

Window Type Typical window is dual pane with glazing thickness of 1/8” around 1/2” airspace

Ceilings/Floors Ceiling height of 8’ 3”, wood floors with area rugs

Residence San Diego #5
Measurement
Date July 16, 2014

Rooms Measured Living room, front bedroom 1

Residence Type Single family house

Roof Type Flat built up roof
Exterior Wall
Type

Exterior wall thickness of 7” consis�ng of 2 X 6 wood studs and stucco exterior
finish

Interior Wall
Type Painted lath and plaster interior finish

Door Wood panel solid entry door with peep lite of 1/8” thickness

Window Type Typical window is single pane with glazing thickness of 1/8”

Ceilings/Floors Ceiling height of 8’ 0” at top of vault, �le floors with linoleum in bedrooms

Residence San Diego #3
Measurement
Date July 15, 2014

Rooms Measured Living room, master bedroom 3 (front of house, adjacent to living room)

Residence Type Single family house

Roof Type Hip roof with asphalt composite shingles
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Residence San Diego #6
Measurement
Date July 16, 2014

Rooms Measured Living room, dining room

Residence Type Mul� family single story duplex unit

Roof Type Flat built up roof
Exterior Wall
Type

Exterior wall thickness of 5 1/4” consis�ng of 2 X 4 wood studs and stucco
exterior finish

Interior Wall
Type Painted gypsum board interior finish

Door Wood panel solid entry door

Window Type Typical window is single pane with glazing thickness of 1/8”–1/4”

Ceilings/Floors Ceiling height of 8’ 0”, wood floors with �le in kitchen, laundry room, bathrooms

Residence San Diego #7
Measurement
Date July 17, 2014

Rooms Measured Living room, family room

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type Exterior wall thickness of 4 5/8” consis�ng of 2 X 4 wood studs and wood siding

Interior Wall
Type Painted gypsum board interior finish

Door Wood panel solid entry door, rear sliding glass door with 3/16” thick glazing

Window Type Typical window is single pane with glazing thickness of 1/8”

Ceilings/Floors Ceiling height of 8’ 0”, wood floors with �le in kitchen, laundry room, and
bathrooms

Type exterior finish
Interior Wall
Type Painted gypsum board interior finish

Door Wood panel solid entry door

Window Type Typical window is single pane with glazing thickness of 1/8”

Ceilings/Floors Ceiling height of 8’ 0” except 9’ 0” living room at top of vault, wood floors with
�le in kitchen

Residence San Diego #8
Measurement
Date July 17, 2014

Rooms Measured Dining room, master bedroom

Residence Type Single family house

Roof Type Flat built up roof

Exterior Wall Exterior wall thickness of 6 1/2” consis�ng of 2 X 6 wood studs and stucco
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Residence San Diego #9
Measurement
Date July 18, 2014

Rooms Measured Living room, bedroom 1 (first floor, bay window on le� side)

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type

Exterior wall thickness of 5 1/4” consis�ng of 2 X 4 wood studs and wood siding,
shingle accents

Interior Wall
Type Painted gypsum board interior finish

Door Wood solid “Hollywood” entry door, rear wood glass “French” doors with 1/8”
thick glazing

Window Type Typical window is single pane with glazing thickness of 1/8”

Ceilings/Floors Ceiling height of 9’ 0” except 8’ 0” family room, wood floors with �le in kitchen
and baths

Residence San Diego #10
Measurement
Date July 18, 2014

Rooms Measured Front bedroom 1, bedroom 2 (bound on right side, near entry)

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type

Exterior wall thickness of ~5 1/2” consis�ng of 2 X 4 wood studs and stucco
exterior finish

Interior Wall
Type Painted gypsum board interior finish

Door Wood hollow flush entry door, rear sliding glass door with ~1/8” thick glazing

Window Type Typical window is single pane with glazing thickness of 3/32”–1/8”

Ceilings/Floors Exposed ceiling of height 9’ 6” at top of vault, carpet floors with �le in kitchen
and baths
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Residence Boston #1
Measurement
Date July 28, 2014

Rooms Measured Living room, bedroom 2 (above rear deck)

Residence Type Mul� family two story duplex unit, upper floors of three story building

Roof Type Flat built up roof
Exterior Wall
Type Exterior wall thickness of 6” consis�ng of 2 X 6 wood studs and vinyl siding

Interior Wall
Type Painted gypsum board interior finish

Door Wood panel “Hollywood” entry door with glazing thickness of ~1/8”

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace
Storm Window
Type Aluminum storm windows 1 5/8” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 8’ 0”, wood floors with carpet in bedrooms

Residence Boston #2
Measurement
Date July 28, 2014

Rooms Measured Living room, bedroom 2 (above living room)

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type Exterior wall thickness of 6” consis�ng of 2 X 6 wood studs and aluminum siding

Interior Wall
Type Wood veneer interior finish, painted gypsum board in bedrooms

Door Wood solid “wagon wheel” entry door with 1/8” thick dual pane glazing around
3/8” air space

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace
Storm Window
Type Aluminum storm windows 3” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling of height 7’ 10” at first floor, 7’ 4” above; carpet floors with linoleum in
bedrooms

3.5.2 Boston Homes

The following pages show pertinent details of the homes measured around Boston Logan 
International Airport.
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Residence Type Mul� family two story duplex unit, upper floors of three story building

Roof Type Flat built up roof

Exterior Wall
Type

Exterior wall thickness of 6” consis�ng of 2 X 6 wood studs and vinyl siding

Interior Wall
Type

Painted gypsum board interior finish

Door Wood panel “Hollywood” entry door with glazing thickness of ~1/8”

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace

Storm Window
Type

Aluminum storm windows 1 5/8” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 8’ 0”, wood floors with carpet in bedrooms

Residence Boston #4

Measurement
Date

July 30, 2014

Rooms Measured Second floor rear bedroom 2, third floor rear bedroom 4

Residence Type Mul� family three story duplex unit

Roof Type Flat built up roof

Exterior Wall
Type

Exterior wall thickness of 8” consis�ng of 2 X 6 wood studs and vinyl siding over
wood shingles

Interior Wall
Type

Painted gypsum board interior finish, insulated walls

Door Wood “Hollywood” entry door

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace

Storm Window
Type

Aluminum storm windows 3” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 8’ 11” at first floor, 8’ 3” above; wood floors with area rugs

Residence Boston #5

Measurement
Date

July 30, 2014

Rooms Measured Living room, bedroom

Residence Type Mul� family unit, first floor of three story building

Roof Type Flat built up roof

Exterior Wall
Type

Exterior wall thickness of ~7” consis�ng of 2 X 6 wood studs and vinyl siding over
wood shingles

Interior Wall Wood veneer interior finish

Residence Boston #3

Measurement
Date

July 29, 2014

Rooms Measured Living room, front bedroom 1 (adjacent to living room)

Type

Door Wood “wagon wheel” entry door

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace

Storm Window
Type

Aluminum storm windows 3” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 9’ 0”, wood floors with area rugs in bedrooms
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Residence Boston #6
Measurement
Date July 31, 2014

Rooms Measured Dining room, rear bedroom 2 (above kitchen)

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type

Exterior wall thickness of 7” consis�ng of 2 X 6 wood studs and vinyl siding over
wood shingles

Interior Wall
Type Painted gypsum board interior finish

Door Solid wood “Hollywood” entry door with dual pane 1/8” glazing around 1/4”
airspace

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace
Storm Window
Type Aluminum storm windows 3”–4” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 7’ 10”, wood floors with area rugs in dining room

Residence Boston #7
Measurement
Date July 31, 2014

Rooms Measured Living room, master bedroom

Residence Type Mul� family two story duplex unit, upper floors of three story building

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type

Exterior wall thickness of 7” consis�ng of 2 X 6 wood studs and vinyl siding over
wood shingles

Interior Wall
Type Painted gypsum board interior finish

Door Wood panel entry door with storm door

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace

Storm Window Aluminum storm windows 3” from main window, 1/8”-glazing thickness
Type

Ceilings/Floors Ceiling height of 8’ 10”, wood floors with area rugs
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Residence Boston #8
Measurement
Date August 1, 2014

Rooms Measured Living room, study (adjacent to living room)

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type Exterior wall thickness of 6 1/2” consis�ng of 2 X 6 wood studs and vinyl siding

Interior Wall
Type Painted gypsum board interior finish, insulated walls

Door Solid wood “wagon wheel” entry door with ~1/8” glazing thickness

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace
Storm Window
Type Aluminum storm windows 3” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 10’ 9” except 7’ 6” study, wood floors with area rugs in living
room

Residence Boston #9
Measurement
Date August 1, 2014

Rooms Measured Living room, bedroom (above living room)

Residence Type Single family house

Roof Type Gable roof with asphalt composite shingles
Exterior Wall
Type Exterior wall thickness of 6 1/2” consis�ng of 2 X 6 wood studs and vinyl siding

Interior Wall
Type Painted gypsum board interior finish, insulated walls

Door Solid wood “Wagon wheel” entry door with ~1/8” glazing thickness

Window Type Typical window is dual pane with glazing thickness of 1/8” around 5/8” airspace
Storm Window
Type Aluminum storm windows 3” from main window, 1/8” glazing thickness

Ceilings/Floors Ceiling height of 9’ 4” except 9’ 2” bedrooms, wood floors with area rugs in living
room
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C H A P T E R  4

4.1 Aircraft Flyovers

The aircraft flyover test is used in a number of sound insulation programs. This method 
simultaneously measures the exterior free-field incident sound of flyovers and the diffuse sound 
field in the test room within the structure. The difference in the two A-weighted SEL values is 
subtracted to yield the NLR of the room. In practice, synchronized digital programmable sound 
level meters (SLMs) are positioned in the free field outside the home and in the room to simul-
taneously record the SEL of each flyover event.

The SLMs record multiple SEL events, allowing for computation of the NLR for each event and 
statistics for a series of flyover events. Typically, multiple interior rooms are measured simulta-
neously. These measurements generally follow a national standard for field NLR measurement: 
ASTM E966.

The flyover method is assumed to provide a reasonable approximation of the NLR in each 
room, but does have limitations and sources of error, as indicated in detail later in this section.

Summary: The research team conducted aircraft flyover measurements at ten homes near 
the San Diego International Airport (SAN) and at four homes in Boston. The conclusions are 
as follows:

•	 Measurements need to be conducted in vacant homes, as occupant contamination easily 
occurs.

•	 Outdoor microphones should be set in the free field or flush mounted to the ground or build-
ing façade (Figure 4-1). Near field measurement [1 m to 2 m from (3.3 ft. to 6.6 ft.) façade] 
is not suggested.

•	 Measurements should be made in one-third-octave bands from 50 Hz through 5 kHz or 
octave bands from 63 Hz through 5 kHz, and the A-weighted value would be computed rather 
than using direct A-weighted measurements.

•	 Measurement sample time should not be faster than every 0.5 sec (500 ms).
•	 In general, noise reduction is higher with the flyover measurement method than the loud-

speaker measurement method; a correction of 2 to 4 dB is suggested to compensate for ground 
reflection and/or reflected noise off the façade under test.

•	 To determine the NLR from sequential measurement and computation of single events the 
research team suggests (1) sorting NLR values by standard deviation from the mean from 
highest to lowest, (2) computing the standard deviation and confidence interval for the initial 
list, then (3) sequentially deleting the top value in the list until the desired standard deviation 
and/or confidence intervals are obtained.

•	 The research team finds the use of a properly placed single microphone in interior rooms to 
be adequate for most NLR measurements.

Findings and Applications
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4.1.1 Measurement Procedures

Aircraft flyover measurements are made using a pair of synchronized digital programmable 
SLMs. One is located outside in the free field away from reflecting surfaces and extraneous noise 
sources; the other is located in the room to be measured for NLR, locating it away from the imping-
ing façade and away from locations amplifying room acoustic effects. Both meters run continu-
ously, recording aircraft flyover noise and all noise between aircraft flyover events. The meters 
are interrogated by computer software that matches events by time, computes the SEL value of 
the simultaneous events, and subtracts the interior SEL from the exterior SEL to yield the NLR.

The preferred microphone locations are either free field, away from reflecting surfaces or 
flush mounted on either the ground or against the façade (whichever provides the best normal 
incidence to the flyovers). Free-field measurements require that 2 to 4 dB be subtracted from 
measured values to eliminate the influence of ground reflections and reflections from the façade 
under test. The reasoning for the correction is as follows: ASTM E966 and ISO 1996-2 include 
a correction for reflected noise when the sound source (e.g., loudspeaker) is located a horizon-
tal distance away from the façade. The flyover measurement is similar, except that it is in the 
vertical plane and the reflection comes from the ground rather than the façade. There are also 
secondary reflections that occur with both the flyover and exterior loudspeaker methods. For the 
loudspeaker measurement, there are reflections from the ground and neighboring buildings. For 
the flyover measurement, there are reflections from neighboring buildings and the façade of the 
home being tested. In general, these secondary reflections are minor. Other factors that affect 
the correction are ground surface type (e.g., soft soil versus hard concrete), microphone location 
(height above ground or distance from reflecting objects), and aircraft angle.

Also, as verification, the research team conducted both measurements and computer model-
ing. First, the research team conducted simultaneous exterior measurements of flyovers with 

Figure 4-1.  Exterior 
microphone for flyover 
measurement in Boston.
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one microphone flush with the ground and one microphone 2 m (6 ft.) above the ground. 
The team measured a 2 dB difference between the flush and elevated positions, thus sup-
porting the 2 dB correction used in the analysis. Second, the research team modeled various 
outdoor conditions in acoustical modeling software for flyover measurements (e.g., con-
crete vs. grass, the effect of neighboring building reflections) and found that exterior noise 
levels can increase by 1 to 2 dB with reflective ground surfaces and numerous surrounding 
buildings.

Surface-mounted microphone measurements require that 5 dB (per ASTM E966) be sub-
tracted for the reflected near field. Figure 4-2 shows the flush microphone configuration.

Modern programmable digital SLMs allow a variety of sampling rates, often as rapidly as 
every few milliseconds. They also enable recording of overall A-weighted levels, octave band, or 
one-third octave band values. Care must be taken in the setting of SLMs. It may seem advisable 
to use very rapid sampling rates in order to maximize the sound level data, but this incurs a 
problem. Digital SLMs have a limitation of sampling rate with bandwidth; very fast sampling at 
wide bandwidths (such as A-weighting) produces significant errors. The research team proposes 
a sampling rate of a half second (i.e., 500 ms).

As discussed in Section 4.9.2, a situation arises with moderate flyover sound levels and sub-
stantial ambient interior sound levels where the interior level matches or exceeds the exterior 
level. This only occurs in the high frequencies where flyover noise is greatly attenuated. In order 
to avoid this situation, the research team proposes that all interior and exterior sound level data 
be recorded in one-third octave bands from 50 Hz through 5 kHz or octave bands from 63 Hz 
through 4 kHz, but at no higher frequencies; A-weighted sound levels are then computed in post 
processing. Therefore, overall A-weighted monitoring is not suggested.

Figure 4-2.  Flush microphone mounting.
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4.1.2 Data Analyses

The example results of the flyover measurement procedure above are shown in Table 4-1. This 
is from a measurement for the living room of test subject San Diego #1. This event was selected 
because it recorded the many flyover events. There are several obvious “outliers” or events where 
the NLR value is obviously incorrect (see events at 10:05:52 and 10:12:13). These occur from 
corrupted or missing data.

San Diego #1: Living
Room Flight # Aircra	 SELout SELin NLR

ANOMS Event Time
9:27:42 66.1
9:30:35 61.2
9:34:02 SWA4602 B737 90.30 62.7 27.6
9:35:27 SWA758 B737 86.40 61.6 24.8
9:37:08 SWA1582 B737 82.00 53.7 28.3
9:40:34 AWE2040 A320 88.40 59.7 28.7
9:42:33 SWA4105 B733 89.50 60.7 28.8
9:44:04 SKW2599 CRJ2 85.90 57.6 28.3
9:45:37 SWA736 B737 87.20 59.6 27.6
9:47:35 ASA718 B738 87.30 59.9 27.4
9:49:32 SKW6323 E120 84.90 57.9 27.0
9:50:59 SWA4657 B737 86.60 58.9 27.7
9:53:11 CPZ5743 E170 85.90 57.9 28.0
9:57:14 N301KR LJ45 84.40 55.3 29.1
9:59:29 SWA1582 B737 90.30 62.5 27.8

10:01:24 UAL289 A319 86.60 58.8 27.8
10:02:59 ASA240 B739 88.70 61.8 26.9
10:05:52 JBU619 A320 63.40 59.5 3.9
10:09:01 G/A JET 82.40 54.4 28.0
10:12:13 RGY710 BE40 81.80
10:15:08 UAL1563 B738 88.50 60.8 27.7
10:19:13 UAL229 B752 90.00 60.8 29.2
10:21:26 DAL833 B739 88.80 61.1 27.7
10:23:47 EJA669 C56X 82.60 54.8 27.8
10:26:22 AWE581 A320 87.10 58.8 28.3
10:28:05 SWA4791 B738 82.30 56.7 25.6
10:30:18 UAL709 A320 84.50 58.2 26.3
10:31:46 NKS470 A319 86.20 58.3 27.9
10:36:17 SWA2468 B738 88.80 61.8 27.0
10:38:24 DAL1687 MD90 85.40 58.3 27.1
10:40:35 SKW171Z CRJ9 85.20 58.9 26.3
10:43:21 SWA777 B737 89.00 62.8 26.2
10:45:18 SWA4791 B738 90.20 62.2 28.0
10:47:29 SWA633 B733 90.20 60.3 29.9
10:49:34 DJR829 C550 79.30 50.4 28.9
10:51:37 SWA2397 B738 89.00 61.6 27.4
10:53:02 AAL1565 B738 89.50 61.9 27.6
10:54:54 SKW2621 CRJ2 85.80 56.5 29.3
10:56:55 AAL1228 B752 91.40 63.6 27.8
10:59:33 SWA4679 B737 88.70 66.0 22.7
11:01:08 SWA1532 B737 87.20 59.3 27.9
11:03:17 SWA238 B737 88.50 60.0 28.5
11:05:07 JBU189 A320 81.00 52.6 28.4

Table 4-1.  Flyover data analysis examples.
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A general rule of thumb is to measure about 25 flyover events to obtain a valid assessment of 
the NLR to within 0.5 dB. This varies with each individual measurement site. A site with quieter 
flyovers, noisy interior, and/or background (exterior) noise will require more measurements to 
converge to a steady average value.

It is typical to compute a running average of the NLR and the standard deviation with suc-
cessive flyover events. As one progresses down the running average, the change in average and 
standard deviation value will become less and eventually stabilize to within a small range, such 
as 0.5 dB. This convergence may be increased by first discarding outliers.

However, there is no established rule for identifying outliers, and there is no standard by how 
much a value deviates from the mean before it is discarded. Some consultants suggest two standard 
deviations. Even with outliers, the rate of convergence depends upon the order in which values 

11:38:30 53.5
11:40:36 65.3
11:43:03 JAL66 B788 90.00 61.5 28.5
11:45:49 N818SE C650 80.70 49.9 30.8
11:50:42 63.4
11:55:52 61.6
11:59:52 57.9
12:01:50 SWA4479 B737 87.80 59.8 28.0
12:11:07 ASA238 B738 88.90 60.6 28.3
12:13:08 DAL2378 A320 88.80 60.5 28.3
12:15:45 DAL2267 B739 88.50 60.7 27.8
12:17:58 UAL284 A320 86.90 59.1 27.8
12:20:27 WJA1435 B738 88.20 56.3 31.9
12:23:34 SKW2611 CRJ2 84.00 56.0 28.0
12:25:08 44.2
12:27:33 SWA4317 B737 86.30 57.3 29.0
12:31:27 UAL356 A320 87.20 59.4 27.8
12:44:40 SWA3538 B737 89.80 62.1 27.7
12:47:52 SWA2076 B737 85.40 57.4 28.0
12:49:29 UAL1155 B739 88.50 60.5 28.0
12:55:16 AAL2382 B738 89.20 61.3 27.9
12:57:08 CPZ5749 E170 86.30
12:59:47 DAL513 MD90 86.00 57.3 28.7
13:03:07 SWA2280 B737 80.20
13:05:23 SWA2052 B733 91.50

Note: The 2 dB reflec�on correc�on has not been applied to the above data. A blank indicates
either no event recorded at interior or no event noted by the airport monitoring system.

11:07:50 SWA2029 B737 85.70 57.3 28.4
11:09:37 SWA665 B737 87.70 61.2 26.5
11:17:50 JBU189 A320 82.40 56.4 26.0
11:20:02 DAL2506 B738 89.80 62.4 27.4
11:22:13 SWA2144 B737 86.90 59.1 27.8
11:24:41 SKW6325 E120 85.00
11:28:17 SWA4761 B737 86.90
11:30:33 VRD956 A319 87.10
11:32:36 JBU189 A320 87.90 59.5 28.4
11:34:31 SWA3339 B737 87.20 58.8 28.4
11:36:08 FFT551 A320 87.70 59.9 27.8

San Diego #1: Living
Room

Flight # Aircra	 SELout SELin NLR

Table 4-1.  (Continued).
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of various variances from the mean are encountered. That is, the chronology of the events affects 
the analysis.

To avoid this problem, the research team recommends that all flyover event values, including 
even the most obvious outliers, first be ordered by their deviation from the mean from highest to 
lowest. Then events may be discarded sequentially down the list with a new mean and standard 
deviation computed for the new list. This allows for much more rapid convergence to a small 
standard deviation. Also, it may be useful to sequentially compute the convergence interval for 
each new list. One standard that may be considered in selecting a mean and standard deviation 
is a confidence interval (CI) of ±0.5 dB at the 95% probability level. That is, 95% of all events in 
the sample fall within ±0.5 dB of the mean.

The confidence interval is:

CI X Z
n

= ± σ
�

Where

X = mean value
s = standard deviation
n = number of events
Z =  random variable related to probability level (Z = 1.96 for 95%: Z = 1.645 for 90%; and 

Z = 2.576 for 99%)

Note that, unlike the standard deviation, the CI does not continue to drop with fewer values. 
This is because the CI is proportional to the standard deviation and inversely proportional to the 
square root of the number of values. Table 4-2 is a table of this method for the data presented 
in Table 4-1.

San Diego #1—Sorted by Standard Devia�on

n NLR |NLR NLRAvg| NLR AVG Std Dev 95% CI
65 80.7 52.4 80.7
64 3.9 24.4 28.3 7.35 ± 1.80
63 22.7 5.6 27.5 3.25 ± 0.80
62 31.9 3.6 27.8 1.27 ± 0.32
61 24.8 3.5 27.9 1.10 ± 0.28
60 25.6 2.7 27.9 0.98 ± 0.25
59 30.8 2.5 27.9 0.90 ± 0.23
58 26.0 2.3 28.0 0.85 ± 0.22
57 26.2 2.1 27.9 0.77 ± 0.20
56 26.3 2.0 27.9 0.74 ± 0.19
55 26.3 2.0 28.0 0.70 ± 0.19
54 26.5 1.8 28.0 0.67 ± 0.18
53 29.9 1.6 28.0 0.64 ± 0.17
52 26.9 1.4 28.1 0.61 ± 0.16
51 27.0 1.3 28.0 0.55 ± 0.15
50 27.0 1.3 28.1 0.54 ± 0.15
49 27.1 1.2 28.1 0.52 ± 0.15
48 29.3 1.0 28.1 0.50 ± 0.14
47 29.2 0.9 28.1 0.48 ± 0.14
46 27.4 0.9 28.1 0.46 ± 0.13
45 27.4 0.9 28.1 0.43 ± 0.13

Table 4-2.  Sorting of flyovers to find outliers.
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44 27.4 0.9 28.1 0.42 ± 0.13
43 29.1 0.8 28.1 0.42 ± 0.12
42 29.0 0.7 28.1 0.41 ± 0.12
41 27.6 0.7 28.1 0.38 ± 0.12
40 27.6 0.7 28.1 0.36 ± 0.11
39 27.6 0.7 28.1 0.35 ± 0.11
38 28.9 0.6 28.1 0.35 ± 0.11
37 27.7 0.6 28.1 0.34 ± 0.11
36 27.7 0.6 28.1 0.32 ± 0.10
35 27.7 0.6 28.1 0.32 ± 0.11
34 27.7 0.6 28.1 0.32 ± 0.11
33 28.8 0.5 28.1 0.31 ± 0.11
32 27.8 0.5 28.1 0.31 ± 0.11
31 27.8 0.5 28.1 0.29 ± 0.10
30 27.8 0.5 28.1 0.29 ± 0.10
29 27.8 0.5 28.1 0.29 ± 0.10
28 27.8 0.5 28.1 0.29 ± 0.11
27 27.8 0.5 28.2 0.28 ± 0.11
26 27.8 0.5 28.2 0.28 ± 0.11
25 27.8 0.5 28.2 0.28 ± 0.11
24 27.8 0.5 28.2 0.27 ± 0.11
23 28.7 0.4 28.2 0.26 ± 0.11
22 28.7 0.4 28.2 0.25 ± 0.11
21 27.9 0.4 28.2 0.24 ± 0.10
20 27.9 0.4 28.2 0.22 ± 0.09
19 27.9 0.4 28.2 0.21 ± 0.10
18 28.0 0.3 28.2 0.21 ± 0.09
17 28.0 0.3 28.2 0.20 ± 0.09
16 28.0 0.3 28.2 0.19 ± 0.09
15 28.0 0.3 28.3 0.19 ± 0.10
14 28.0 0.3 28.3 0.18 ± 0.10
13 28.0 0.3 28.3 0.17 ± 0.09
12 28.0 0.3 28.3 0.16 ± 0.09
11 28.5 0.2 28.3 0.13 ± 0.08

San Diego #1—Sorted by Standard Devia�on

n NLR |NLR NLRAvg| NLR AVG Std Dev 95% CI

10 28.5 0.2 28.4 0.08 ± 0.05
9 28.4 0.1 28.4 0.07 ± 0.05
8 28.4 0.1 28.3 0.05 ± 0.04
7 28.4 0.1 28.3 0.05 ± 0.04
6 28.4 0.1 28.3 0.05 ± 0.04
5 28.3 0.0 28.3 0.04 ± 0.04
4 28.3 0.0 28.3 0.00 ± 0.00
3 28.3 0.0 28.3 0.00 ± 0.00
2 28.3 0.0 28.3 0.00 ± 0.00
1 28.3 0.0 28.3 0.00 ± 0.00

Note: The 2 dB reflec�on correc�on has not been applied to the above
data. A blank cell indicates either no event recorded at interior or no
event noted by the airport monitoring system.

Table 4-2.  (Continued).
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4.1.3 Sources of Error: Overview

Reflections: Up to 4 dB increase in sound level from ground reflections and reflections from 
the façade under test (if the outdoor microphone is located near the building façade). This 
requires a -2 to -4 dB adjustment to all exterior measurements.

Non-NEM fleet mix: The sound spectra of the aircraft flyover samples should reflect the 
energy average for all aircraft used in the NEM from the FAR Part 150 study for the airport. 
Average annual fleet mix may not be measured on a single day. Typical flyover measurements 
record aircraft during a single operation type (i.e., all landings or all takeoffs) and cannot reflect 
that of the annual mix.

Extraneous noise sources: Non-flyover noise, both on the exterior and interior, is recorded 
and is included with the aircraft noise measurements. These sources include occupants, local 
vehicles, construction, recreation, and other neighborhood activities.

Non-reverberant sound field: A single stationary microphone in a room does not give a good 
measure of the diffuse sound field. Laboratory tests use large rooms of special dimensions, often 
with moving microphones and/or vanes, and nonparallel walls to minimize standing wave effects. 
Microphones in small rooms are significantly influenced by location, particularly with pre-retrofit 
testing where the location relative to a poor sound-attenuating window may have considerable 
effect.

Room absorption: The total NLR is primarily from the CTL characteristics of the structure 
but also from the room acoustics controlled by the size and absorptive properties of the receiv-
ing room (NLR = TL ± room absorption). Therefore, a considerable change in room furnishing 
between the pre- and post-retrofit testing causes a significant change in room absorption and 
will affect the measured NLR.

Varying sound spectra: Different aircraft under different operating conditions are recorded for 
the pre-construction and post-construction acoustical measurements. These different operating 
conditions result in different spectra and incidence, therefore posing another source of error.

4.1.3.1 Reflections

The NLR results for all rooms in all homes were compared with those from the ground-level 
and elevated loudspeaker measurements. A strong trend was found that the NLR values from the 
flyovers exceeded those measured by the loudspeaker methods by approximately 2 dB. Assum-
ing that the main noise transmission paths are the same for both the flyover and the loudspeaker 
methods, this indicated that the exterior flyover SEL values were biased 2 dB high, since the inte-
rior measurements for both methods were the same. This 2 dB increase is discussed in acoustical 
standards and may arise from ground reflections in the neighborhoods measured. There was 
no discernible trend between hardscape or softscape ground surfaces. Based on the above, all 
flyover data in this report was corrected by 2 dB. It should be noted that this correction is not 
commonly used by acoustic consultants in the existing airport sound insulation programs, and 
more research is needed to further understand the correction for ground reflection.

It also appears, based on measurements and modeling, that some reflections may occur if 
the outdoor microphone is placed near the home under test. The combined ground and façade 
reflection correction may approach 4 dB, but more research and analysis is needed.

4.1.3.2 Non-NEM Fleet Mix

The ideal procedure for measuring the NLR at a home would be to use an exterior sound 
spectrum representing the energy average of all aircraft operations from the NEM for the design 
year. This would entail computing the spectral contribution from all aircraft types, climb profiles, 
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power settings, volume of daytime and nighttime operations, landings, etc. used to prepare the 
NEM. This would be a practically impossible task.

However, the noisiest aircraft operations dominate the noise contribution at any location. 
For instance, it would take 10, 80-dB-SEL events to provide the same NEM contribution as a 
single 90-dB-SEL event. When recording the NLR results from a series of flyovers, consultants 
typically compute the arithmetic average of valid NLR results. But, this may not provide the best 
estimate of the NLR because:

•	 The loudest events dominate the exterior noise exposure value from the NEM, as explained 
above, and

•	 The loudest events are the least affected by extraneous noise sources, because they have a 
greater capability to mask, or drown out, the extraneous noise.

For this study, the research team compared the arithmetic average results with energy average 
results. Energy average results strongly bias the loudest events.

The equations for the two averages are:

Arithmetic average: 1NLR
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Table 4-3 shows the differences between arithmetic average and energy average for the flyover 
tests of 10 homes near San Diego International Airport (SAN).

The results in Table 4-3 show no clear trend in the difference between the arithmetic and 
energy average NLR values. The mean difference between the two is an almost negligible 0.1 dB. 
Biasing the NLR values from the loudest events may not always be advisable since extraneous 
noise in a single loud event tends to override the average of other uncontaminated events.

4.1.3.3 Extraneous Noise Sources

The potential for contamination from extraneous noise sources exists with every NLR mea-
surement technique. An advantage of the flyover test method is the array of results allowing for 
statistical assessment and identification of outlying, or far-off, NLR results not close to the other 
values. Two methods of identifying outlying results for elimination are:

•	 Flagging and eliminating those NLR values that are two standard deviations from the mean and
•	 Using the median rather than the mean results.

Flagging those events two standard deviations from the mean is a standard statistical tech-
nique. However, it is arbitrary in that it provides no means for identifying the source of the 
deviation; that particular event may in fact be valid, but for reasons not understood. Similar 
arbitrary data screening techniques are also available such as a more lenient three standard devi-
ations from the mean, or simply some static value for the mean, such as ±3 dB from the mean.

Using the median in lieu of the mean is a simpler way of screening outliers. The mean, or aver-
age, sums all values and divides by the number of values to obtain the result. The median, on the 
other hand, is the L50 percentile or that value where half of the values exceed it and the other half 
are below it. Table 4-4 compares the average and median values for the SAN flyover NLR events.

It is evident from Table 4-4 that the mean and median values are entirely similar for “well-
behaved” statistical results; the average difference between the mean and median values in the 
table is 0 dB. Therefore, median values seem to provide a good statistical sample.
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4.1.3.4 Non-Reverberant Sound Field

Acoustical consultants have long recognized the lack of an ideal reverberant sound field in 
measuring rooms within homes. This problem exists with all measurement methods, but is ame-
liorated to some degree with the loudspeaker method where the measurement within the room 
is attended by manually moving the microphone to achieve a better spatial average of the sound 
field. The long duration of measurements with the flyover method makes attended measure-
ments infeasible, so a single stationary microphone is typically used. This microphone is located 
away from the incident building elements to avoid bias from the particular TL properties of 
nearby building elements. Additionally, microphone locations also avoid corner areas and sites 
midway between parallel wall surfaces in order to minimize standing wave effects.

This project studies the effects of a single stationary microphone in two ways, both taken from 
the laboratory standard for TL testing:

•	 Use of multiple microphones in the receiving room to view differences in interior noise levels 
and to average their results and

•	 Use of a moving microphone as is the standard practice for laboratory TL testing.

Table 4-5 shows the test results for the various rooms tested with moving microphone  
and/or with multiple microphones.

Residence Room
Arithme�c Energy Difference

Average
(dB)

Average
(dB)

(Energy
Arith), dB

San Diego #1
Living Room 26.3 26.4 0.1
Dining
Room 28.0 28.1 0.1

San Diego #2
Living Room 24.3 24.3 0.0
Bedroom 4 20.4 20.4 0.0

San Diego #3
Living Room 23.7 23.8 0.1
Master BR 24.7 24.8 0.1

San Diego #4
Living Room 23.2 23.2 0.0
Bedroom 1 26.3 26.4 0.1

San Diego #5
Living Room 24.0 24.3 0.3
Bedroom 1 30.0 30.1 0.1

San Diego #6
Living Room 24.9 25.0 0.1
Dining
Room 27.4 27.5 0.1

San Diego #7
Living Room 25.1 25.2 0.1
Family
Room 26.5 26.7 0.2

San Diego #8
Dining
Room 19.4 19.6 0.2

Master BR 22.2 22.5 0.3

San Diego #9
Living Room 21.8 22.0 0.2
Bedroom 1 31.7 31.9 0.2

San Diego #10
Bedroom 1 17.5 17.6 0.1
Bedroom 2 25.0 25.2 0.2

Average 0.1

Table 4-3.  Flyover measurements, comparison of arithmetic  
average and energy average NLR values.
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Residence Room Arithme�c
Average

Median
Difference

(Arith
Median)

San Diego #1
Living Room 26.3 26.3 0.0
Dining
Room 28.0 28.2 -0.2

San Diego #2 Living Room 24.3 24.2 0.1
Bedroom 4 20.4 20.4 0.0

San Diego #3 Living Room 23.7 24.0 -0.3
Master BR 24.7 24.4 0.3

San Diego #4 Living Room 23.2 23.5 -0.3
Bedroom 1 26.3 26.3 0.0

San Diego #5 Living Room 24.0 24.3 -0.3
Bedroom 1 30.0 30.2 -0.2

San Diego #6
Living Room 24.9 24.9 0.0
Dining
Room 27.4 27.5 -0.1

San Diego #7
Living Room 25.1 25.1 0.0
Family
Room 26.5 26.8 -0.3

San Diego #8
Master BR 22.2 21.7 0.5
Dining
Room 19.4 19.2 0.2

San Diego #9 Living Room 21.8 21.9 -0.1
Bedroom 1 31.7 31.6 0.1

San Diego #10 Bedroom 1 17.5 17.5 0.0
Bedroom 2 25.0 25.3 -0.3

Average 0.0

Table 4-4.  Flyover measurements, comparison of average  
and median NLR events.

Residence Room Mic 1 Mic 2 
Rota�ng Average Std. Dev. 95%CI 

Mic 
Mic1 : 
Mic2 All Values 

 San Diego 
#1 Living Room 25.9 27.4 25.6 26.7 0.79 ±0.89 

San Diego 
#2 Living Room 24.4 23.9 24.5 24.2 0.26 ±0.30 

San Diego 
#3 Living Room 24.0 23.1  24.0 23.6 0.45 ±0.62 

San Diego 
#4 Bedroom 1 26.9  25.8 26.9 1.14 ±1.58 

San Diego 
#5 Living Room 24.2  23.8 24.2 0.39 ±0.54 

San Diego 
#6 

Dining 
Room 26.9 27.8 27.4 27.4 0.37 ±0.42 

San Diego 
#7 

Family 
Room 26.2 26.9 26.5 26.6 0.29 ±0.32 

San Diego 
#8 

Dining 
Room 19.1 19.9 19.1 19.5 0.38 ±0.43 

San Diego 
#9 Living Room 20.9 22.4 22.0 21.7 0.63 ±0.72 

San Diego 
#10 Bedroom 1 18.2 17.0 17.2 17.6 0.52 ±0.59 

Note: The configura�on of microphones in the San Diego #� and San Diego #5 homes allowed for only one 
fixed microphone in the same room as the rota�ng microphone.

Table 4-5.  Comparison of averaged microphone alternative NLR results.
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The long boom length of the rotating microphone required that large rooms be measured; 
most rooms were living rooms. The two stationary microphones were generally placed in oppo-
site room quadrants to measure the noise environment in distinct areas.

The measurement results in Table 4-5 show:

•	 Little distinction among the independent values, average values, and values from the rotating 
microphone and

•	 No trend among the measurement techniques; rotating microphone NLR values do not trend 
either higher or lower than those from the stationary microphones.

The rotating microphone selected was the same model used in laboratory testing. However, it 
never worked properly under power and was therefore rotated manually for all measurements. 
This complicated the measurements because it required the receiving room to be occupied and 
added to the potential for noise contamination.

4.1.3.5 Room Absorption

The issue with acoustical absorption in rooms exists with all NLR measurement techniques. 
Typically, an empty room of moderate size without carpeting or curtains may be 3 dB louder 
than the same room fully furnished. That is, the overall noise reduction is controlled primarily 
by the sound TL characteristics of the building elements and also by the room absorption. The 
basic relationship is (DOT-FAA-AEQ-77-9, 1977):

10 610NLR TL log S Ap ( )= − −

where S = surface area of the assembly exposed to the noise source
and A = the total absorption in the room at the source frequency

The absorption varies with frequency as does the TL, so this computation must be done in 
octave bands or one-third octave bands. Typically the 6 dB term for perfect acoustic reflection 
is reduced to 5 dB to reflect actual less-than-perfect reflection.

The total room absorption may be determined by measuring the room dimensions and the 
reverberation time (symbol RT60), or time for an impulsive sound to decay by 60 dB. Rever-
beration time is measured by emitting a high level broadband impulsive sound, often by a large 
balloon, and recording the decay rate. Many contemporary SLMs have a feature built in for this 
measurement. The general relationship between reverberation times is given by the Sabine equa-
tion (Bies and Hansen, 2003):

55.25
60RT

V

S c
=

∝

 where RT60 = reverberation time (60 dB decay) in seconds
 V = room volume (m3)
 c = speed of sound (m/s)
	 ∝ = the acoustical absorption coefficient at the source frequency

Those homeowners desiring to qualify for the sound insulation program under the 
PGL/5100.38D guidelines may increase their chances of qualifying by removing furnishings 
from rooms to be tested prior to the qualification NLR measurements, thereby increasing 
measured receiving room sound levels and reducing the reported interior DNL values.

4.1.3.6 Varying Sound Spectra

Flyover events of varying sound spectra with the same A-weighted SEL value produce differ-
ent NLR results. This is related to the issue of a non-NEM fleet mix (see 4.1.3.2) and it exists with 
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other measurement techniques as well. For example, an 80-dB flyover with a concentration of 
low frequency energy will produce a lower NLR than another 80-dB flyover with more energy 
concentrated in the higher frequencies. This is due to the TL property of all building assemblies 
to attenuate sound more effectively in the higher frequencies. The NLR effects of any particular 
case may be examined by viewing the SEL spectrum of the flyover, the CTL properties of the 
room, and the room absorption characteristics. To examine this more thoroughly, the research 
team (a) analyzed the differences in NLR from specific aircraft types from the SAN flyovers 
measurements and (b) computed the CTL for various typical aircraft in the INM database.

Table 4-6 shows the results from the homes for which the research team recorded the most 
valid flyovers. These are the living room in the San Diego #3 residence for aircraft departures 
and the San Diego #6 dining room for aircraft arrivals.

From Table 4-6, there is no clear NLR trend for the specific aircraft currently operating from 
SAN. However, certain classes of aircraft do not operate from SAN, so an independent study 
was subsequently conducted.

The effect of spectral changes from other aircraft was computed by selecting the standard 
spectra for certain classes of aircraft from the database for the FAA standard INM computer pro-
gram used to develop the noise contours for the Part 150 studies (DTS-34-FA065-LR1, 1999), 
and an ideal “mass law” TL curve for a residence. The mass law curve at STC 39 (OITC 31) slopes 
upward at 8 dB per octave from 24 dB at 125 Hz to 54 dB at 4 kHz. This curve is a good average 
for the CTL, or the TL from all incident sound on all exposed surfaces of non-retrofit homes. 
The aircraft spectra are taken from the FAA noise certification tests (under 14CFR36) for the 
specific aircraft in a class.

Aircra� San Diego #3 Departures San Diego #6 Arrivals
Type Count Average Std Dev Count Average Std Dev

All MD 3 23.7 0.2
A319 5 23.5 1.8 4 27.7 0.6
A320 6 24.9 0.4 5 27.3 0.9
B733 5 27.1 0.6
B737 19 23.8 1.1 12 27.4 1.0
B738 13 23.2 1.0 9 27.0 1.2
B739 2 27.3 0.1
B752 3 24.4 0.7 3 27.6 0.6

All CRJ# 3 28.4 1.3
All E## 1 24.2 3 26.6 0.7

Average 24.0 Average 27.4
Std Dev 0.58 Std Dev 0.50

Legend:
All MD All MD 80 models
A319 Airbus A319
A320 Airbus A320
B733 Boeing 737 300
B737 Boeing 737 700
B738 Boeing 737 800
B739 Boeing 737 900
B752 Boeing 757 200

All CRJ# All Canadair Regional Jet
All E## All Embraer turboprops

Table 4-6.  Comparison of NLR values for several SAN aircraft.
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Table 4-7 compares the computed exterior and interior SEL (an integrated measure of the 
total sound energy of a noise event), values for the aircraft classes, and computes the attendant 
NLR values.

Table 4-7 shows that there is generally little difference among the medium, heavy, and regional 
jet aircraft classes for the turbofan aircraft. However, the NLR values for the turboprop aircraft 
show a significant reduction in NLR of about 5 dB. This is due to the strong low frequency com-
ponents from prop blade pass frequencies that attenuate less than the more broadband jet noise 
from turbofan jets.

No airport operation is composed exclusively of a single class of aircraft, so the NLR differ-
ences in Table 4-7 are significantly moderated in the mix of aircraft for any particular airport. 
The SEL values and the varying sound spectra both play a significant role in determining the 
proper noise spectrum to use for evaluating the NLR of a residence in terms of the NEM spec-
trum at a particular location.

NLR results from turboprop approaches and departures were compared with those from 
other aircraft. Little change was found, contradicting the theoretical analysis using the FAA 
INM spectral classes. But the INM data is 16 years old and modern commuter turboprops now 
typically employ five or six-bladed propellers which are often in the scimitar configuration. 
These significantly diminish the tones emitted by earlier turboprop versions. Therefore it can 
be concluded that turboprop spectral changes are generally not a significant factor in NLR 
assessment.

4.2 Ground-Level Exterior Loudspeaker

The ground-level exterior loudspeaker measurement method follows the measurement pro-
cedure outlined ASTM E966, and this method is commonly employed by acoustical consultants 
working on sound insulation projects (Figure 4-3). The method involves locating a loudspeaker 
approximately 6.1 m to 12.2 m (20 to 40 feet) from the façade of the room under test, at a 
height of 6 to 8 feet above grade. The only difference between the elevated exterior loudspeaker 
method (discussed in the following section) and the ground-level method is the height of the 
loudspeaker above grade.

Summary: The research team conducted ground-level loudspeaker measurements at 10 homes 
in San Diego. In Boston, the research team conducted ground-level loudspeaker measurements 
in nine homes, but the aircraft flyover source spectrum was only available in four of the homes. 
The conclusions are as follows:

•	 On average, calculated noise reduction using the OITC spectrum was slightly lower (0.6 dB) 
than that of the flyover spectrum. This slight difference was similar to the results of the elevated 
loudspeaker measurements.

Aircra� Types Departures Approaches
SELout NLR SELin SELout NLR SELin

B737 300, 3B2, 400, 500 73.5 30.5 43.0 75.4 31.3 44.1
B757 & B767; A300, 310, 320 75.7 31.0 44.7 77.5 33.4 44.1
MD81, 82, 83 72.8 29.9 42.9 72.6 28.7 43.9
B747 10Q, 200, 720A, 420B, 400 77.0 32.4 44.6 77.5 33.8 43.7
2 engine turboprop, DHC6 77.7 24.8 52.9 69.8 27.3 42.5
4 engine turboprop, DHC7, DHC8 77.8 22.8 55.0 69.8 27.3 42.5

Table 4-7.  Comparison of SEL values and NLR values for aircraft classes.
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•	 In general, the results varied little from measurement to measurement; however, there were a 
few outliers which warranted closer examination.

•	 Similar to the elevated loudspeaker, the NLR decreased by approximately 1 dB when the roof 
and walls were measured at the exterior (rather than just the walls).

•	 On average, the calculated noise reduction using the OITC spectrum was slightly lower 
(0.9 dB) than that calculated using the flyover spectrum.

•	 Noise reduction varied by less than 1 dB when measurements were repeated.
•	 Noise reduction increased when the wall and roof were measured, which is the opposite of 

what happened when the loudspeaker was located inside of the building.

4.2.1 Measurement Procedure

The ground-level exterior loudspeaker noise reduction measurement was conducted as follows:

1. A loudspeaker capable of generating 90 dB to 100 dB was mounted at a height of 1.8 to  
3.0 meters (6 to 10 feet) above grade, at a distance of, on average, 9.1 m (30 feet) from the 
building façade. The loudspeaker was pointed in the direction of the room under test, at 
a horizontal angle of 45° from the façade.

2. Ambient (background) noise measurements were conducted outside and inside of the room 
under test. The ambient measurement allowed the technician to verify that the noise gener-
ated by the loudspeaker was sufficiently above the ambient noise level; corrections to the 
measurement were made if the ambient noise level approached the level of the loudspeaker. 
This ensured that noise reduction was accurately measured and quantified.

3. Pink noise was generated by the loudspeaker. A measurement of the diffuse sound field just 
outside of the room under test [e.g., 1 to 2 meters (3 to 6 feet) from the façade] was made. This 
measurement consisted of a spatial average of the noise levels at the façade (and roof, where 
applicable).

4. A measurement of the loudspeaker-generated pink noise was then made inside of the room. 
Again, a spatial average was conducted with the technician maintaining a minimum distance 
of 0.3 to 0.6 m (1 to 2 feet) between the microphone and walls, ceilings, floors, etc.

5. The one-third octave measurement data (50 Hz to 5 kHz) were then analyzed in a spreadsheet, 
where the interior pink noise level was subtracted from the exterior pink noise level. Three cor-
rections were then applied: (a) the subtraction of ambient noise, (b) a 2-dB correction (based 

Figure 4-3.  Ground-level loudspeaker measurement 
in San Diego.
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on ASTM E966-10) to account for the reverberant noise build-up at the façade, and (c) a 
correction to account for the different frequency spectrum of an aircraft as compared to pink 
noise. These corrections are discussed in more detail in the following section.

4.2.2 Data Analysis and Correction Factors

To calculate the amount of noise reduction provided by the building envelope, the data must 
be analyzed and corrected after completion of the measurement. There are three primary cor-
rections that are made to the measured data; each is summarized below:

4.2.2.1 Ambient Noise Correction

Ambient noise can affect the accurate determination of noise reduction. For the exterior, 
ground-level loudspeaker measurement, ambient noise is typically only an issue inside of the 
room under test. This is because exterior ambient noise is significantly below the level of the 
loudspeaker (e.g., 50-dB ambient as compared to 90-dB pink noise from the loudspeaker); mea-
surements are not conducted during an aircraft overflight, as overflights could approach the 
noise level of the loudspeaker. Inside the room, ambient noise is generated by household items 
such as refrigerators, HVAC systems, and other domestic equipment. Typically, the technician 
will turn off noisy devices; however it is not always possible to do so.

If the ambient noise level is within 10 dB of the pink noise level inside the room, then the 
ambient noise level is logarithmically subtracted from the pink noise level. This ensures the cal-
culated noise reduction is only based upon pink noise intrusion through the building envelope, 
and not contaminated by interior noise sources.

4.2.2.2 Reverberant Noise Build-Up

The second correction applied is to account for reverberant (reflected) noise build-up at the 
façade. This correction is outlined in ASTM E966 and ISO 1996-2. When noise from the loud-
speaker impinges on a building façade, some of the noise transmits through the façade into 
the residence, while some of the noise reflects back away from the façade. At a measurement 
distance of 1 to 2 meters (3 to 6 feet) from the façade, this reflected noise yields a noise level 2 
to 3 dB higher than what would be measured without the presence of the building façade. Since 
the measure of concern is noise that transmits through the building envelope, it is important 
to eliminate the reverberant noise from the measurement data. ASTM E966 (2004) stipulates a 
3-dB correction, while E966 (2010) stipulates a 2-dB correction. Effectively, correcting for the 
reverberant field reduces the measured noise reduction by 2 to 3 dB (depending on which cor-
rection factor is used).

The correction was lowered in the 2010 version of the standard, as purportedly the 2-dB cor-
rection more closely aligns to actual field experience (per ASTM), while the 3-dB correction is 
a laboratory/theoretical value. Based on analysis of the measurement data, the 2-dB correction 
factor more closely aligns with the true noise reduction of a façade.

4.2.2.3 Spectral Correction

As discussed in Section 4.2.1, pink noise is generated by the loudspeaker. Pink noise is used 
because it is a reference sound source with equal energy across all frequency bands, and it is not 
logistically feasible to accurately generate the same frequency spectrum as generated by typical 
aircraft. However, the FAA eligibility standards are based upon aircraft noise levels, and not pink 
noise levels. As such, it is necessary to “convert” pink noise reduction into aircraft noise reduc-
tion. In order to convert pink noise reduction to aircraft noise reduction, the pink noise reduction 
is subtracted from a reference aircraft spectrum to yield a theoretical aircraft noise level inside of 
the tested room.
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While the conversion utilizes standard acoustical calculations, there is no standard guidance 
on how to determine the reference aircraft spectrum. Many consultants involved with sound 
insulation programs measure multiple arrivals and departures at a given airport and then aver-
age these events to calculate the reference spectrum. However, there are many questions raised 
by this practice: (a) how many aircraft flyovers need to be measured to produce a statistically 
valid sample, (b) how does one account for homes located at varying distances from the runway 
ends (i.e., the aircraft spectrum at a home far from the runway will be different from that of a 
home near a runway), and (c) how does one account for future aircraft fleet mix changes.

For this report, the research team has converted pink noise reduction into aircraft noise reduc-
tion using two reference spectra: the OITC reference spectrum and the average aircraft spectrum 
measured at each test home over a period of 3 to 5 hours (measured as a part of the flyover 
noise reduction measurements). The research team has analyzed the difference in measured 
noise reduction using the OITC and the average aircraft spectrum measured at each test home. 
Table 4-8 shows the noise reduction calculated using both of these frequency spectra.

For the San Diego measurements, ground-level loudspeaker measurements were conducted in 
10 homes. At Boston, ground-level loudspeaker measurements were conducted in nine homes, 
but aircraft flyover noise spectrum was only available in four out of the nine homes.

Conclusion: On average, the calculated noise reduction using the OITC spectrum was slightly 
lower (0.6 dB) than that calculated using the flyover spectrum, and this difference was similar to 
that for the elevated loudspeaker.

Residence Room 
Reference 
Spectrum NLR (dB) 

San Diego #1 

Living 
SAN 24.5 
OITC 22.2 
Difference 2.3 

Dining 
SAN 22.2 
OITC 20.1 
Difference 2.1 

San Diego #2 

Living 
SAN 25.2 
OITC 25.8 
Difference -0.6 

Office 
SAN 18.4 
OITC 17.5 
Difference 0.9 

San Diego #3 Living 
SAN 21.9 
OITC 22.0 
Difference -0.1 

San Diego #4 

Living 
SAN 21.6 
OITC 19.9 
Difference 1.7 

Bedroom 1 
SAN 25.0 
OITC 23.2 
Difference 1.8 

Table 4-8.  Exterior ground-level loudspeaker,  
NLR comparison of source spectra.

(continued on next page)
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Residence Room 
Reference 
Spectrum NLR (dB) 

San Diego #5 

Living 
SAN 21.3 
OITC 20.7 
Difference 0.6 

Bedroom 1 
SAN 26.3 
OITC 25.0 
Difference 1.3 

San Diego #6 

Living 
SAN 20.9 
OITC 20.2 
Difference 0.7 

Dining 
SAN 26.4 
OITC 24.9 
Difference 1.5 

San Diego #7 
Family 

SAN 25.7 
OITC 26.4 
Difference -0.7 

Difference 0.2

Living 
SAN 24.6 
OITC 24.4

San Diego #9 

Living 
SAN 19.4 
OITC 18.8 
Difference 0.6 

Bedroom 1 
SAN 25.6 
OITC 25.0 
Difference 0.6 

San Diego #10 

Bedroom 1 
SAN 17.6 
OITC 17.7 
Difference -0.1 

Bedroom 2 
SAN 25.1 
OITC 25.9 
Difference -0.8 

Boston #1 
(storm 
windows 
closed) 

Living 
BOS 37.0 
OITC 37.4 
Difference -0.4 

Bedroom 2 
BOS 30.5 
OITC 29.7 
Difference 0.8 

Boston #3 
(storm 
windows 
closed) 

Living 
BOS 25.3 
OITC 25.4 
Difference -0.1 

Bedroom 1 
BOS 26.4 
OITC 26.3 
Difference 0.1 

San Diego #8 

Dining 
SAN 19.6 
OITC 19.2 
Difference 0.4 

Master 
Bedroom 

SAN 28.3 
OITC 27.1 
Difference 1.2 

Table 4-8.  (Continued).
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4.2.3 Repeatability

At one of the test homes, the research team repeated the ground-level loudspeaker measure-
ment with no change in loudspeaker position to determine whether the results changed from test 
to test. The goal was to determine whether the measurement engineer could induce significant 
variation in the test results. Table 4-9 summarizes the findings.

Conclusion: In general, the results varied little from measurement to measurement; however, 
there were a few outliers which warrant closer examination.

4.2.4 Measurement of Exterior Wall and Roof vs. Exterior Wall Only

Similar to the elevated exterior loudspeaker method, the research team conducted measure-
ments of noise reduction using two methods: (1) making an exterior spatial measurement of the 
wall and roof-ceiling assembly and (2) making a spatial measurement of just the exterior wall. 
The resultant difference in noise reduction is presented in Table 4-10.

Conclusion: Similar to the elevated loudspeaker, the NLR decreased by approximately 1 dB 
when the roof and walls were measured at the exterior (rather than just the walls).

4.3 Elevated Exterior Loudspeaker

The elevated exterior loudspeaker measurement method generally follows the measure-
ment procedure outlined in ASTM E966; this method has been employed by various acousti-
cal consultants working on sound insulation projects. The method involves the suspension of 
a loudspeaker approximately 6.1 m to 12.2 m (20 feet to 40 feet) above grade, set back 6.1 m to 
12.2 m (20 feet to 40 feet) from the façade of the room being measured. In theory, the elevated 
position is used because it more closely approximates the origin of the elevated aircraft noise 
(i.e., up in the sky). The loudspeaker generates a diffuse sound field at the exterior building 

windows open) Difference 0.6 

Study 
BOS 25.7 
OITC 26.5 
Difference -0.8 

Average Difference (Flyover – 
OITC)  0.5 

   
Standard 

Devia�on  0.9 

Note: SAN and BOS reference spectrum refers to the average flyover
spectrum measured at the home. 

Boston #6 
(storm 
windows open) 

Dining 
BOS 25.0 
OITC 25.4 
Difference -0.4 

Bedroom 2 
BOS 24.9 
OITC 24.9 
Difference 0.0 

Boston #8 
(storm Living 

BOS 24.8 
OITC 24.2 

Residence Room 
Reference 
Spectrum NLR (dB) 

Table 4-8.  (Continued).
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        Measured Noise Reduc�on (dB) 

Residence Room 
Ref. 

Spectrum Descrip�on 
Msmt. 

1 
Msmt. 

2 Difference 
Standard 
Devia�on 

San Diego #1 

Living  
OITC Exterior Wall 

Only 22.1 22.7 0.6 0.4 

SAN Exterior Wall 
Only 24.3 25.0 0.7 0.5 

Dining  
OITC Exterior Wall 

Only 20.1 20.0 0.1 0.1 

SAN Exterior Wall 
Only 22.3 22.0 0.3 0.2 

San Diego #2 Living  
OITC Exterior Wall

Only 25.7 26.9 1.2 0.8 

SAN Exterior Wall
Only 24.7 25.6 0.9 0.6 

San Diego #3 Living  
OITC Exterior Wall

Only 21.7 22.3 0.6 0.4 

SAN Exterior Wall
Only 21.5 22.2 0.7 0.5 

San Diego #4 

Living  
OITC Exterior Wall 

Only 19.7 20.0 0.3 0.2 

SAN Exterior Wall 
Only 21.2 21.9 0.7 0.5 

Bedroom 1 
OITC Exterior Wall 

Only 23.0 23.3 0.3 0.2 

SAN Exterior Wall 
Only 24.8 25.1 0.3 0.2 

        Average 0.6 0.4 

Note: SAN reference spectrum refers to the average flyover spectrum measured at the home.

Table 4-9.  Exterior ground-level loudspeaker, repeatability of measurement.

Residence Room 
Ref. 

Spectrum Descripon 

Noise 
Reducon 

(dB) 

San Diego #6 

Living 

OITC 

Exterior Wall and 
Roof 19.8 
Exterior Wall Only 20.6 
Difference -0.8 

SAN 

Exterior Wall and 
Roof 20.4 
Exterior Wall Only 21.4 
Difference -1.0 

Dining 

OITC 

Exterior Wall and 
Roof 24.4 
Exterior Wall Only 25.4 
Difference -1.0 

SAN 

Exterior Wall and 
Roof 25.6 
Exterior Wall Only 27.1 
Difference -1.5 

Table 4-10.  Exterior ground-level loudspeaker, comparison  
of wall/roof and wall-only measurement.
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San Diego #5 Living 

OITC 

Exterior Wall and 
Roof 20.0 
Exterior Wall Only 21.3 
Difference -1.3 

SAN 

Exterior Wall and 
Roof 20.6 
Exterior Wall Only 22.0 
Difference -1.4 

 
San Diego #7 

Family 

OITC 

Exterior Wall and 
Roof 24.1 
Exterior Wall Only 24.7 
Difference -0.6 

SAN 

Exterior Wall and 
Roof 24.4 
Exterior Wall Only 25.0 
Difference -0.6 

San Diego #8

Dining 

OITC 

Exterior Wall and 
Roof 18.7 
Exterior Wall Only 19.7 
Difference -1.0 

SAN 

Exterior Wall and 
Roof 18.9 
Exterior Wall Only 20.2 
Difference -1.3 

Master 
Bedroom 

OITC 

Exterior Wall and 
Roof 26.2 
Exterior Wall Only 27.9 
Difference -1.7 

SAN 

Exterior Wall and 
Roof 27.5 
Exterior Wall Only 29.1 
Difference -1.6 

Residence Room 
Ref. 

Spectrum Descripon 

Noise 
Reducon 

(dB) 

San Diego #10 

Bedroom 
1 

OITC 

Exterior Wall and 
Roof 17.3 
Exterior Wall Only 18.0 
Difference -0.7 

SAN 

Exterior Wall and 
Roof 17.4 
Exterior Wall Only 17.8 
Difference -0.4 

Bedroom 
2 

OITC 

Exterior Wall and 
Roof 25.9 
Exterior Wall Only 25.9 
Difference 0.0 

SAN 

Exterior Wall and 
Roof 25.1 
Exterior Wall Only 25.1 
Difference 0.0 

Average 
Difference 

  OITC   -0.9 
  SAN   -1.0 
  Overall   -0.9 

Standard 
Devia�on 

  OITC   0.5 
  SAN   0.6 
  Overall   0.5 

Note: SAN reference spectrum refers to the average flyover spectrum measured at 
the home.

Table 4-10.  (Continued).
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façade; measurements of this diffuse field are taken along with measurements of the reverberant 
sound field in the room under test. Section 4.3.1 describes the measurement procedure in detail. 
(Figure 4-4.)

Summary: The research team conducted elevated loudspeaker measurements in five homes in 
San Diego. In Boston, the research team also conducted elevated loudspeaker measurements in 
five homes, but aircraft flyover noise spectrum was only available in two out of the five homes. 
The conclusions are as follows:

•	 On average, the calculated noise reduction using the OITC spectrum was slightly lower (0.3 dB) 
than that of the flyover spectrum.

•	 When measurements were repeated, the noise reduction did not significantly change.
•	 Noise reduction decreased by 0.8 dB when the exterior measurement included the roof.

4.3.1 Measurement Procedure

The elevated exterior loudspeaker noise reduction measurement was conducted as follows 
(in a manner similar to the ground-level loudspeaker):

1. A loudspeaker capable of generating 90 dB to 100 dB at a distance of 9.1 m (30 feet) was 
elevated above the roof plane of the home under test. Typically, the height was 6.1 m to 12.2 m 

Figure 4-4.  Exterior elevated loudspeaker  
in San Diego.
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(20 feet to 40 feet) above grade; a bucket/crane truck was required to accomplish this. The 
loudspeaker was pointed in the direction of the room under test, with the goal of a 45 degree 
horizontal angle from the façade.

2. Ambient (background) noise measurements were conducted outside and inside of the room 
under test. The ambient measurement allows the technician to verify that the noise gener-
ated by the loudspeaker was sufficiently above the ambient noise level; corrections to the 
measurement were made if the ambient noise level approached the level of the loudspeaker. 
This ensured that noise reduction is accurately measured and quantified.

3. Pink noise was generated by the loudspeaker. A measurement of the diffuse sound field just 
outside of the room under test [e.g., 1 to 2 meters (3 to 6 feet) from the façade] was made. This 
measurement consisted of a spatial average of the noise levels at the façade (and roof, where 
applicable).

4. A measurement of the loudspeaker-generated pink noise was then made inside of the room. 
Again, a spatial average was conducted with the technician maintaining a minimum distance 
of 0.3 to 0.6 meters (1 to 2 feet) between the microphone and walls, ceilings, floors, etc.

5. The one-third octave measurement data (50 Hz to 5 kHz) was then analyzed in a standard 
spreadsheet, where the interior pink noise level was subtracted from the exterior pink noise 
level. Three corrections were then applied: (1) the subtraction of ambient noise, (2) a 2 dB 
correction (based on ASTM E966-10) to account for the reverberant noise build-up at the 
façade and, (3) a correction to account for the different frequency spectrum of an aircraft 
as compared to pink noise. These corrections are discussed in more detail in the following  
section.

4.3.2 Data Analysis and Correction Factors

To calculate the amount of noise reduction provided by the building envelope, the data must 
be analyzed and corrected after completion of the measurement. There are three primary cor-
rections that are made to the measured data, as previously discussed in Section 4.2.2.

For the spectral correction, the research team converted pink noise reduction into aircraft noise 
reduction using two reference spectra: the OITC reference spectrum and the average aircraft spec-
trum measured at each test home over a period of 3 to 5 hours (measured as a part of the flyover 
noise reduction measurements). Table 4-11 shows the noise reduction calculated using both of 
these frequency spectra.

For the San Diego measurements, elevated loudspeaker measurements were conducted in five 
homes. At Boston, elevated loudspeaker measurements were also conducted in five homes, but 
aircraft flyover noise spectrum was only available in two out of the five homes.

Conclusion: On average, the calculated noise reduction using the OITC spectrum was slightly 
lower (0.3 dB) than that calculated using the flyover spectrum.

4.3.3 Repeatability

At one of the test homes, the research team repeated the elevated loudspeaker measurement 
with no change in loudspeaker position to determine whether results changed from test to test. 
The goal was to determine whether the measurement engineer could induce significant variation 
in the test results. Table 4-12 summarizes the findings.

Conclusion: When measurements were repeated, the noise reduction did not significantly 
change.
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Study OITC 27.1 
Difference -0.5 

 
Average Difference (Flyover – 

OITC)  0.3 

   Standard 
Devia�on  0.6 

Note: SAN and BOS reference spectrum refers to the average flyover
spectrum measured at the home.

Residence Room 
Reference 
Spectrum NLR (dB) 

San Diego #6 

Living 
SAN 21.0 
OITC 20.1 
Difference 0.9 

Dining 
SAN 23.7 
OITC 22.4 
Difference 1.3 

San Diego #7 

Family 
SAN 25.6 
OITC 25.3 
Difference 0.3 

Living 
SAN 23.8 
OITC 23.4 
Difference 0.4 

San Diego #8 

Dining 
SAN 19.9 
OITC 19.4 
Difference 0.5 

Master 
Bedroom 

SAN 28.6 
OITC 27.8 
Difference 0.8 

San Diego #9 

Living 
SAN 19.8 
OITC 19.0 
Difference 0.8 

Bedroom 
1 

SAN 26.1 
OITC 25.6 
Difference 0.5 

San Diego #10 

Bedroom 
1 

SAN 18.9 
OITC 19.4 
Difference -0.5 

Bedroom 
2 

SAN 25.3 
OITC 25.9 
Difference -0.6 

Boston 
#6 (storm 
windows open) 

Dining 
BOS 25.0 
OITC 25.7 
Difference -0.7 

Bedroom 
2 

BOS 25.1 
OITC 25.1 
Difference 0.0 

Boston #8 
(storm 
windows open) 

Living 
BOS 25.0 
OITC 24.3 
Difference 0.7 

 BOS 26.6 

Table 4-11.  Elevated loudspeaker, comparison  
of source noise spectra.
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4.3.4  Measurement of Exterior Wall  
and Roof vs. Exterior Wall Only

Aircraft noise enters into a residence via the building envelope. This includes the exterior wall 
and roof-ceiling assembly. While windows are typically the main path for noise intrusion, the 
roof-ceiling assembly contributes to noise intrusion and attic insulation or other roof-ceiling 
treatments are included as a part of the sound insulation treatment package.

Measurements of noise reduction were made following two methods: (1) making an exte-
rior spatial measurement of the wall and roof-ceiling assembly and (2) making a spatial mea-
surement of just the exterior wall. The resultant difference in noise reduction is presented in 
Table 4-13.

Conclusion: The noise reduction decreased by 0.8 dB when the exterior measurement 
included the roof.

Measured NLR (dB)

Residence Room
Ref.

Spectrum Descrip�on Msmt. 1 Msmt. 2 Difference 
Standard
Devia�on 

San Diego 
#6

Living
OITC Exterior Wall Only 20.6 20.5 0.1 0.1 

SAN Exterior Wall Only 21.6 21.5 0.1 0.1 

San Diego 
#6

Living
OITC Exterior Wall and 

Roof 19.5 19.8 0.3 0.2 

SAN Exterior Wall and 
Roof 20.2 20.7 0.5 0.4 

Average 0.3 0.2 

Note: SAN reference spectrum refers to the average flyover spectrum measured at the home.

Table 4-12.  Exterior elevated loudspeaker, repeatability of measurement.

Residence Room 
Reference 
Spectrum Descrip�on NLR (dB) 

 
San Diego #6 

Living 

OITC 

Exterior Wall and 
Roof 

19.7 

Exterior Wall Only 20.6 
Difference -0.9 

SAN 

Exterior Wall and 
Roof 

20.5 

Exterior Wall Only 21.6 
Difference -1.1 

Dining 

OITC 

Exterior Wall and 
Roof 

22.0 

Exterior Wall Only 22.7 
Difference -0.7 

SAN 

Exterior Wall and 
Roof 

23.3 

Exterior Wall Only 24.0 
Difference -0.7 

Table 4-13.  Exterior elevated loudspeaker, comparison of  
wall/roof and wall only measurement.

(continued on next page)
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San Diego #7 

Family 

OITC 

Exterior Wall and 
Roof 

25.2 

Exterior Wall Only 25.3 
Difference -0.1 

SAN 

Exterior Wall and 
Roof 

25.4 

Exterior Wall Only 25.7 
Difference -0.3 

Living 

OITC 

Exterior Wall and 
Roof 

23.1 

Exterior Wall Only 23.7 
Difference -0.6 

SAN 

Exterior Wall and 
Roof 

23.4 

Exterior Wall Only 24.2 
Difference -0.8 

San Diego #8

Dining 

OITC 

Exterior Wall and 
Roof 

18.7 

Exterior Wall Only 20.1 
Difference -1.4 

SAN 

Exterior Wall and 
Roof 

19.2 

Exterior Wall Only 20.6 
Difference -1.4 

Master 
Bedroom 

OITC 
Exterior Wall and 
Roof 

27.1 

Exterior Wall Only 28.4 
Difference -1.3 

SAN 

Exterior Wall and 
Roof 

27.8 

Exterior Wall Only 29.3 
Difference -1.5 

Residence Room 
Reference 
Spectrum Descrip�on NLR (dB) 

San Diego #10 

Bedroom 
1 

OITC 

Exterior Wall and 
Roof 

19.2 

Exterior Wall Only 19.6 
Difference -0.4 

SAN 

Exterior Wall and 
Roof 

18.6 

Exterior Wall Only 19.1 
Difference -0.5 

Bedroom 
2 

OITC 

Exterior Wall and 
Roof 

25.5 

Exterior Wall Only 26.3 
Difference -0.8 

SAN 

Exterior Wall and 
Roof 

24.9 

Exterior Wall Only 25.6 
Difference -0.7 

Average 
Difference 

OITC -0.8 
SAN -0.9 

Overall -0.8 

Standard 
Devia�on 

OITC 0.4 
SAN 0.4 

Overall 0.4 

Note: SAN reference spectrum refers to the average flyover spectrum measured at 
the home.

Table 4-13.  (Continued).
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4.4 Interior Loudspeaker

The interior loudspeaker measurement method was created by one acoustical consultant work-
ing on airport sound insulation programs. This method has been employed at a few airport sound 
insulation programs, and the research team understands that the local FAA representatives over-
seeing those airport sound insulation programs approved the measurement method. However, 
this method is not addressed in ASTM E966 or other national or inter national standards. The 
advantage to the interior loudspeaker method is twofold: (1) there are no loudspeaker location 
logistical issues as there can be with the exterior loudspeaker methods and (2) noise generated 
by the loudspeaker does not disturb adjacent residents (except when testing multi-family units).

The interior loudspeaker method involves locating a loudspeaker inside of the room under 
test and conducting measurements of the reverberant sound field inside of the room and at the 
exterior of the room’s façade. Section 4.4.1 describes the measurement procedure in detail.

There is a significant flaw in the interior loudspeaker method. If a façade were comprised of a 
single building assembly (e.g., wall system with no doors or windows) exterior sound measured 
from this uniformly radiating surface would decrease minimally close to the façade and then 
more rapidly with increased distance. The nonlinear rate of sound reduction with distance from 
a uniformly radiating rectangular plane depends upon the dimensions of the plane (Rathe, 1969; 
Bies and Hansen, 2003). The measurement issue becomes more complex with a multi-element 
façade with multiple radiating planes of varying dimensions.

Summary: The research team conducted interior loudspeaker measurements at 10 homes in 
San Diego. In Boston, the research team conducted interior loudspeaker measurements in nine 
homes, but aircraft flyover noise spectrum was only available in four out of the nine homes. The 
conclusions are as follows:

•	 On average, the calculated noise reduction using the OITC spectrum was slightly lower (0.9 dB) 
than that calculated using the flyover spectrum.

•	 The noise reduction varied by less than 1 dB when measurements were repeated.
•	 The noise reduction increased when the wall and roof were measured. This is opposite of what 

happened when the loudspeaker was located outside of the building.

4.4.1 Measurement Procedure

The interior loudspeaker noise reduction measurement was conducted as follows:

1. A loudspeaker capable of generating 90 to 100 dB at a distance of 9.1 m (30 feet) was placed 
inside of the room under test. The loudspeaker was pointed toward an interior room corner 
(i.e., not towards the façade) so as to generate a diffuse sound field inside of the room.

2. Ambient (background) noise measurements were conducted inside and outside of the room 
under test. The ambient measurement allows the technician to verify that the noise gener-
ated by the loudspeaker was sufficiently above the ambient noise level; corrections to the 
measurement were made if the ambient noise level approached the level of the loudspeaker. 
This ensured that noise reduction was accurately measured and quantified.

3. Pink noise was generated by the loudspeaker. A measurement of the reverberant sound field 
inside the room under test was made. This measurement consisted of a spatial average of the 
noise levels in the room. The engineer maintained a minimum distance of 0.3 to 0.6 meters 
(1 to 2 feet) between the microphone and walls, ceilings, floors, and loudspeaker.

4. A measurement of the loudspeaker-generated pink noise was then made at the exterior of 
the façade of the room under test. The microphone was held a distance of 1 to 2 meters (3 to 
6 feet) off the façade and a spatial average was conducted.

5. The one-third octave measurement data (50 Hz to 5 kHz) was then analyzed in a spreadsheet, 
where the exterior pink noise level was subtracted from the interior pink noise level. Three 
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corrections were then applied: (1) the subtraction of ambient noise, (2) a 5 dB correction to 
account for reverberant build-up in the source room, and (3) a correction to account for the 
different frequency spectrum of an aircraft as compared to pink noise. These corrections are 
discussed in more detail in the following section.

4.4.2 Data Analysis and Correction Factors

The interior loudspeaker noise reduction measurement employs the same ambient correction 
and data analysis procedure as the exterior loudspeaker methods. These procedures are outlined 
in Section 4.2.2.

4.4.2.1 Spectral Correction

Similar to the exterior loudspeaker methods, the research team has analyzed the difference in 
measured noise reduction using the OITC and the average aircraft spectrum measured at each 
test home. Table 4-14 shows the noise reduction calculated using both of these frequency spectra.

Residence Room 
Reference 
Spectrum NLR (dB) 

San Diego #1 

Living 
SAN 24.3 
OITC 22.4 
Difference 1.9 

Dining 
SAN 25.2 
OITC 22.4 
Difference 2.8 

San Diego #2 

Living 
SAN 23.2 
OITC 22.0 
Difference 1.2 

Office 
SAN 22.8 
OITC 21.7 
Difference 1.1 

San Diego #3 

Living 
SAN 23.9 
OITC 23.2 
Difference 0.7 

Master 
Bedroom 

SAN 25.0 
OITC 23.9 
Difference 1.1 

San Diego #4 

Living 
SAN 22.6 
OITC 20.5 
Difference 2.1 

Bedroom 1 
SAN 26.9 
OITC 24.8 
Difference 2.1 

San Diego #5 

Living 
SAN 23.6 
OITC 22.9 
Difference 0.7 

Bedroom 1 
SAN 35.5 
OITC 32.6 
Difference 2.9 

San Diego #6 Living 
SAN 23.1 
OITC 22.2 
Difference 0.9 

Table 4-14.  Interior loudspeaker, comparison  
of exterior noise spectra.
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Residence Room 
Reference 
Spectrum NLR (dB) 

San Diego #9 

Living 
SAN 21.8 
OITC 20.7 
Difference 1.1 

Bedroom 1 
SAN 27.6 
OITC 26.1 
Difference 1.5 

San Diego #10 

Bedroom 1 
SAN 23.7 
OITC 22.7 
Difference 1.0 

Bedroom 2 
SAN 27.0 
OITC 26.6 
Difference 0.4 

Boston #1 
(storm 
windows 
closed) 

Living 
BOS 27.7 
OITC 27.4 
Difference 0.3 

Bedroom 2 
BOS 27.5 
OITC 27.8 
Difference -0.3 

Boston #3 
(storm 
windows 
closed) 

Living 
BOS 23.2 
OITC 23.2 
Difference 0.0 

Bedroom 1 
BOS 28.3 
OITC 26.8 
Difference 1.5 

Boston #6 
(storm 
windows open) 

Dining 
BOS 25.0 
OITC 27.1 
Difference -2.1 

Bedroom 2 
BOS 26.9 
OITC 28.3 
Difference -1.4 

San Diego #6 Dining 
SAN 26.1 
OITC 24.2 
Difference 1.9 

San Diego #7

Family 
SAN 22.8 
OITC 22.5 
Difference 0.3 

Living 
SAN 18.5 
OITC 18.5 
Difference 0.0 

San Diego #8 

Dining 
SAN 20.9 
OITC 20.3 
Difference 0.6 

Master 
Bedroom 

SAN 27.3 
OITC 27.0 
Difference 0.3 

Boston #8
(storm 
windows open)

Living 
BOS 27.7 
OITC 25.9 
Difference 1.8 

Study 
BOS 23.7 
OITC 23.4 
Difference 0.3 

Average Difference (OITC – 
Flyover) 

0.9 

   
 Standard 
Devia�on 

1.1 

Note: SAN and BOS reference spectrum refers to the average flyover 
spectrum measured at the home.

Table 4-14.  (Continued).
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For the San Diego measurements, interior loudspeaker measurements were conducted in 
ten homes. In Boston, interior loudspeaker measurements were conducted in nine homes, but 
aircraft flyover noise spectrum was only available in four out of the nine homes.

Conclusion: On average, the calculated noise reduction using the OITC spectrum was slightly 
lower (0.9 dB) than that calculated using the flyover spectrum.

4.4.3 Repeatability

At one of the test homes, the research team repeated the ground-level loudspeaker measure-
ment with no change in loudspeaker position to determine whether the results changed from test 
to test. The goal was to determine whether the measurement engineer could induce significant 
variation in the test results. Table 4-15 summarizes the findings.

Conclusion: The noise reduction varied by less than 1 dB when measurements were repeated.

4.4.4 Measurement of Exterior Wall and Roof vs. Exterior Wall Only

Similar to the exterior loudspeaker methods, the research team conducted measurements 
of noise reduction using two methods: (1) making an exterior spatial measurement of the wall 
and roof-ceiling assembly, and (2) making a spatial measurement of just the exterior wall. The 
resultant difference in noise reduction is presented in Table 4-16.

Conclusion: The noise reduction increased when the wall and roof were measured. This is 
opposite of what happened when the loudspeaker was located outside of the building.

4.5 Architectural Survey and NLR Computation

It is not always feasible to measure the noise reduction of each habitable room in a residence, 
nor to acoustically test every residence potentially eligible for sound insulation. However, there are 
acoustical calculation methods available to estimate the NLR of a room/home. These calculation 

        Measured NLR (dB) 

Residence Room 
Ref. 

Spectrum Descrip�on 
Msmt.

1 
Msmt.

2 Difference
Standard 
Devia�on 

San Diego #1 Living 
Room 

OITC Exterior Wall 
Only 22.5 22.2 0.3 0.2 

SAN Exterior Wall 
Only 24.5 24.0 0.5 0.4 

 
San Diego #6 

Living 
Room 

OITC Wall and Roof 22.3 22.9 0.6 0.4 
SAN Wall and Roof 23.7 23.3 0.4 0.3 

Dining 
Room 

OITC Wall and Roof 24.3 25.3 1.0 0.7 
SAN Wall and Roof 26.9 26.7 0.2 0.1 

San Diego #4 

Living 
Room 

OITC Exterior Wall 
Only 20.8 20.2 0.6 0.4 

SAN Exterior Wall 
Only 22.8 22.3 0.5 0.4 

Bedroom 
1 

OITC Exterior Wall 
Only 24.6 24.9 0.3 0.2 

SAN Exterior Wall 
Only 26.7 27.1 0.4 0.3 

        Average 0.5 0.3 

Note: SAN reference spectrum refers to the average flyover spectrum measured at the home.

Table 4-15.  Interior loudspeaker, repeatability of measurement.
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Table 4-16.  Interior loudspeaker, comparison of wall/roof  
and wall only measurement.

NLR (dB) Residence Room
 

Ref. 
Spectrum Descrip�on

 

 
San Diego #6 

Living 

OITC 
Exterior Wall and Roof 22.6 
Exterior Wall Only 20.2 
Difference 2.4 

SAN 
Exterior Wall and Roof 23.5 
Exterior Wall Only 20.8 
Difference 2.7 

Dining 

OITC 
Exterior Wall and Roof 24.8 
Exterior Wall Only 22.3 
Difference 2.5 

SAN 
Exterior Wall and Roof 26.8 
Exterior Wall Only 23.7 
Difference 3.1 

 
San Diego #7 

Living 

OITC 
Exterior Wall and Roof 20.1 
Exterior Wall Only 16.8 
Difference 3.3 

SAN 
Exterior Wall and Roof 20.0 
Exterior Wall Only 16.9 
Difference 3.1 

San Diego #8 

Dining 

OITC 
Exterior Wall and Roof 21.3 
Exterior Wall Only 19.3 
Difference 2.0 

SAN 
Exterior Wall and Roof 21.9 
Exterior Wall Only 19.9 
Difference 2.0 

Master 
Bedroom 

OITC 
Exterior Wall and Roof 31.8 
Exterior Wall Only 30.2 
Difference 1.6 

SAN 
Exterior Wall and Roof 32.6 
Exterior Wall Only 31.0 
Difference 1.6 

San Diego #10 
Bedroom 
1 

OITC 
Exterior Wall and Roof 23.0 
Exterior Wall Only 22.4 
Difference 0.6 

SAN 
Exterior Wall and Roof 24.0 
Exterior Wall Only 23.3 
Difference 0.7 

Average 
Difference 

   OITC 2.1 
   SAN 2.2 
   Overall 2.1 

Standard    OITC 0.9 
Devia�on    SAN 1.0 

  Overall 0.9 

Note: SAN reference spectrum refers to the average flyover spectrum measured at the home.
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methods are used extensively during the design process of new buildings, and the results are used 
to inform the architect of the required TL performance of the building envelope components 
(e.g., windows, doors).

In general, the acoustical calculation methods utilize a library of TL data for typical building 
components. This performance data comes from a variety of sources, as summarized below:

•	 Exterior walls: National Research Council of Canada, California Office of Noise Control.
•	 Windows: National Research Council of Canada, window vendors, glazing manufacturers 

(glass only).
•	 Doors: National Research Council of Canada, door vendors.
•	 Roof-Ceiling Assemblies: National Research Council of Canada, roofing manufacturers (limited).

In order to accurately calculate noise reduction, an architectural survey must be conducted. 
Section 4.5.1 summarizes the components of an architectural survey.

4.5.1 Architectural Survey

The goal of the architectural survey is to catalog the pertinent details of the building envelope 
to inform the calculation procedure. The façade and room elements are inspected and pertinent 
details are logged. The following summarizes the types of data gathered:

•	 Exterior Wall
 – Wall type: brick, stud, concrete masonry unit.
 – Stud thickness and presence/type of wall insulation.
 – Exterior sheathing type: vinyl siding, wood siding, stucco, brick, etc.
 – Interior sheathing type and thickness: gypsum board, tongue-and-groove, etc.

•	 Windows
 – Dimensions.
 – Frame material: aluminum, vinyl, wood, etc.
 – Glazing configuration: thickness of panes, air space between panes, laminated or float.
 – Condition of window: leaky, average, good.
 – Operation type: double-hung, horizontal sliding, casement, fixed, etc.

•	 Doors (including storm doors)
 – Dimensions.
 – Material: wood, fiberglass, metal, etc.
 – Glazing: size, type, thickness of lites, airspace between lites.
 – Gasketing: type, material, condition, quality of seal (credit card test).
 – Door bottom: type, material, condition, quality of seal (credit card test).

•	 Roof-Ceiling Assembly
 – Type: flat, pitched (e.g., gable, hip), etc.
 – Roof material: asphalt shingle, tile, tar-and-gravel, etc.
 – Attic insulation: thickness, type.
 – Roof vents: type, quantity.

•	 Room Details
 – Dimensions.
 – Floor type: carpet, hardwood, tile, etc.
 – Wall type: gypsum board, etc.
 – Ceiling: type (flat or vaulted), material.
 – Furnishings: sofas, beds, bookshelves, entertainment center, etc.

The data from the architectural survey is then input into software or a spreadsheet to calculate 
the noise reduction of the room.
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4.5.2 Acoustical Calculation Procedure

In order to calculate the noise reduction of a room, there are three primary steps: (1) deter-
mine the TL of each element, (2) calculate the CTL of all elements, and 3) convert TL to noise 
reduction. For the first step, the engineer must first determine the transmission of each build-
ing element. This is accomplished by selecting the laboratory TL of the building element most 
similar to that of the room being calculated. This requires information from the architectural 
survey and the use of engineering judgment, as often the building element encountered in the 
field does not perfectly match the available laboratory TL data.

In addition, for elements that are degraded (e.g., leaky windows, poor door weather stripping), 
a correction must be applied to account for this less-than-ideal condition (as laboratory TL data is 
based upon perfect conditions).

After the laboratory data has been selected for each building element, the CTL of the room 
must be calculated. This is accomplished using a logarithmic formula (shown below), which 
takes into account the surface area of each building element and its TL performance. In general, 
the building element with the most surface area will control the CTL; however, since the calcula-
tion (and the decibel scale) is logarithmic, the CTL can be significantly degraded by a building 
element with low TL.

Transmission coefficient 
i

avg
1

1

Si

Si
i

n

i

n

∑
∑

τ =
τ=

=

�

where 10 10

TL
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−





then composite transmission loss CTL 10 log
1

avg
10=

τ






The final step in the acoustical calculation process is to convert TL into noise reduction. This 
consists of making a correction for room factor, which is the amount of acoustically absorptive 
material in a room. Section 4.1.3 of this report provides more information on the effect of 
absorptive materials on noise reduction. In general, the more acoustically absorptive material 
in a room, the higher the NLR will be. The research team performed reverberation time (RT60) 
measurements in every tested room. The research team measured reverberation time data to 
convert TL data to noise reduction using the following formulas:

10 logNR CTL
S

A
= − 





where

 NR = Noise reduction (dB), usually A-weighted
 CTL = Composite Transmission Loss (dB)
 S = area of the transmitting surface(s) (m2 or ft2)

 A =  absorption, k
room volume

RT
× 



60

 per 1⁄3 octave band from 80 Hz to 5 kHz (Sabine),  

where k = 0.049 in Imperial units, and k = 0.161 in International System (SI) units.

For every room acoustically tested, an architectural survey was conducted and noise reduc-
tion calculations were performed using two models: IBANA-Calc and a spreadsheet using the 
reverberation formula and the CTL formulas shown above.
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4.5.2.1 IBANA Calculation Model

The first model employed was the IBANA (Insulating Buildings Against Noise from Aircraft) 
software, which was created by the National Research Council Canada. This model employs a 
graphical user interface and requires the user to input the following:

•	 Source spectrum (in one-third octave bands) and exterior noise level (see Figure 4-5); default 
spectra include:

 – Standard aircraft.
 – Canadian Mortgage Housing Corporation (CMHC) reference source.
 – OITC reference source.
 – Chapter (Stage) 2 jets.
 – Chapter (Stage) 3 jets.
 – Helicopters.
 – Custom spectrum can be added by the user.

•	 Floor area (m2 or ft2).
•	 Acoustical absorption as a percentage of floor area.
•	 Surface area and TL of building elements (see Figure 4-6); the software includes transmission 

loss data for:
 – 2 × 4 stud exterior walls.
 – 2 × 6 stud exterior walls (with and without resilient channels).
 – Staggered stud exterior walls (with and without resilient channels).
 – Doors.
 – Glazing and windows.
 – Wood joist roofs.
 – Wood truss roofs.
 – Raised heel wood truss roofs (with and without vents).
 – Steel deck roofs.
 – Custom building elements can be added by the user.

Figure 4-5.  IBANA source spectrum selection screen.
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•	 Optional correction factors (not used):
 – Air absorption.
 – Vertical angle of incidence.
 – Horizontal angle of incidence.
 – Horizontal angle of view.
 – Ground reflection.

For each set of inputs, a scenario is created. The user is able to name the scenario to allow for 
tracking of multiple scenarios. The composite noise reduction and resultant interior noise level 
is calculated by IBANA for each scenario (Figure 4-7).

4.5.2.2 Spreadsheet Calculation Model

The research team created a spreadsheet incorporating the CTL formula shown in  
Section 4.5.2. For each tested room, the research team input the surface area of each building 
element and used the same TL values as used in the IBANA modeling. This yielded a composite 
(or average) TL for each tested room. The research team then used the reverberation time 
formula contained in Section 4.5.2 to convert the CTL into composite noise reduction.

Figure 4-8 shows a sample calculation spreadsheet.

4.5.3 NLR Calculation Results

The research team calculated the noise reduction of each room that was acoustically tested. 
Table 4-17 summarizes the results of the calculations and compares them to the loudspeaker and 
flyover measurement results. Specifically, the average NLR was computed for each NLR testing 
method, and variation in results from that average was computed for each method. The research 
team found the following from this comparison:

•	 The NLR calculations generally agreed with the measurement findings.
•	 There were some outliers in the NLR calculations, which increased the standard deviation.

Figure 4-6.  IBANA building element input screen.
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•	 It is important that the field survey be very detailed so the calculations are accurate; even then, 
it is possible to miss flanking paths (noise leaks) that would overstate the calculated NLR.

•	 The IBANA computation method was preferable to the spreadsheet method because of the 
database and other factors incorporated.

4.6 Air Infiltration and Noise Reduction

As a part of the field measurements in San Diego and Boston, the research team conducted air 
infiltration (blower door) measurements at most of the homes. The purpose of this testing was to 
determine whether there was a correlation between air infiltration and façade noise reduction as, 
in theory, higher infiltration values should correspond to lower noise reduction (i.e., the leakier 
the façade, the more paths for noise to enter the residence).

Summary:

•	 A comparison of air infiltration to measured noise reduction was made for homes where 
flyover and loudspeaker noise reduction was measured.

•	 Based on published data, the research team would expect lower noise reduction when air 
infiltration was high (i.e., leakier homes allowed more noise intrusion).

•	 The research team found that higher measured air infiltration with the blower door test did 
not correspond to lower NLR.

4.6.1 Measurement Procedure

At ten homes in San Diego and five homes in Boston, air infiltration tests were conducted in 
rooms where acoustical testing took place. The air infiltration tests were conducted per ASTM 
E-779-10; a brief description of the measurement procedure follows:

1. A blower door fan was set up in the doorway of the room to be tested. If there were doorways or 
openings to other rooms (e.g., a bathroom), this door/opening was sealed airtight. See Figure 4-9.

Figure 4-7.  IBANA calculation results screen.
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Figure 4-8.  TL calculation sample spreadsheet.
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Average 
NLR 

(no int.
spkr.) 

Diff.
from 
Avg 
NLR 

Elevated
Loudspeaker

Diff.
from 
Avg 
NLR 

Ground 
Loudspeaker

Diff.
from 
Avg 
NLR 

Interior
Loudspeaker

Diff.
from 
Avg 
NLR 

Diff.
from 
Avg 
NLR 

Diff.
from 
Avg 
NLR Residence Room Flyover Spreadsheet IBANA 

San Diego 
#1

Living 26.2 26.3 -0.1 24.5 1.7 24.3 2.0 28.1 -1.9 26 0.2 
Dining 26.4 28.0 -1.6 22.2 4.3 25.2 1.2 28.5 -2.1 27 -0.6

San Diego 
#2

Living 26.1 24.3 1.9 25.2 1.0 23.2 2.9 28.1 -2.0 27 -0.9
Office 23.3 20.4 2.9 18.4 4.9 22.8 0.5 27.3 -4.0 27 -3.7

San Diego 
#4

Living 23.4 23.3 0.1 21.6 1.8 22.6 0.8 24.7 -1.3 24 -0.6
Bedroom
1 

26.8 26.4 0.4 25.0 1.8 26.9 -0.1 29.7 -3.0 26
0.8 

San Diego 
#5

Living 25.0 24.0 1.0 21.3 3.7 23.6 1.4 29.8 -4.8 25 0.0 
Bedroom
1 

29.0 30.0 -1.1 26.3 2.7 35.5 -6.6 30.5 -1.6 29
-0.1

San Diego 
#6

Living 21.9 24.9 -3.0 21.0 0.9 20.9 1.0 23.1 -1.2 17.8 4.1 25 -3.1
Dining 27.5 27.4 0.1 23.7 3.8 26.4 1.1 26.1 1.4 31.0 -3.5 29 -1.5

San Diego 
#7

Family 26.4 26.5 -0.1 25.6 0.8 25.7 0.7 22.8 3.6 27.2 -0.8 27 -0.6
Living 25.1 25.1 0.0 23.8 1.3 24.6 0.5 18.5 6.7 27.5 -2.4 24 1.1 

San Diego 
#8

Dining 21.2 19.4 1.9 19.9 1.3 19.6 1.7 20.9 0.3 23.3 -2.1 24 -2.8
Master 
Bed

26.7 22.2 4.5 28.6 -1.9 28.3 -1.6 27.3 -0.6 27.3 -0.6 27 -0.3

San Diego 
#9

Living 21.3 21.8 -0.5 19.8 1.5 19.4 1.9 21.8 -0.5 22.3 -1.0 23 -1.7
Bedroom
1 

28.3 31.7 -3.4 26.1 2.2 25.6 2.7 27.6 0.7 30.3 -2.0 28
0.3 

San Diego 
#10 

Bedroom
1 

20.1 17.5 2.6 18.9 1.2 17.6 2.5 23.7 -3.6 23.5 -3.4 23
-2.9

Bedroom
2 

25.9 25.0 0.9 25.3 0.7 25.1 0.8 27.0 -1.1 28.3 -2.4 26
-0.1

Boston #6
Dining 23.1 20.2 2.9 25.0 -1.9 25.0 -1.9 25.0 -1.9 21.3 1.8 24 -0.9
Bedroom
2 

22.3 22.0 0.3 25.1 -2.8 24.9 -2.6 26.9 -4.6 19.3 3.0 20
2.3 

Boston #8
Living 24.8 24.2 0.6 25.0 -0.2 24.8 0.0 27.7 -2.9 25.0 -0.2 25 -0.2
Study 27.0 29.5 -2.5 26.6 0.4 25.7 1.3 23.7 3.3 26.2 0.8 27 0.0 

Average 
Difference 0.4 0.5 1.4 0.1 -1.3 -0.7

Standard
Devia�on 1.9 1.7 1.8 2.9 2.1 1.4 

Notes:
1) Correc�ons applied—Flyover: 2 dBA, exterior loudspeaker: 2 dBA, interior loudspeaker: 5 dBA.
2) Average NLR difference calculated by first averaging all of the NLR across all measurement methods (except interior loudspeaker and sound intensity), and then subtrac�ng
the NLR from one method (e.g., flyover) from the average NLR. Interior loudspeaker not used in average as this method does not follow na�onal standards and the 5-dB correc�on 
applied to the data is based on limited field measurements (i.e., not fully ve�ed).
3) All differences are calculated by subtrac�ng from the average noise reduc�on.
4) Blank cells indicate no elevated loudspeaker test was performed at the corresponding residence.

Table 4-17.  Comparison of NLR calculations to acoustical measurements.
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2. The fan was then turned on and either created a positive or negative pressure differential 
between the room under test and the adjacent spaces (including the outside). Typically, a 
negative pressure differential was created. The fan was ramped up until there was a pressure 
difference of 50 Pascals between the room under test and the adjacent spaces.

3. The amount of airflow required to maintain the 50 Pascals was then measured. For this proj-
ect, multi-point measurements were made, meaning airflow was measured at various pres-
sure differentials to provide for more accurate air infiltration values.

Blower door testing was conducted in most of the rooms acoustically tested; however, there 
were some instances where it was not appropriate to conduct the blower door measurement. 
For example, when a living room was acoustically tested, this living room was often open to a 
dining room and/or kitchen. When the research team acoustically tests this condition, the team 
is primarily measuring noise entering the living room from the front door and living room win-
dows. However, the air infiltration test is quantifying infiltration from the living room plus the 
kitchen and/or dining room. Thus, in this case, it would not be reasonable to compare measured 
air infiltration to noise reduction.

Figure 4-10 shows a sample air infiltration graph.

4.6.2 Comparison of Air Infiltration to Noise Reduction

Figures 4-11 and 4-12 compare the measured air infiltration [in terms of cubic feet per 
minute (cfm)] to measured façade noise reduction. The research team has included the 

Figure 4-9.  Blower door test.
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measured flyover noise reduction and the noise reduction measured using an exterior loud 
speaker.

As can also be seen in Figures 4-11 and 4-12, NLR is not correlated to the measured air 
infiltration. The lack of correlation may be due to the following:

•	 Air infiltration from interior walls, ceilings, and floors: When an air infiltration test is performed, 
air can leak into a room via the building façade and interior walls, floors, or ceilings. This would 
lead to higher infiltration values than infiltration from the façade alone. Unfortunately, it is 
not feasible with the current testing protocol to only measure infiltration from the façade.

•	 Some infiltration paths may not be noise paths: leaky doors and windows reduce noise reduc-
tion (Sabine et al. 1975); however, infiltration via vents, flues, and other openings may not 
be a significant path of noise intrusion. For example, a fireplace may allow for significant air 
infiltration, but not be a significant path of noise when there is a damper and/or solid fire-
place doors.

4.7 Sound Intensity

4.7.1 Introduction

Sound intensity is an attractive concept for airport sound insulation programs because it does 
not require measurement of the reverberant field in the receiving room. Ideally, this would elim-
inate the errors and anomalies associated with non-uniform reverberant fields and the standing 
wave effects of reflections from parallel surfaces, as reflections create resonances. Intensity mea-
sures both the pressure (a scalar or non-directional parameter) and the velocity (a vector, having 
both magnitude and direction) of the sound. Therefore, it is theoretically possible to directly 
measure the intensity or power flow into the receiving room (the room under test). Moreover, 
in contrast to pressure measurements, intensity measurements made close to room surfaces and 
with a high enough resolution should reveal hot spots, sound leaks, and other problems, and not 
just total power flow into the test room.

Figure 4-10.  Typical air infiltration graph.
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Figure 4-11.  San Diego comparison of air infiltration and noise reduction.
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Summary: The research team conducted sound intensity measurements in five homes within 
the vicinity of the San Diego International Airport. Additional sound intensity measurements 
were conducted at a research team member’s residence in Champaign, IL, for comparison pur-
poses. The research team took measurements from outdoors to indoors, as well as from indoors 
to outdoors. The conclusions are as follows:

•	 Classical acoustic theory presumes that TL is the same in both directions (i.e., a wall performs 
equally whether the source of noise is inside of a home or outside of a home). Through this 
study, the research team found this generally to be true.

•	 In these measurements of the two directions, the research team used the pressure incident on 
the surface of the source side of the wall and windows rather than positions 0.3 m to 2 m (1 to 
6 feet) from the wall surface, and it is believed that the generally equal performance is due to 
the more equal treatment of the source side measurements.

•	 The best strategy when conducting sound intensity measurements is to measure as close to 
the exterior wall as feasible.

•	 Based on the research team’s experience, the technology and time required preclude the use 
of sound intensity for airport sound insulation programs at this time.

•	 There are a number of enhancements suggested to provide for better sound intensity results 
and possibly allow for the use of sound intensity for airport sound insulation programs in the 
future.

•	 Sound intensity holds the promise of someday being an extremely effective method because 
the results are virtually independent of weather effects, the measurements are independent 
of resonance effects, there are no neighbor noise problems, and nearby reflectors are not a 
problem.

4.7.2 Purpose

The purpose of the intensity measurements is to see if sound power (i.e., the acoustic inten-
sity over the building element measured) can be used to determine a building envelope’s TL 
and, if so, to gauge the accuracy, complexity, and costs of using sound intensity with respect to 
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Figure 4-12.  Boston comparison of air infiltration to noise reduction.
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conventional sound pressure measurements. One of the most important questions posed about 
sound intensity measurements is as follows: Does the flow of sound power into or out of a room 
and its measurement ameliorate the resonance issues that are prevalent with measurements of 
sound pressure (i.e., the loudspeaker or flyover method). When one uses pressure, measure-
ments from outdoor sources to indoor microphones do not agree well with measurements from 
indoor sound sources to outdoor microphones; reciprocity does not seem to apply as it should 
with acoustical theory. This study is concerned with the accurate measurement of the aircraft 
noise TL from outside to inside residences, and sound intensity measurements were conducted 
to determine whether they could provide the most accurate TL measurement.

Aircraft noise usually impinges on a residence at an angle, e.g., 45°. With three-dimensional 
sound intensity, one can measure the angle at which the power is flowing as it travels from out-
doors through the building façade into a room.

4.7.3 Background

Acoustic velocity is difficult to measure directly, so a pair of opposing microphones is typically 
used to approximate the pressure gradient, which is the change in pressure (Dp) with a change 
in distance (Dx). The original intensity meters, developed in the early 1980’s, used a single pair 
of phase-matched microphones. For middle frequencies (e.g., 100 to 4000 Hz), a 2-cm to 3-cm 
(0.8 in. to 1.2 in.) space was established between the microphone pair as the distance (Dx). At  
100 Hz, a 2.5-cm (1.0 in.) spacing is 1/120 of a wavelength, so the expected change in phase 
is (1/120) p 360 or 3°. Accurate measurement with a resolution of 3° requires that the phase 
matching be 10 times better than that being measured; in this case, phase matching should be 
0.3° or less. A three-dimensional sound intensity system with visualization was used in this 
study, and the phase error for this assembly is specified as 0.8 dB at 60 Hz and is negligible 
above 60 Hz.

The configuration of the two microphones in the classical intensity meter form what is called 
an acoustic dipole (two close acoustic receivers of opposing phase). However, the simple dipole 
that is formed by the two microphones is rather insensitive to direction. More recently, three 
pairs of microphones have been used to measure intensity in three dimensions. Nagata et al. 
(2005) reports on their tests using their three-axis, six-microphone array. Among other things 
they report and show that they find peaks in a spectrum. This is correct, but they do not find the 
entire spectrum with sharp resolution; their frequency range is 200 to 2000 Hz.

The latest intensity probes are based on a tetrahedron that uses four phase-matched micro-
phones. In this configuration, there are six unique microphone pairs, with two pairs for each 
axis. This configuration yields significantly better angular resolution than is given by dipoles. 
The system’s manufacturer reports a resolution of 3 cm to 5 cm (1.2 in. to 1.9 in.) when the 
camera is positioned at 1.5 m (4.9 ft.) or less. This implies a resolution of at least 5 cm at 1.5 m 
(1.2 in. at 4.9 ft.), and this indicates an angular resolution of 2°. They also report what is termed 
“orientation errors” and state that they are less than 10° for the frequency range from 100 to 
4000 Hz. Thus, these orientation errors appear to be the limiting factor for angular resolution. 
The microphone goes one octave higher because with the tetrahedron array, there is a symme-
try that permits correction for an error that cannot be done when using six microphones. They 
achieve the added octave at low frequencies by enhanced phase matching.

The basics of this project’s test plan can be summed up in three simple steps:

1. Find and rent equipment,
2. Make measurements, and
3. Analyze the data.
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While this plan appears to be straightforward, to obtain the 2.5° resolution specified for this 
microphone assembly, one has to know the position of the microphone assembly with respect to 
the object or room under test, and the pitch and yaw of the microphone assembly itself. Since the 
goal is to gather directional data on sound power flow, it is not sufficient just to know the x, y, 
and z coordinates of the microphone assembly; one must also know the orientation of the assem-
bly with respect to the source. In this case, the research team needed to know if the assembly was 
directly facing the wall, pointed up or down, or to the left or right. Pitch is a measure of up or 
down and yaw is a measure of left or right. This positioning and orientation capability should 
be at least as precise as the measurements that are being attempted, and preferably by 2 times 
or more. With the older dipole sensors, this location and orientation were not very significant 
because they had little directivity. Their resolution capability was about 45° at mid frequencies, 
poorer at lower frequencies, and better at higher frequencies.

One may ask what dipole intensity meters were good for. It turns out that intensity meters 
of the type described were used to measure the total sound power radiated by different items of 
equipment and machinery. This made the measurement of sound power feasible at locations that 
would otherwise not be suitable, and it obviated the need for a reverberant room or an anechoic 
chamber to test machinery. The earlier meters did a good job of measuring the total radiated 
sound, but they were not good at identifying individual sources of radiated sound energy.

4.7.4 Sound Intensity Measurements

4.7.4.1 Instrumentation

The basic instrumentation used for the intensity measurements was the three-dimensional 
sound intensity system with visualization, a standard Type I sound level meter, and a noise 
source. The instrument exists mainly as software and runs from a portable computer. The 
microphone, a wand assembly, and a continuously running video camera were connected to the 
portable computer via USB. The camera was used to track the position of the microphone wand 
assembly. Specifically, the camera and computer tracked a light on the wand to determine the 
position of the wand as a function of time. The angular position of the wand was determined 
from the angular location of the light bulb in the picture, and the distance of the wand from the 
camera is determined by the size of the light bulb in the picture (see Figure 4-13). The wand 
primarily consists of the microphone assembly and two gyroscopes mounted perpendicularly 
from one another that measured the pitch and yaw.

Figure 4-13.  Sound intensity system (instrument 
synchronization).
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Figure 4-13 shows the wand being synched to a known coordinate in the room; the wall to 
be measured is shown in the background. The red, green and blue colors showing the three 
coordinates are not actually physically in the room, but are superimposed showing the reference 
for the coordinate system. The wand’s light must be easily visible or the system does not work.

4.7.4.2 San Diego Measurements

Measurements were conducted in five homes within the vicinity of the San Diego Interna-
tional Airport. Traditional aircraft sound TL measurements were conducted at these five houses, 
using a loudspeaker both inside and outside, and aircraft flyover measurements were also made. 
The intent was to be able to compare the intensity measurements to the traditional measure-
ments, and to a small extent the research team was able to do this. However, even with the 
manufacturer of the three-dimensional sound intensity system helping (after spending a day 
doing preliminary measurements in San Francisco), the research team had to overcome the fact 
that the sound intensity system had been designed to use on a shop floor. The light on the wand 
works well indoors in a commercial setting, but did not work in sunlit rooms that are typically 
found in the residences. In an indoor setting, the room is darker and a nearly white bulb sticks 
out against the dark background. In the outdoor setting, the human eye can’t see if the light is on 
or off. Two or more different bulb colors are needed for different lighting situations. This appli-
cation was unknown to the instrument manufacturer until the research team talked to them, but 
the instrument is capable of having different light colors, the software just needs to be created to 
implement it. As such, the research team had to find ways to make the instrument work in the 
existing lighting. This involved using shade and dark clothes to block the light coming through 
windows until the research team achieved enough contrast to make the instrument functional.

There were several other smaller problems, all of which took time to understand and correct. 
However, the biggest limitation was that the traditional loudspeaker TL measurements were 
being conducted much more quickly than the intensity measurements could be made. Extra 
time was required because (1) the research team was not adept in the operation of the sound 
intensity instrument (a second round of measurements were conducted in Champaign, IL, 
where more time could be spent on the measurements) and (2) the research team did not (and 
in retrospect, still does not) know the required measurement time. So being conservative, the 
research team attempted to sweep broad areas, typically using measurement durations of 1 to 
3 minutes (the limit is about 5 minutes). If great resolution is not required, it could be that 2 to 
4 seconds of measurements spread over two to three camera positions would suffice.

The following section describes the measurements made in Champaign and is followed by all 
the data that turned out to be useful from measurements gathered in San Diego.

4.7.4.3 Champaign Measurements

For sound intensity to be useful, the research team needed to be able to measure the net sound 
energy flowing into the room via all pathways. The starting point was to measure the sound 
flowing into a room through an outdoor-facing wall having one or more windows. These mea-
surements were conducted at a research team member’s Champaign residence. Figure 4-14 
shows a partial first floor layout, indicating the dining room as the room where the measure-
ments were conducted and the primary wall on which they were conducted. The dining room 
has two walls that face the outside, one with a pair of double-hung windows, the other with no 
openings. The construction is standard 2 × 4 stud wall (actual dimensions 38 mm × 89 mm) 
construction on 406-mm (16-inch) centers, 122 cm (4 feet) of plywood as corner bracing, 
and insulation board for remainder of the external facing surface on the 2 × 4 stud wall.1 The 

1 In this section and for other house construction details, English units are retained, not in small part, because some of these 
are nominal and not true dimensions (e.g., a 2 x 4 is neither 2 inches on one side nor is it 4 inches on the other).
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Figure 4-14.  Champaign home floor plan and measurement location.
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cavities in the wall were fully filled with batt insulation, and the wall was finished with a brick 
veneer. The windows are 43-year-old narrow line, double pane models. The space between 
the panes is fairly small, less than 1 cm (2.5 inch). With this construction, the research team 
expected the vast majority of the sound flow through the window, and that is what the results  
appear to show.

Since the overall purpose is to measure the transmission loss from outdoors to indoors, 
the research team concentrated first on measuring the sound power flowing through 
the wall into the room from an outdoor loudspeaker. The signal source was pink noise  
(i.e., noise with equal energy per octave). The loudspeaker was mounted 1.8 m (5.9 ft.) in 
the air and 9.1 m (23.8 ft.) from the face of the house in the normal direction 90° from the 
wall. An outdoor microphone was always located 1.8 m (5.9 ft.) from the wall. According to 
ISO and ASTM, with distances that are 1 m to 2 m (3.3 ft. to 6.6 ft.) from a wall, it is normal 
for the sound level (A-weighted) to be increased by 3 dB over what would occur without the 
reflecting wall. At the surface of the wall, this increase becomes 6 dB. Therefore, the difference 
between measurements at the wall and at the microphone is 3 dB minus the change for dis-
tance spreading: the change from 7.3 m to 9.1 m (23.9 ft. to 29.8 ft.). For comparison purposes, 
measurements were made with a second microphone at about 20 positions on the wall with 
the microphone windscreen just touching the surface of the wall. The discussion later with 
Table 4-18 shows that the values measured were consistent with the 3 and 6 dB predictions 
given above.

The three-dimensional sound intensity instrument is specified as being able to measure a 2.0 m 
by 2.5 m (6.6 ft. by 8.2 ft.) area at a distance of 2.5 m (8.2 ft.) from the camera. However, the mea-
surement accuracy is 3 cm to 5 cm (7.6 in. to 12.7 in.), but only up to a camera distance of 1.5 m 
(4.9 ft.) beyond which it degrades. At a camera distance of 1.5 m (4.9 ft.), the measurement area 
is limited to 1.2 m by 1.5 m (3.9 ft. by 4.9 ft.).

The measurements were made by sweeping the microphone array all throughout the desig-
nated measurement area. To measure a whole wall, the wall had to be divided into several seg-
ments, each measured separately. The sound intensity instrument does this easily and efficiently. 
The results are a field of vectors that together indicate the sound power flow.

However, it takes time to learn and understand fully how the meter is processing the data. 
The software reports the total sound power flowing in a normal direction through a designated 
plane surface, in this case, the dining room wall. In actuality, the total sound power is really a 
summation of the sound power over all the vectors. This topic, understanding and analyzing the 
results, is developed in Section 4.7.5

4.7.5 Sound Intensity Results

4.7.5.1 Champaign

Although there is a fair amount of data, the most interesting and elucidating are the com-
posite data for the sound flowing from outdoors to indoors, as well as from indoors to out-
doors, and the comparison of these two. Figure 4-15A shows the composite sound flow out 
of the room. It shows the window space filled with vectors largely normal to the surface. 
These vectors begin to spread out and diverge as they move away from the window in a very 
smooth and regular fashion, with the lowest levels being where they have turned the most. In 
contrast, Figure 4-15B shows the sound going through the window into the room. The sound 
diverges towards the wall but soon meets the corner where it becomes lower in level and the 
flow (apparently) becomes turbulent. In some places the direction changes by 90° from one 
vector to the next. An example of this is circled in red in Figure 4-15B.

Evaluating Methods for Determining Interior Noise Levels Used in Airport Sound Insulation Programs

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23473


88  Evaluating Methods for Determining Interior Noise Levels Used in Airport Sound Insulation Programs

Figure 4-16 shows the composite of the wall stitched together, in this case from five indi-
vidual measurement episodes, one from each quadrant around the window, and one from the 
center of the window. To make the comparison of the results for the two flow directions easier 
to view, Figure 4-17 contains a side view and again shows the frontal view of the composites for 
each of the two directions of flow. Again, one can see only straight lines of the inside to outside 
composite and the considerable curling turbulent structure of sound flow from outside to inside 
the room.

Appendix A contains the spectra for each of the five measurement episodes shown in Figure 4-16. 
The sound intensity instrument does not provide composite spectra; spectra are only available 
for individual measurement episodes.

Figure 4-18 shows the frontal view for each of the three measurement episodes that comprise 
the in to out composite. The sound intensity instrument also outputs a one-third octave spec-
trum covering the full frequency range from 100 to 4000 Hz; however, it is not quite clear how 
the spectrum can and should be utilized. Spectra for all measurements are placed in Appendix 
A and referred to in the text.

4.7.5.2 San Diego

Data were collected at five houses in San Diego, CA. The first house wasn’t successfully mea-
sured, because the research team was still familiarizing itself with the equipment. For the second 
house, San Diego #1, the research team was able to collect satisfactory data on one window and 
wall in the living room. The spectra for these two measurements are somewhat similar, especially 
when compared with other spectral data that were measured for other building elements.

The vector data of Figure 4-19 for San Diego #1 are consistent with the research team’s expecta-
tions. In this figure (top view), the reader will note the difference in the depth at which these two mea-
surement episodes were taken: the first episode is at a depth of 2.5 cm to 42 cm (1 in. to 15-18 in.), the 
second is at a depth of 30 cm to 60 cm (~12 in. to ~24 in.). This difference is used later in the analysis.

On the second day, the research team was only able to collect usable data at the San Diego #1 
residence due to a neighbor’s complaint at the San Diego #3 residence. The San Diego #1 home 
provided the research team with two measurement locations of the same living room window, 
one focusing on the wall left of the window and including part of the window, and the other 
focusing only on the window. A discussion of the frequency spectra can be found in Appendix A.

The difference in spectra for these measurements seems to suggest that spectra may not provide 
very useful data. The spectrum for one of the two left of the window measurement episodes actu-
ally looks more similar to the spectrum taken of the window only condition (see Appendix A).

A. Inside to Outside B. Outside to Inside

Figure 4-15.  Whole wall composite sound flow.

Evaluating Methods for Determining Interior Noise Levels Used in Airport Sound Insulation Programs

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/23473


Figure 4-16.  The “stitching” together of a composite from individual measurements (the “A” in parentheses signifies that the measure  
is A-weighted).
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In contrast, the vector plots of power flow that constitute Figure 4-20 show that the two mea-
surement episodes taken left of the window look similar to one another, and different from the 
measurement episode that was only through the window. The vectors indicate flow in from the 
window, as expected, but then they appear to turn and split into at least two streams. One stream 
appears to be going down at an angle into the party wall between the bedroom and the living 
room, and the other appears to be going down tangentially towards the floor. The measurement 
episode that only includes flow through the window appears to be different from the measure-
ments taken of the wall. Also, it is clear from the bottom right image that the sound entering 
through this window is almost perpendicular to it.

The research team took measurements at San Diego #5, focusing on the living room window 
and wall (Figure 4-21). Two measurement episodes were conducted with the speaker at 45° from 
the room corner and two more with the speaker at 90° from the room center. These measure-
ments of the living room wall included the front door to the house and a buttress in between the 
door and window at 90°. The door had large air leaks, which imply sound leaks.

Figure 4-21 shows the combined pair of measurement episodes conducted with the loud-
speaker at 45°, and the combined pair with the loudspeaker at 90°. It is not certain if, or how, 
these structural components affected the data, but it is clear the results were not what were 

A. Inside to Outside

B. Outside to Inside

Figure 4-17.  Comparative front (left) and side (right) views for the whole wall 
composite sound flow.
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Figure 4-18.  Front view for each of the three 
measurements shown in Figure 4-17.
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expected. The data are very complicated, neither straight through nor at a common angle; thus 
far the research has not been able to interpret the results.

4.7.5.3 Analysis

4.7.5.3.1 Relative Analysis  The research team made use of the results collected from the 
intensity measurements to examine the sound power flow from out to in versus in to out. 
Classical acoustic theory is that the TL is the same in both directions. For each comparison, 
there are SPL measurements on the sound source side of the room wall, and sound intensity 
measurements on the side opposite of the source. These are the composite images presented, 
where the in composite refers to the source outdoors and the out composite refers to the 
source indoors. The sound level for the source outdoors is 95.1 dB at the face of the wall, and 
the level is 108.3 dB at the face of the windows when the source is indoors. Figure 4-14 shows 
the placement of the source with respect to the dining room wall.

Note: One can see the
distance that the second
measurement was from
the wall compared to the
first which was up against
the wall.

Figure 4-19.  San Diego #1 vectors. Note: From the top of the page: top, side, and 
front views of the measurement near the wall (left side) and the measurement that 
begins about 30 cm (11.8 in) from the wall (right side), roughly twice the distance of 
the first measurement.
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As an indication of the reasonableness of the 95.1 dB at the face of the wall, the measurements 
taken at 1.8 m (5.9 ft.) from the wall were consistently 93.9 dB (the loudspeaker at full volume is a 
very steady source). Table 4-18 shows a theoretical calculation of the level at the face of the wall based 
upon the measurement of 93.9 dB at a distance of 1.8 m (5.9 ft.) from the face of the wall. In com-
parison, the level measured at the face of the wall is 95.1 dB compared to the prediction of 95.0 dB.

For the TL measurements, the source side is given in terms of pressure in decibels and the receiver 
side is given in terms of power flow, both into or out of the dining room, as appropriate. So this TL 
result is not the traditional TL. However, the research team also calculates the traditional TL for some 
of the measurements for purposes of comparison. Above, the source side pressure levels are given as 
95.1 dB and 108.3 dB for source outside and inside, respectively. The following discusses and develops 
the power flows into the receiver region that correspond to the two SPLs given above.

The composite power is calculated in the following fashion. For the on-screen display2, the 
intensity meter calculates the total sound power collected over the duration of each of the separate 

Figure 4-20.  San Diego #1 vectors. Note: From the top: top, side, and front views  
of the two measurements.

2 Inexplicably, the sound intensity instrument displays power in watts on the computer screen, and, as noted, this power is the 
total of all the vector powers. However, when the sound intensity instrument outputs the vectors to a file, it outputs vectors 
representing energy in Joules, which are the power multiplied by the duration of the episode.
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episodes that make up the composite. In calculating this power, the sound intensity instrument 
uses only those vectors going through the area of the wall designated by the user. Each vector 
gathered during a measurement episode is a separate estimate of the power being measured. The 
sound intensity instrument sums the power normal to the designated surface over all the vectors 
that constitute the episode. The best estimate of the total is the mean of the vectors, which is the 
reported total energy divided by the number of vectors. The results of this calculation are shown 
in Table 4-19 for the outdoor and indoor data separately, given in decibels.

Figure 4-21.  San Diego #5 vectors. Note: From the top, side, and front 
views of the respective pairs of combined measurement episodes with the 
loudspeaker at 45° (left side) and at 90° (right side).
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For example, for the first line in Table 4-19, the total power calculated by the sound intensity 
instrument and displayed on the meter is a watt level of 72.1 dB, and it is gathered with 1242 vec-
tors. In this case, subtract 10*log(1242) which is equal to 30.9 dB from 72.1 dB to obtain the 
mean estimated power in watts of 41.2 dB (to divide by a number when using decibels it is more 
convenient to subtract a dB-like transformation of the number n to 10*log(n). In this example, 
one needs to divide the total energy (joules in dB) by the number of vectors in dB, which is equal 
to 30.9 dB from 72.1 dB to obtain the mean estimated power in watts of 41.2 dB.

There is one more major issue before the sound power can be estimated. The two composites 
developed for the Champaign house (in to out and out to in) each have the problem that the 
separate measurements going into the composite are not independent. Rather, there is overlap 
to a greater or lesser degree from one measurement to another. So, these five measurements that 
make up the out to in composite must be viewed as five not-so-independent estimates of the 
power flow.

Posi�on 
measured 

Time 
data 

collected  

Number 
of 

vectors  

Sum of 
vector 
power 

estimates 
(wa�s, 

dB) 

10*log 
(number 

of 
vectors) 

dB  

Average 
power 
(wa�s, 

dB) 
4:24 
p.m. 1,242 72.1 30.9 41.2 

  
4:58 
p.m. 1,896 71.7 32.8 38.9 

Inside 
5:08 
p.m. 1,966 63.9 32.9 31.0 

  
5:22 
p.m. 1,437 67.2 31.6 35.6 

  
5:52 
p.m. 1,540 73.0 31.9 41.1 

  
7:11 
p.m. 1,687 82.9 32.3 50.6 

Outside 
7:20 
p.m. 1,034 85.8 30.1 55.7 

  
7:27 
p.m. 1,642 83.7 32.2 51.5 

Table 4-19.  Calculation of composite power.

Assume measured total at wall equals free field at 
wall plus 6 dB, 1.8 m (5.9 �.) from wall; 7.3 m 
(23.9 �.) from speaker, where the speaker is 9.1 
m (29.8 �.) from wall:   93.9 dB 
Assume wall is +6 dB for pressure doubling at ISO +3 dB "posi�on" when 1.8 m 
(5.9 ft.) from wall 

  
  

(ISO +3 dB range is within 1 to 2 m [3.3 to 6.6 �.] from wall): 3 dB 
Difference for distance (speaker to mic = 7.3 m versus 
speaker to wall = 9.1 m) is 20*log(7.3/9.1): -1.9 dB 
Result: (Predicted, 93.9 + 3 – 1.9 = 95 dB) 95.0 dB 
For comparison, measured at wall: 95.1 dB 

Note: All levels in the table are A-weighted.

Table 4-18.  Validation of pressure measurements for out  
to in situations.
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As an example, consider the following two limit situations. In situation one, two measurements 
exactly replicate one another. In this situation, there are two totally dependent measurements and 
neither one alone is the correct result. In situation two, the two measurements do not overlap 
anywhere; they each measure different parts of the source. In this situation, the correct process 
is to sum the two results. In general, if one measurement is dominant, the solution is to take this 
highest estimate as the best estimate.

Consider Table 4-20, which contains example pairs of decibel numbers and their resulting sum.

In Table 4-20 the “sum” of two decibel levels that are more than 6 dB apart (these are in rows 7 
and higher) have a resultant level that is not much higher than the higher of the two levels that 
are being “added” together. For all situations herein where two levels are being added together 
and they differ by 6 dB or more, the higher of the two is termed the “dominant” level, and in 
these situations the “sum” of the two levels is taken to be the higher level itself because the error 
is 1 dB or less.

When the two decibel levels are less than 6 dB apart, they are usually “added” together, but 
the result is still relatively small (70 dB + 70 dB = 73 dB). So 3 dB is the largest number that can 
be added to the higher of the two levels being “summed,” and it occurs when the two levels to 
be combined are equal.

The specific concern is combining the data from more than one measurement of the same 
general area (e.g., a window or door). As noted above, to get the correct answers, one needs to 
combine the different measurements on the same element such that data that overlap are only 
counted once. For combining two sets of measurements, note the following: if the two are totally 
independent then their sum ranges from 0 to 3 dB above the higher of the two measurements. 
It is +3 when the two measurements are equal and less than 1 dB when the two measurements 
differ by more than 6 dB. With respect to Table 4-20, the added level is effectively zero when the 
difference between the two measurements is greater than 20 dB.

The second endpoint is when the two measurements are totally dependent. In this case, one 
of the two levels being “summed” is redundant and effectively discarded. The “sum” is just the 
higher level of the pair. So even if both levels are, for example, 70 dB, the “sum” is 70 dB. That 
is, one could get a result of 73 dB when the correct result was 70, or one could a result of 70 dB 
when the correct result was 73. So in both these endpoint cases, the largest an error can be is 3 dB.

 Row 
number A B Sum 

1 70 70 73.0 
2 70 69 72.5 
3 70 68 72.1 
4 70 67 71.8 
5 70 66 71.5 
6 70 65 71.2 
7 70 64 71.0 
8 70 63 70.8 
9 70 62 70.6 

10 70 61 70.5 
11 70 60 70.4 
12 70 50 70.0 

Table 4-20.  The sums of pairs  
of decibel numbers.
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In the results herein, there is overlap among the 5 out to in measurement episodes, in particu-
lar, episode 1 and 5 are almost equal, 41.2 and 41.1 respectively. In Figure 4.16 one can see that 
about 60% of episode 1 is overlapped by episode 5, and about 40% of episode 5 is overlapped 
by episode 1. A 40% overlap is just under 1.5 dB and a 60% overlap is almost 1.7 dB, so 1.6 dB is 
added to the highest single value. That is, 1.6 dB is added to 41.2 for a power estimate of 42.8 dB.

For the in to out situations, episode 2 is dominant, so the 55.7 dB level of episode 2 is taken as 
the total power estimate.

4.7.5.3.2 Absolute Analysis  In terms of comparing the TL from out to in versus in to out, 
A-weighted and flat-weighted source side pressures were measured using a precision sound level 
meter during the intensity measurements. The sound power levels in Table 4-20 are taken from 
Table 4-19 and show a reasonably good agreement between out to in and in to out, especially for 
the A-weighted values. The intensity meter display was flat-weighted so there was no way of get-
ting A-weighted power levels directly from the meter. However, the sound intensity instrument 
also outputs a spreadsheet that includes one-third octave bands from 100 to 4000 Hz, and it is 
possible therefore to calculate the flat-weighted and A-weighted levels in one-third octave bands 
for both pressure and power. Appendix B provides further discussion on the spreadsheet output 
and contains a table of differences between flat-weighting and A-weighting.

If two spectra differ only in amplitude, then the difference between A-weighting and flat-
weighting for each of these two spectra is a constant. This suggests that for what is being mea-
sured here, the difference between the flat-weighted power and the A-weighted power should 
be about equal for both indoor and outdoor measurements, since both are measurements of the 
same source with the same spectrum but in two different physical configurations: (1) the out-
door measurement when the loudspeaker is outside and 9.1 m from the wall and (2) the indoor 
measurement when the loudspeaker is inside and 3.3 m from the wall. The data in Appendix B 
confirms this constant difference, which is shown in the appendix to be about 3 dB.

The differences are all on the order of 3 dB between flat-weighted and A-weighted values. 
What this says is that the difference between A-weighted pressure and flat-weighted power is 
3 dB compared to what one would get with A-weighted pressure and A-weighted power. That 
also suggests that to the first approximation, A-weighted pressure minus A-weighted power 
equals flat-weighted pressure minus flat-weighted power. And indeed in Table 4-21, the differ-
ence between pressure (A-weighted) minus power (flat-weighted) and pressure (flat-weighted) 
minus power (flat-weighted) is 3.8 dB.

Traditional TL A second comparison made is to calculate the traditional TL. This uses the 
data from the intensity meter, which includes sound pressure and sound velocity in addition 
to intensity for each vector. Table 4-22 lists the total A-weighted Leq for the entire duration of 

 A Weighted  Flat Weighted  A & Flat
Mixed  

Flat Weighted Flat Weighted  Flat Weighted

 Pressure (dB)  Power (dB)  Difference
(dB)  

Pressure (dB) Power (dB)  Difference (dB)

In to
Out  

107.4  55.7  51.7 111.2 55.7 55.5

Out to
In  

95.1  42.8  52.3 100.4 42.8 57.6

Differences: In to Out minus Out to In 0.6 In to Out minus Out to In  2.1

Table 4-21.  Comparison of the measurement of transmission loss  
(out to in vs. in to out).
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each of the five measurements from out to in. This table shows a rather large spread of pressure 
levels, just under 3 dB. However, comparison of the SPL results with the sound power levels of 
Table 4-22 reveals a strong correlation between pressure and intensity. Because the estimate of 
sound power was based on only the two higher sound power levels, the estimate of the receiving 
room SPL is based on the two pressure levels that correspond to these two higher sound power 
levels. One SPL is 67.2 dB and the other is 67.4 dB, so the clear choice for the estimated sound 
pressure received in the dining room is 67.3 dB. The corresponding source side pressure as given 
above is 95.1 dB, so the indicated loss is 27.8 dB, which appears to be a reasonable value for the 
construction described earlier.

Assessing the reasonableness of the estimate of power flow into the dining room In this section, 
the reasonableness of the estimate of power flow into the dining room is tested. As expressed above, 
the intensity meter simultaneously measures and records pressure and velocity as well as intensity. 
So for the out to in situation, the sound power is flowing into the dining room where a moderately 
reverberant field is established. With reference to Figure 4-14, the west end of the dining room should 
be the “reverberant” end of the dining room. This was somewhat verified by a walk around the din-
ing room using a hand-held, Type 1 SLM with the loudspeaker as the source positioned indoors at 
about 30 cm (11.8 in.) before the middle of the entryway to the dining room from the living room. 
This walk around revealed a constant sound field for about the first 1.5 m (4.9 ft.) to about 1.8 m 
(5.9 ft.) from the window-wall (west wall). Since the intensity measurements herein extend to at most 
0.6 m (2 ft.) or so from the window-wall, the instrument probe should be in a reverberant field.

From the basic theory of room acoustics,

4 W2
op c a( )= ρ� �

where rco is the characteristic impedance of an acoustic wave in air, 415 Rayl, a is the room 
absorption in metric Sabine, P is the reverberant pressure in the room, and W is the sound power 
flowing into the room. This equation is used to find the total absorption, a, in the room and to 
compare this total with the calculated absorption based on the room’s furnishings.

In decibels with W = 42.8 dB and P = 66.1 dB (the decibel levels measured herein), one gets:

P 10 log 4 c 10 log ,

so, log W P 10 log 4 c 4.28 6.61 3.22 0.89

and 10^0.89 7.8 metric Sabine

o

o

W a

a

a

( ) ( )

( ) ( ) ( )

= + ρ −

= − + ρ = − + =

= =

� � �

�

Measurement
Number

Average A
weighted

Leq

Sound Power
Levels from
Table 4 19

1 67.2 41.2
2 65.8 38.9
3 64.5 31.0
4 64.6 35.6
5 67.4 41.1

Energy
Average: 66.1 38.9

Table 4-22.  A-weighted Leq and sound 
power for the five measurement  
episodes that form the outdoor  
to indoor composite.
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To assess the reasonableness of the estimate of power flow into the dining room, the total room 
absorption calculated using the room acoustics formula above is compared with the total room 
absorption based on surface sizes and their finishes, furnishings, and people in the room. The two 
openings to the dining room are the doorway to the kitchen and the large opening to the living 
room. These spaces are treated as having an absorption coefficient of 0.9. With reference to Fig-
ure 4-14, one can see that the dining room is open to the kitchen and very open to the living room.

The kitchen is completely open to the family room, which spans the north side of the house 
and has a 0.97 m (38 in.) by 1.72 m (68 in.) opening to a front hall that is very open to the living 
room, which extends west to an open doorway to the kitchen. Clearly, all the spaces are very 
open to one another. Thus, little sound is expected to be flowing back into the dining room and 
is estimated as equivalent to lowering the absorption coefficient from 1.0 to 0.9.

With these caveats, the total absorption results for the dining room are calculated in Table 4-23 
to be 8.3 metric Sabine (88.8 Imperial Sabine). This value of 8.3 metric Sabine, calculated from the 
room furnishings, compares favorably with the 7.8 metric Sabine (84 Imperial Sabine) calculated 
above using room acoustics, especially given the limits on the assumption of a reverberant space.

4.7.5.4 Enhancements

What Constitutes TL When Measuring Intensity?  The measurement of TL using intensity, 
of necessity, represents a departure from current airport sound insulation program practice to 
at least some degree. In theory, the power flow on either side of a wall should differ by the losses 
only due to the wall itself, whereas the current TL is calculated by the pressures impinging on 
the outside wall compared to the reverberant energy internal to the room. The research team 
has shown that, with intensity, the measurement from outdoors to in and indoors to out is the 
same, where on one side of the wall pressure is measured and the other side of the wall, power is 
measured. Thus, reciprocity has been demonstrated with the use of intensity.

Dining Room Details
Length

(in.)
Height

(in.)
Area
(m2)

Absorp�on
Coefficient

Absorp�on
(a)

Walls
Whole window (west)
wall

144 96 8.9 na na

Window area 72 54 2.5 0.10 0.3
Wall area minus
window area

na na 6.4 0.05 0.3

South wall 140 96 8.7 0.05 0.4
Living room (east) wall
(2*42")

84 96 5.2 0.05 0.3

Living room wall
con�nued

57.5 16 0.6 0.05 0.0

North wall (24" + 42") 66 96 4.1 0.05 0.2

North wall con�nued 28.5 16 0.3 0.05 0.0

Floor 144 140 13.0 0.10 1.3

Ceiling 144 140 13.0 0.10 1.3

Openings Kitchen door 28.5 78 1.4 0.9 1.3

Living room entryway 57.5 78 2.9 0.9 2.6

Furnishings
Three chairs,
cushioned seats

18 18 0.2 0.6 0.1

People One person 0.2

Total Absorp�on (metric Sabine) 8.3

Table 4-23.  Calculation of total absorption in the dining room.
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Since there is reciprocity for both directions, the measurement from indoors to outdoors 
is the more promising direction. In this scenario, one creates a reverberant sound field in the 
room under test and determines the power flow from inside to outside by measuring the power 
flow out through the wall surface. It has been shown that this is feasible in the measurements 
at Champaign, and the difference between power flowing through the wall and power flowing 
through the window has been clearly measured. In theory one could have extended that and 
measured the intensity through the south wall that had no window, or through the roof which 
has a second story between it and the dining room. It would appear that one can measure the 
main wall and any hot spots, and beyond that it is not clear that measurements are warranted 
in any case. Measurements taken from indoors to outdoors have a number of advantages. By 
locating the sound source indoors, one can generate a very loud indoor level and easily measure 
the power flow from inside to outside by measuring intensity on the outside. With this method 
there are no resonance problems, so it appears that this methodology offers a means to make 
more repeatable measurements.

From the research team’s measurements, it is clear that this new TL measurement would, 
of necessity, be numerically different than the old TL because the old TL was on the order of 
25 dB and was the pressure difference on either side of the wall. For this new intensity measure-
ment, one can get an idea of the difference between pressure and power as in Table 4-21 where 
the A-weighted difference between the energy average pressure and power is about 52 dB. This 
makes sense because it is known that the TL is about 25 dB, and (from Table 4-21) the difference 
between pressure and power for an intensity measurement is about 27 dB, for a total difference 
on the order of 52 dB. So, with this new measurement, the numerical values will be on the order 
of minus ~50 dB, rather than minus ~25 dB.

Basic Power or Intensity Measurements  In the scanning of the surface, the research team 
did essentially a three-dimensional scan that included the wall surface and about 30 to 60 cm  
(~1 to 2 feet) out from the wall surface, which is a three-dimensional volume being 30 to 60 cm 
(~1 to 2 feet) times the dimensional surface. When one stops to think about the process, it 
becomes clear that using more than the minimum depth required to scan the surface is not the 
right way to measure power through a surface. What one wants is the narrowest surface depth 
feasible and as close as possible to the wall through which the power flow is being measured. If 
one measures close to the wall with a depth of 30 cm [i.e., 0 to 30 cm (0 to ~1 feet)] from the 
wall], and one measures further from the wall such as a depth of 30 to 60 cm (~1 to 2 feet), then to 
the first order (except for dispersion), the power flow should be the same through either of these 
surfaces. The research team did this very test at the San Diego #1 site. As shown in Figure 4-19, 
the power flow from out to in looks very similar when measured within 30 cm (~1 foot) of the 
window, and within 30 to 60 cm (~1 to 2 feet) of the window. The only difference is that there 
is a little more dispersion at 60 cm (~2 feet) versus 30 cm (~1 foot).

A similar test was done in Champaign for one of the five measurements for the indoor-measured 
cluster. The sound intensity was scanned both close to, and further from the wall/window for 
about the same time. To analyze this, the research team found the total energy within 30 cm 
(~1 foot) of the wall/window and within 60 cm (~2 feet) of the wall/window. As expected, when 
the distance (depth) from the wall is doubled, double the energy is measured. But, as noted ear-
lier, the power should be energy per unit time and for purposes of this discussion the research 
team considers the time to flow 1 foot as the unit of time. So, flowing from 0 to 30 cm (0 to 
~1 foot) yielded half the energy realized by flowing from 0 to 60 cm (0 to ~2 feet). But, in both 
cases, to calculate the power the vector sum is divided by time, where the time to go from 0 to 
60 cm (~0 to 2 feet) is double the time required to go from 0 to 30 cm (0 to ~1 foot); therefore, 
the totals get divided by a given time increment for going from 0 to 30 cm (0 to ~1 foot) and 
double that time increment to go from 0 to 60 cm (~0 to 2 feet). So the power flow does not 
change and it is clear that the power flow should have been measured with just one layer from 
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0 to 30 cm (0 to ~1 foot) from the wall. Any greater depth, or surface removed from the wall, is 
either unnecessary, less precise, or both.

The best strategy is to measure as close to the wall as possible, with the shortest depth possible. 
For most of the situations in this study, this ideally would have been 0 to 10 cm (~0 to 4 inches) 
from the wall or perhaps as much as 0 to 15 cm (~0 to 6 inches) from the wall. The goal should be 
to measure within this narrow distance from the wall, uniformly across the entire surface under 
test. A great assistance to the user would be software that divided the wall into sectors designated 
by the user and based on such things as hot spots and the resolution desired.

For example, consider the wall in the Champaign dining room discussed in Section 4.7.4.3. As 
shown in Figure 4-22, the window is designated as a hot spot and divided into four elements for 
measurement. The adjacent walls are subdivided in a similar but not equal fashion. As shown, 
the dividing lines for the window are normally maintained to the extremities of the wall, giv-
ing the same spacing in one direction off the window. Beneath the window, two wall elements 
are shown that have the same width as elements of the window, but the vertical height of these 
wall elements is not generally equal to the vertical spacing of the window elements. Four more 
elements are shown to the sides of the window, two on each side, that follow the vertical spac-
ing of the window, but for these four elements the horizontal spacing will not generally equal 
that of the window. In the two lower corners, neither direction will normally equal that of the 
window. In the top two corners, the vertical spacing of the windows is not used because of the 
small distance from the top of the window to the ceiling, about 20 cm (8 inches). Rather, these 
two corner elements are set as shown. Finally, directly above the window it again departs from 
following the lines of the window because of the short height. In a practical way this might be 
accomplished by the computer drawing the standard witness lines outside the hot spot and the 
user designating to the computer which elements to merge. As a special case, if one had a uni-
form wall without windows, then the entire wall would be treated as a “hot spot,” with no part 
of the wall outside the hot spot.

More complicated situations would need to be accomplished by dividing the wall into sub-
walls. For example, if there was a room with two separate windows of different size, one could 

Figure 4-22.  Test wall divided into hot spot (window) 
and the remainder (hard wall), with each divided into 
sub-elements.
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take the point midway between the two windows, or something close to that, and use the vertical 
line that goes through that point as the line dividing the wall into two sub-walls, each of which 
would be treated separately as above.

In designating elements, the smallest permitted element dimension would be (for the current 
sound intensity microphone assembly) 5 cm (2 in.), and as a practical matter the smallest ele-
ment dimension should be closer to 10 cm (4 in.). In any event, no element dimension should be 
shorter than the distance that sound intensity instrument can resolve based on the setup in use.

As a practical aid to the user, a screen should display the division of the wall into elements, 
where each element would initially be portrayed in some color such as red. This color would 
change to a contrasting color, such as green, when the requisite number of vectors had been 
gathered in that element. In this way, the operator can see what has been filled in adequately and 
what still needs to be filled in. Also, the software should produce a big (very prominent) warn-
ing in real-time when the instrument is outside of the specified box (e.g., too far from the wall). 
These capabilities become increasingly important as the elements become smaller.

Given that the largest surface area the sound intensity instrument can address at one time is 
about 2 × 2.5 m (6.5 to 8.2 ft.), and that the camera must be 2.5 meters back from the wall, the 
resolution is certainly no more than 10 cm (3.9 in.), and perhaps even larger. If the maximum 
resolution was 10 cm (3.9 in.), then one could divide the 2 × 2.5 meter (6.5 × 8.2 ft.) area into 
500 10 × 10 cm (3.9 in.) elements, 25 across the 2.5 meter (8.2 ft.) width and 20 spanning the 
2 meter (6.5 ft.) height. With 5 vectors per element, this would result in 2,500 vectors, which is 
probably the maximum that could be envisioned.

The overarching requirement for making unambiguous measurements of power flow through 
a surface is that there be a single defining vector for each element that represents the average of all 
the vectors through that element, that all the elements be independent and not overlapping, and 
that the sum of the elements equals the area of the surface under test. The single defining vector 
for each element would represent the power flowing through that element. The component of the 
real power normal to that element would be the real power flowing through that element’s por-
tion of the wall under test. The report should provide the intensity for the surface of each element, 
which is the power through that element divided by the area of that element. The data included in 
the report should be the area of the element, the unique element number given to that element by 
the software or the user, the position of that element in the wall surface, and the intensity at the 
surface of the element, or alternatively, the power normal to the surface of the element, or both. 
(Although not relevant to sound through walls, similar concepts, although more complicated 
geometrically, could be applied to conformal surfaces that were used to surround a test object.)

The most important point is that all overlap must be avoided. One cannot tolerate a situa-
tion where there is overlap between two or more elements, and the sum of elements must cover 
the entire wall under test. With the current version of the sound intensity instrument software, 
it appears to be virtually impossible to precisely measure the sound power flow through a wall.

Additional Processing Problem to Avoid in Addition to Overlap  As indicated above, when 
the sound intensity instrument calculates a power as displayed on the attached computer screen, 
this power is the sum of the individual vectors that go through the user-selected rectangular 
area. In this application, the vectors apparently have units of watts. When one prints out the 
vectors in a spreadsheet, the vectors, apparently, have units of joules (watts multiplied by time). 
Appendix B has a detailed discussion of the screen displayed vectors and the outputted vectors, 
and how they differ.

Advanced Analysis Possibilities  Potentially, software can be developed to more or less auto-
mate the total measurement process on the basis of just a few user-specified parameters. In general, 
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the user is interested in mapping the power flow through a wall or through a conformal surface that 
surrounds some machine. The most general analysis would divide the surfaces into logical rela-
tively large elements. Logical means that the window might be broken into certain-sized elements 
and the wall would be broken into similar but not necessarily identical elements.

Steps to the automate process would be:

1. The user would designate to the sound intensity instrument the number of vectors through 
each element desired.

2. The user would then proceed to measure for as long as it took for all the elements under 
measurement to turn from “red to green” as described above.

3. The user would specify the largest standard deviation acceptable.
4. The software would calculate the mean and standard deviation of the data measured for each 

element. It is expected that a minimum of about 25 vectors will be required to meet standard 
deviations on the order of a couple of dB. Note: with a scan size of 2 by 2.5 m (6.5 to 8.2 ft.), 
this 25 vector per element requirement suggests that the smallest element size be about 20 by 
25 cm (8 × 10 inches) in order to keep the total number of vectors in a reasonable range.

5. The measurements would be complete for elements having standard deviations within the 
specified limit and the power flow would be given by the average of the vectors measured for 
that element.

6. If the standard deviation for any element exceeded the standard deviation criterion, this would 
indicate that that element had some hot spots in part of the area of the element compared to 
the rest. In that case, the software should divide that element into four sub-elements and the 
measurement for just that element should be again repeated until the user-specified number 
of vectors is measured for each sub-element. The standard deviation should then be calculated 
by the sound intensity instrument for each sub-element to see if it now meets the standard 
deviation criterion.

7. This process should continue until the element size is smaller than the maximum resolution 
that the system is capable of, about 5 cm (1.8 in.) in a 1 m × 1.5 m (3.2 ft. × 4.9 ft.) area or 10 cm 
(3.6 in.) in a 2 m × 2.5 m (6.5 ft. × 8.2 ft.) area.

The only things the user would need to specify would be the number of vectors per element 
(generally 25 vectors should be a sufficient quantity), and the standard deviation desired (it is 
expected that the standard deviation will be in the range from 2.5 to 5 dB). Of course, the user 
would need to wave the sound intensity instrument over the surface area in question until all 
areas were covered to the degree required. This may entail several data collections necessitated for 
resetting the gyroscopes. Measuring more than the minimum number of vectors in any element 
is not a problem, as long as all the vectors in that element or sub-element are averaged together. 
But again, ultimately, there must be one average vector for each element or sub-element, and the 
power flowing normal to the surface of that element or sub-element must be the real part of the 
single average vector through that element or sub-element, and the intensity must be the power 
represented by this vector divided by the area of the element or sub-element.

In addition to the above there are several minor suggestions as follows:

1. As it is now, the cradle of the sound intensity instrument must be placed on a level surface 
such as a table, some ledge, or a chair or the floor. The sound intensity instrument cradle 
could be supported by a camera tripod if there were a 1/4-20 camera tripod mount situated 
at the balance point for the sound intensity instrument cradle with wand. This would provide 
much greater flexibility in positioning the cradle.

2. As it is now, the calibration tool must be placed on a flat surface and must lean against some 
vertical surface. The checkerboard, like the cradle, needs greater flexibility in positioning and 
supporting it. The checkerboard should include holes in the two upper corners with a small 
cord affixed to these two holes for hanging the checkerboard in various places. This could 
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include a pair of magnets with a hook on one of the magnets so that magnets could be on 
either side of drapery, or a shade, and would then support the checkerboard cord on the hook. 
Or, the magnet with the hook could be affixed to metal surfaces like a filing cabinet, and again 
supporting the checkerboard cord by the hook on the magnet. Also, the cord on the checker-
board could be attached to a hook that had a 1/4-20 camera tripod mount, and supported by 
another tripod. There needs to be more ways to conveniently support the instrument cradle 
and the checkerboard.

3. There needs to be several colors for the light on the sound intensity instrument so that good 
contrast is obtained with various lighting conditions and various wall colors. The current 
whitish light works well indoors with little sunlight in the room, but does not work well out-
doors or in a sunlit room, except at dusk or night.

4.7.5.5 Conclusions

1. From the measurements, the research team has been able to conclude that intensity can form 
the basis for portraying sound flow through a wall into a room, but that the enhancements 
described above are necessary for these measurements to be feasible and obtainable in accept-
able time duration.

2. Measuring intensity minimizes, or eliminates, the problem generated by reflections off of 
surfaces and other problems generated by complex (i.e., real and imaginary) pressure waves, 
because only the real power through the wall is measured.

3. The research team has shown that measuring from indoors to outdoors, and using reciproc-
ity is the clearest way to use intensity for TL measurements. Under this scenario, one creates 
a loud reverberant field in the indoor space and measures the power flow out of that space 
to the precision and the extent required. This likely amounts to a redefinition of TL, but, as 
discussed in the report, measurements made this way hold the promise of being much more 
repeatable because the resonant effects of using pressure are eliminated. However, the defini-
tion and numerical value for measured TL change and the numerical values will be on the 
order of minus ~50 to 55 dB, rather than minus ~25 dB.

4. Currently, resonance effects for a microphone outdoors and close to the house under test are 
subject to ground reflection and wall reflection issues that can create large errors. The most 
obvious means to gain regularity is to position the microphone where it measures the free 
field impinging on the house. On the other hand, creating a reverberant field inside a room 
and measuring intensity outside makes measurements feasible on any day that the weather is 
not too poor outside to make acoustical measurements, e.g., too much wind or precipitation. 
These measurements will be repeatable and will have good signal-to-noise ratio.

4.8 Comparison of Results Across All Methods

Table 4-24 provides a comparison of all results across measurement and calculation methods. 
The research team found the following:

1. There is decent agreement between all methods, once corrections have been applied.
2. The flyover and elevated loudspeaker methods had the lowest NLR difference and lowest 

standard deviation.
3. The ground-level loudspeaker had a relatively high standard NLR difference, meaning it may 

be under predicting NLR performance. This may be because of the difference in angle of 
incidence between a ground-level source and an elevated source such as an aircraft/elevated 
loudspeaker.

4. The interior loudspeaker, with the 5-dB correction, had a low NLR difference but high stan-
dard deviation. This puts into doubt its validity at this time.

5. The spreadsheet and IBANA calculation methods tended to over predict NLR.
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4.8.1 Outliers

There were some rooms measured where the noise reduction results fell outside of the expected 
range of noise reduction and/or the flyover noise reduction varied significantly from the exterior 
loudspeaker noise reduction. A deeper analysis was performed for each of these rooms to deter-
mine why the results were atypical. The following summarizes the findings:

•	 San Diego #1
 – Dining Room: The difference between the flyover and exterior loudspeaker noise reduction 

was 9 dB, which is significantly more than the expected 3 to 4 dB.
 Why: Based on the review of the airport’s typical arrival flight tracks (viewed via the air-

port’s tracking software), a majority of the arrival flight paths are just south of the home. 
The dining room is at the north end of the home, and the dining room windows would be 

Average 
NLR (no 

int.
spkr.) 

Diff.
from 
Avg 
NLR 

Elevated
Loudspeaker

Diff.
from 
Avg 
NLR 

Ground 
Loudspeaker

Diff.
from 
Avg 
NLR 

Interior
Loudspeaker

Diff.
from 
Avg 
NLR 

Diff.
from 
Avg 
NLR 

Diff.
from 
Avg 
NLR Residence Room Flyover Spreadsheet IBANA 

San
Diego #1

Living 26.2 26.3 -0.1 24.5 1.7 24.3 2.0 28.1 -1.9 26 0.2 
Dining 26.4 28.0 -1.6 22.2 4.3 25.2 1.2 28.5 -2.1 27 -0.6

San Diego 
#2

Living 26.1 24.3 1.9 25.2 1.0 23.2 2.9 28.1 -2.0 27 -0.9
Office 23.3 20.4 2.9 18.4 4.9 22.8 0.5 27.3 -4.0 27 -3.7

San Diego 
#4

Living 23.4 23.3 0.1 21.6 1.8 22.6 0.8 24.7 -1.3 24 -0.6
Bedroom
1 

26.8 26.4 0.4 25.0 1.8 26.9 -0.1 29.7 -3.0 26
0.8 

San Diego 
#5

Living 25.0 24.0 1.0 21.3 3.7 23.6 1.4 29.8 -4.8 25 0.0 
Bedroom
1 

29.0 30.0 -1.1 26.3 2.7 35.5 -6.6 30.5 -1.6 29
-0.1

San Diego 
#6

Living 21.9 24.9 -3.0 21.0 0.9 20.9 1.0 23.1 -1.2 17.8 4.1 25 -3.1
Dining 27.5 27.4 0.1 23.7 3.8 26.4 1.1 26.1 1.4 31.0 -3.5 29 -1.5

San Diego 
#7

Family 26.4 26.5 -0.1 25.6 0.8 25.7 0.7 22.8 3.6 27.2 -0.8 27 -0.6
Living 25.1 25.1 0.0 23.8 1.3 24.6 0.5 18.5 6.7 27.5 -2.4 24 1.1 

San Diego 
#8

Dining 21.2 19.4 1.9 19.9 1.3 19.6 1.7 20.9 0.3 23.3 -2.1 24 -2.8
Master 
Bed

26.7 22.2 4.5 28.6 -1.9 28.3 -1.6 27.3 -0.6 27.3 -0.6 27 -0.3

San Diego 
#9

Living 21.3 21.8 -0.5 19.8 1.5 19.4 1.9 21.8 -0.5 22.3 -1.0 23 -1.7
Bedroom
1 

28.3 31.7 -3.4 26.1 2.2 25.6 2.7 27.6 0.7 30.3 -2.0 28
0.3 

San Diego 
#10 

Bedroom
1 

20.1 17.5 2.6 18.9 1.2 17.6 2.5 23.7 -3.6 23.5 -3.4 23
-2.9

Bedroom
2 

25.9 25.0 0.9 25.3 0.7 25.1 0.8 27.0 -1.1 28.3 -2.4 26
-0.1

Boston #6
Dining 23.1 20.2 2.9 25.0 -1.9 25.0 -1.9 25.0 -1.9 21.3 1.8 24 -0.9
Bedroom
2 

22.3 22.0 0.3 25.1 -2.8 24.9 -2.6 26.9 -4.6 19.3 3.0 20
2.3 

Boston #8
Living 24.8 24.2 0.6 25.0 -0.2 24.8 0.0 27.7 -2.9 25.0 -0.2 25 -0.2
Study 27.0 29.5 -2.5 26.6 0.4 25.7 1.3 23.7 3.3 26.2 0.8 27 0.0 

Average 
Difference 0.4 0.5 1.4 0.1 -1.3 -0.7

Standard
Devia�on 1.9 1.7 1.8 2.9 2.1 1.4 

Notes:
1) Correc�ons applied—Flyover: 2 dBA, Exterior loudspeaker: 2 dBA, Interior loudspeaker: 5 dBA.
2) Average NLR difference calculated by first averaging all of the NLR across all measurement methods (except interior loudspeaker and sound intensity), 
and then subtrac�ng the NLR from one method (e.g., flyover) from the average NLR. Interior loudspeaker not used in average as this method does not 
follow na�onal standards and the 5 dB correc�on applied to the data is based on limited field measurements (i.e., not fully ve�ed).
3) All differences are calculated by subtrac�ng from the average noise reduc�on.
4) Blank cells indicate no elevated loudspeaker test was performed at the corresponding residence.

Table 4-24.  Comparison of NLR calculations to acoustical measurements.
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shielded from aircraft noise during the flyover measurements from the large overhang at 
the east façade and the building itself for the north façade. The living room windows are 
not shielded (i.e., they have full line-of-sight to the arriving aircraft), and the room did not 
have the large flyover vs. loudspeaker noise reduction difference.

•	 San Diego #6
 – Living Room: The difference between the flyover and exterior loudspeaker noise reduction 

was 7 dB, which is significantly more than the expected 3 to 4 dB.
 Why: Based on the field notes, the large difference between the flyover and loudspeaker 

measurements is due to the presence of a pass-through air conditioning (PTAC) unit in the 
living room window. PTAC units provide little noise reduction and serve as a significant 
path of noise intrusion into a unit. The exterior loudspeaker test resulted in much lower 
noise reduction than the flyover test, as the loudspeaker is pointed directly at the PTAC, 
whereas an aircraft flyover is above the PTAC. During an aircraft flyover, there is shielding 
provided by the PTAC sheet metal enclosure and, possibly, the angle of incidence from the 
flyover results in less aircraft noise intrusion via the PTAC. The measurement results show 
significantly more mid- to high-frequency noise intrusion.

 – Dining Room: The difference between the flyover and elevated loudspeaker measurement 
was 6.8 dB, whereas the difference between the flyover and ground-level loudspeaker was 
4.1 dB.

 Why: The reason for this difference is the same as the living room explanation above, as the 
dining room is open to the living room.

•	 San Diego #8
 – Master Bedroom: In this case, the flyover noise reduction was lower than the loudspeaker noise 

reduction by approximately 3 dB; typically, flyover NLR are 3 dB higher than loudspeaker NLR.
 Why: The loudspeaker noise reduction was higher than the flyover noise reduction because 

the research team was only able to generate loudspeaker noise at the side wall of the bed-
room. The rear wall of the bedroom contained additional windows and a door (which was 
acoustically weak), but the research team was not able to direct the loudspeaker noise to the 
rear façade due to the detached garage located just outside of the bedroom. The research 
team would have expected much lower noise reduction from the loudspeaker test if it were 
able to generate noise at both the side and rear bedroom walls.

•	 San Diego #9
 – Bedroom 1: The difference between the flyover and exterior loudspeaker was approximately 

9 dB versus the expected 3 to 4 dB.
 Why: There is a solid overhang at the bedroom window. Using noise modeling software, 

the research team modeled the noise level from an aircraft flyover with and without the 
overhang. The noise level at the bedroom window was 7 dB lower with the overhang. The 
overhang does not shield noise generated by the loudspeaker, thus it makes sense that 
the measured flyover noise reduction was significantly higher than the loudspeaker noise 
reduction (the overhang serves to increase the noise reduction of the windows).

•	 Boston #6
 – Dining Room: The flyover noise reduction was lower than the loudspeaker noise reduction 

by approximately 2 dB; typically, flyover NLR are higher than loudspeaker NLR.
 Why: The dining room is open to the living room and kitchen. During the flyover measure-

ments, noise enters the home via all of these rooms and is measured by the meter in the 
dining room. For the loudspeaker measurement, noise is only generated toward the dining 
room and the meter only picks up noise intrusion via the dining room façade. There are 
significant paths of noise in the connected living room and kitchen (e.g., exterior doors, 
PTAC units), which lowers the measured noise reduction during the flyover test.
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4.9  Comparison of Measurement Results  
from Loudspeaker and Flyover Testing

It is reasonable to assume that if both the loudspeaker and the flyover measurement methods 
are valid and properly conducted, the NLR results from the two should closely agree. Unfortu-
nately, this is not always the case, as shown by measurements for this study and previously those 
for the ATAC study, “Study of Noise Level Reduction (NLR) Variation” (Landrum and Brown, 
2013). The ATAC study concludes,

Figure 39 and Figure 40 summarize the measured variations as a result from various measurement 
methods, parameter changes, and absorption changes. The total variation of NLR measurements is com-
prised of many causes, each introducing their own variations to the total. This study includes a subset of 
a number of possible causes that contribute to the total NLR variation. Section 6.1 listed various aspects 
that contribute to the NLR variation. To quantify the total NLR variation, the variation of individual 
components that contribute to the total NLR needs to be quantified separately.

This ACRP Project 02-51 study carefully conducted loudspeaker and flyover measurements at 
SAN on the same rooms, identically furnished, generally on the same day. Thus, certain param-
eters such as changes in acoustical absorption or architectural modifications were eliminated. 
Nonetheless, notable differences in NLR measurement results were encountered from the raw 
data results. However, when various adjustments were made in accordance with national and 
international standards for microphone position, the various methods agreed closely.

To the knowledge of the research team, the ATAC study and this study are the first time that 
careful comparative acoustical measurements had been made to assess the differences in mea-
surement results from the flyover and loudspeaker methods. Measurements made in the course 
of the RSIP’s do not make redundant measurements in the interest of time, efficiency, and cost.

Acoustical theory and experience leads to two likely alternative possible causes for the 
discrepancies:

•	 Angle of incidence: Acoustical theory and measurement show that under some circum-
stances, sound impinging on a building element at a grazing angle may transmit sound more 
effectively (providing less sound attenuation) than that normal to the element or at moderate 
angles.

•	 Insufficient flyover high-frequency sound energy: Most of the high-frequency sound energy 
from aircraft flyovers is absorbed by the atmosphere before it reaches a home, and the sound 
insulation of the building envelope further reduces this energy to levels that may be at or 
below the ambient high-frequency sound level in the residence.

4.9.1 Angle of Incidence

All U.S. and international standards for sound insulation measurement and reporting specify 
“random incidence” testing whereby sound impinges the test specimen equally at all angles. This 
is achieved by creating a diffuse and random sound field in the sound source room while record-
ing a spatial average of the sound field in the receiving room. Early laboratory sound TL tests for 
various window glass (circa 1960’s) often report STC values two to three points above those from 
later tests. This is because the early tests failed to create a random sound field; sound at grazing 
incidence was not effectively achieved. However, the effect of grazing incidence is complex and 
varies considerably with the type of material being acoustically tested.

Figure 4-23 conceptually shows the primary TL effects in various frequency regions for a 
composite building element such as a wall section composed of wood paneling or stucco on one 
side, batt insulation in the interstitial space, and gypsum board on the other face. At random 
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incidence, materials are typically acoustically isotropic in that they produce the same TL when 
tested from either side of the building element.

The actual frequencies for the first panel resonance, other resonances, and coincidence areas 
may be computed from the mass and stiffness properties of the various materials. However, 
incidence effects are more prominent in monolithic materials, such as glass, than in composite 
building elements like walls and roof/ceiling systems. Additionally, incidence effects are greatest 
in the high frequencies, above the coincidence region, and generally minimal at low frequencies. 
Under ideal conditions, a difference in TL between random and optimum grazing angle (90°) of 
5 dB is possible for monolithic materials, and up to 3 dB for composite materials.

The effects of grazing incidence on residential sound insulation from aircraft have been studied 
by the National Research Council, Canada (Bradley et al. 2002, Bradley 2002). Incidence effects were 
found to be entirely negligible at loudspeaker angles down to 30°. However, at full grazing incidence 
a nominal 3 dB correction is found. The effective (corrected) incident level Ls″(f) is calculated:

Ls f Ls f 10 log
180

D f dBi( ) ( ) ( )′′ = + φ













Where f is the horizontal angular view of the fly-by and 0 ≤ f ≤ 180. (Note that ASTM E966 
and this report Figure 4-24 use ‘f’ for the vertical angle and ‘q’ for the horizontal angle.)

The optional correction simply relates the incident sound energy to the portion of the aircraft 
flyover that is visible at the façade with a small empirical correction for diffraction. That is, the 
incident sound energy is reduced when the aircraft flyover is not completely visible at the façade.

However, the application of angle of incidence is more complicated in practice for the fol-
lowing reasons:

•	 Building facades are composed of several various sized elements, monolithic and composite, 
each with different angle of incidence TL properties.

•	 While the vertical angle, f, from the flyover may be fairly constant, the horizontal angle, q, 
varies throughout the event.

•	 While one façade is receiving grazing incidence, the perpendicular side is receiving normal 
incidence. In corner rooms both occur at once.

•	 As shown in Figure 4-24, part of the home is shadowing another portion of the home during 
part of the flyover.

Figure 4-23.  Theoretical transmission loss  
(Bies and Hansen, 2003).
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•	 Façades are composed of different elements, some more susceptible to angle of incidence than 
are others.

•	 The TL is not isotropic but orthotropic, meaning that the TL varies with direction. The actual 
model for orthotropic TL is more complicated than that outlined in Figure 4-23.

It is therefore highly impractical to establish a protocol to account for angle of incidence 
effects. These effects also make it difficult to distinguish the effects of angle of incidence from 
insufficient flyover high-frequency sound energy in quantifying the sources of the loudspeaker 
and flyover NLR result discrepancies.

The incidence effects discussed here are different than the coincidence dip effects of dual-
glazed windows discussed in Appendix C.

4.9.2 Insufficient Flyover High-Frequency Sound Energy

Turbine aircraft noise is generally broadband near the source; that is, it has fairly equal acous-
tic energy per bandwidth. However, the effects of spherical radiation and atmospheric absorp-
tion substantially attenuate the noise at RSIP residences, particularly in the higher frequencies. 
Figure 4-25 shows the attenuation of a Boeing 737 (300 thru 500 series) departure using the FAA 
standard spectra at 305 meters (1,000 feet) (John A. Volpe National Transportation Systems  

Figure 4-24.  Aircraft flyover diagram.
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Center, 1999). The attenuated spectra were computed from the FAA spectrum at 1,000 ft., tak-
ing into account spherical radiation and atmospheric absorption from the ANSI S1.26 standard.

If insufficient flyover high-frequency sound energy were a significant factor, it would 
be expected that those residences with higher ambient interior noise would be the most 
influenced; that is, the difference between the loudspeaker and the flyover NLR would be 
the greatest for the higher ambient noise rooms measured. However, when this hypoth-
esis was examined, it was determined that the low signal-to-noise ratio of interior flyover 
noise in the higher frequencies is a minor issue and generally does not create a significant 
discrepancy.

However, several homes did encounter alteration of NLR results when the interior high-
frequency ambient noise levels came close to the interior flyover noise levels. For this reason, 
the research team recommends that all exterior and interior measurements be band limited 
to an upper frequency limit of 5 kHz.

4.10 Suggested Research

With this project, the research team has clarified several sources of systematic error and iden-
tified improved ways to do these tasks. But not all of the improvements have been accomplished, 
since some of these improvements require further research.

Figure 4-25.  B737 departure noise level by distance.
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4.10.1 External Sound Spectra

A significant factor that affects the measured noise reduction is the external sound spectra (i.e., 
the noise “signature” of aircraft overflights at a given airport). The external DNL frequency spec-
trum to be modeled (from the FAA Part 150 program Noise Exposure Map) is, in itself, unknown 
since it is the annual energy average of all aircraft over a particular location, with the 10 dB night-
time penalty (a single nighttime flyover is equal to 10 daytime flyovers of the same level), under all 
annual meteorological conditions; it can only be estimated. The spectra of louder aircraft should 
be biased on an energy basis; for instance, a single flyover at 90 dB should be averaged equally with 
10 flyovers at 80 dB.

Many commercial airports with significant incompatible residential land use (i.e., above 
65 DNL) have noise monitoring systems. These currently only measure A-weighted SEL values 
of individual flyover events, and compute daily DNL values. However, these monitors may be 
modified to collect spectral information in terms of SELs. This would allow for computation of 
the daily DNL aircraft spectrum at that location. Future programs could use this information to 
design the exterior sound spectrum to be used in testing and evaluation of NLR values.

Since the sound spectra could not be addressed in the field measurements conducted for this 
report, the issue of external sound spectra is beyond the scope of this study. Additional research 
and investigation is suggested.

4.10.2 Ground and Façade Reflection for Flyover Measurements

As noted in the study, the research team applied a 2-dB correction to the exterior flyover 
measurements to account for ground reflection. The research team believes that up to a 4 dB 
correction is needed if there is ground reflection in combination with reflections off the façade 
being tested (based upon modeling and calculations made). This reflection phenomenon, with 
respect to exterior flyover measurements, should be investigated in more detail so the correc-
tions can be standardized and codified.

4.10.3 Interior Loudspeaker

The research team found that the interior loudspeaker measurements resulted in systematically 
high NLR values. Based on additional measurements conducted after the initial round of field 
measurements, the research team applied a 5-dB correction to the interior loudspeaker NLRs. 
This correction is based upon reverberant noise build-up measured inside of the room. However, 
this correction is not codified in any standards, nor are any other aspects of the interior loud-
speaker measurements (e.g., position of the receive microphone on the outside of the building).

Further research should be conducted to standardize the interior loudspeaker measurement 
method so that results can be comparable to the exterior loudspeaker and flyover measurement 
methods.

4.10.4 Sound Intensity

Prominent on this list of future research is the use of an indoor loudspeaker with measure-
ments made outdoors, since this offers so many clear advantages, such as there being no problem 
with neighbors, no problem with microphone placement (at least for intensity), good signal-to-
noise ratio, and the smallest uncertainty. Some of the research questions would be:

1. Where and how should the indoor sound in the source room be measured?
2. Where and how should the outdoor sound be measured?

a. Should a wall be divided into its elements, i.e., the windows, doors, and regular wall con-
sidered all separate, or as the total combined partition?
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 [NOTE: The above task 2.a is the same for both sound intensity and the interior loud-
speaker described just above. These two methods depart in terms of the outdoor measure-
ments. The intensity will be measured on or just beyond the surface of the wall to measure 
the power flowing from the reverberant room. For the interior loudspeaker measurements 
using pressure (microphones), one needs one or more microphones at some “free field” 
or pressure-doubling positions to measure just the integrated power flowing from the  
test room.]

b. Develop methods and procedures to measure the power flowing through the wall surface.
c. Improvements to the intensity meter are detailed in Section 4.7.5.4. These include:

a. One mandatory software requirement for making unambiguous measurements of 
power flow through a surface is that there be a single defining vector for each element 
that represents the average of all the vectors through that element, that all the elements 
be independent and not overlapping, and that the sum of the elements equals the area 
of the surface under test.

b. The second mandatory software requirement is that all overlap must be avoided. One 
cannot tolerate a situation where there is overlap between two or more elements, and 
the sum of elements must cover the entire wall under test.

c. Several small hardware changes.
d. Several major enhancements that would be “nice to have.”

4.10.5 Field Measurement Uncertainty

Another research need is data that can better quantify measured field uncertainties. For exam-
ple, the research team suggests herein that the tolerance on positioning a repeat measurement to 
the original measurements is unknown. Data are needed to answer this multifaceted question. 
The term multifaceted is used because the comparison can be the same technicians and equip-
ment doing the same measurements in the same room twice, or it could be as varied as different 
people from a different company with different equipment and no knowledge of the placement 
of the equipment by the previous company. The research team proposed that the emphasis would 
be on the simplest situation since most often, the same company and people make the before and 
after measurements in the same house. The goal would be to understand the variation in results 
based primarily on the tolerance of the equipment placement and perhaps some second-order 
factors. This testing would provide a better understanding of the tolerance of repeatability under 
the most careful methods and conditions.
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A-Weighted Sound Level: A standard frequency weighting that filters the microphone signal 
in a manner that compares relative loudness of various sounds. A-weighting is standardized by 
ANSI. A 10-dB increase in sound level is generally perceived to be approximately twice as loud. 
All noise data in this report are A-weighted.

Community Noise Equivalent Level (CNEL): A metric used by the state of California for the 
24-hour A-weighted average noise level. The CNEL accounts for the increased sensitivity of 
people to noise during the evening and nighttime hours. From 7 pm to 10 pm, sound levels are 
penalized by 5 dB; from 10 pm to 7 am, sound levels are penalized by 10 dB.

Day–Night Average Noise Level (DNL): A metric established by the U.S. EPA to describe the 
average day–night level with a 10 dB penalty applied to noise occurring during the night-
time hours (10 pm to 7 am) to account for the increased sensitivity of people during sleeping 
hours.

Decibel (dB): A logarithmic unit used in acoustics to describe the magnitude of a sound with 
respect to a reference sound level. The term “sound level,” “noise level” and “SPL” all imply a 
standardized reference level near the threshold of human hearing (0 decibels).

Hertz (Hz): The rate or frequency of air pressure fluctuations called sound. One hertz is 
equivalent to one complete cycle of pressure variation per second. One kilohertz (kHz) is 
1,000 cycles per second.

Noise Reduction Coefficient (NRC): A measure of the acoustical absorption performance 
of a material, calculated by averaging its sound absorption coefficients at 250, 500, 1000 and 
2000 Hz, expressed to the nearest integral multiple of 0.05.

Octave band: An octave band is a frequency band where the highest frequency is twice the lowest 
frequency. For example, an octave filter with a center frequency of 1 kHz has a lower frequency 
of 707 Hz and an upper frequency of 1.414 kHz.

OITC: Outdoor-indoor transmission class as outlined in ASTM E1332. The OITC spectrum 
(curve) is based upon an average of aircraft takeoff, train, and vehicular noise sources.

Resonance: A resonance occurs at a certain frequency when the system response at that fre-
quency is significantly higher than at other frequencies. It is somewhat like the squeal heard 
when a microphone is brought too close to a loudspeaker. In a room, one way to create resonances 
is for the distance between two parallel walls to be half the wavelength or integer multiples of the 
wavelength of the sound.

Definitions
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Sound Transmission Class (STC): The sound transmission class is a single number rating 
describing the attenuation of sound through building partitions. Sound attenuation properties 
called TL are measured at a minimum of 16 continuous frequency bandwidths in one-third 
octaves, primarily through the speech range. The STC rating is derived by fitting a standard 
curve to the measured data as prescribed by ASTM Standard E413.

Spatial Average: Spatial Average refers to the act of manually moving the microphone in front 
of the façade so as to measure the sound field across the plane of the building façade (i.e., at all 
points).
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Figure A-1.  Corresponding spectra for each of  
the three measurements shown in Figure 4-18.
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Figure A-2.  San Diego #1 spectra.

Figure A-3.  San Diego #4 spectra.
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Figure A-4.  San Diego #5 spectra.
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A P P E N D I X  B

The sound intensity instrument with visualization used in this study has two forms of output, 
the sound power portrayed on the screen and the vector output in a spreadsheet table. The output 
to the screen, as stated in Chapter 4, is the sum of the powers of all the vectors that go through the 
area selected by the user for the screen display, each vector being a separate estimate of the power 
flow. So, the average power flow is the sum divided by the number of vectors. The effect of this 
operation can be different than one might expect. For example, if one scans a high intensity area 
that may be half the total area and then displays the data on the screen using that same area as the 
area for scanning, one would get a sound power. If one had the screen display for the entire area, 
double the scanning area, the screen would display a sound power that is 3 dB higher. That is, the 
machine is taking the power in the defined area that the measurement was made in and treating 
that as an estimate of the intensity of any bigger area the user selects. Likewise, if one scans a low 
intensity half and then has a screen display for the whole area the output would be much lower 
than the true power. So the power displayed on the screen really comes from estimates of the 
intensity times the area. The only way the research team found to regularize this was to take the 
screen display based on the entire area of the wall. Then all the measurements are normalized to 
the same area and all the measurement episodes are each an estimate of the power flow.

Inexplicably, the same vectors take on a new dimension when output in the spreadsheet table. 
The vectors in the spreadsheet table have units of energy, joules. Each vector is a separate esti-
mate of the energy during a measurement episode. The vectors are normalized such that the area 
under consideration is the entire party wall defined by the user, not any subset. To get the power 
flowing through the wall one must divide by the number of vectors, since each is a separate esti-
mate, and also divide by the time duration of the measurement episode to convert from joules to 
watts. Table 4-19 in Chapter 4 shows these power calculations for the five out to in and the first 
of the three in to out episodes at the Champaign, IL, residence. Table B-1, in its last column, for 
reference, contains the power estimates from the display given in Table 4-19. When one adds the 
five out to in power measurements from the screen display, and adds the same five for the vector 
calculation, the average is the same. The small scatter from one case to the other is believed to be 
the difference in the total area between what one can control on the screen and what one can select 
using a mouse. In summary, the screen display is calculating power from intensity times the area, 
and the vector output is calculating power from joules divided by time.

Sound Intensity: Vector Output 
Compared to Screen Output
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(min:s) (s)

1 4:24 1,242 2:54 174 93.5 30.9 22.4 40.2 41.2 -1.0
  2 4:58 1,896 3:37 217 92.6 32.8 23.4 36.4 38.9 -2.5

Ins ide 3 5:08 1,966 3:51 231 89.6 32.9 23.6 33.0 31.0 2.0
  4 5:22 1,437 2:28 148 89.5 31.6 21.7 36.2 35.6 0.6

5 5:52 1,540 2:33 153 95.8 31.9 21.8 42.1 41.1 1.0
  Average difference (Was) 0.0

  1 7:11 1,687 2:47 167 106.4 32.3 22.2 51.9 50.6 1.3

Outs ide 2 7:20 1,034 1:38 98
not 

avai lable 
30.1 19.9

not 
avai lable 

55.7 
not 

available 

  3 7:27 1,642 2:51 171
not 

avai lable 
32.2 22.3

not 
avai lable 

51.5 
not 

available

Power from 
Table 4.19 

Was  
(dB)

Difference 
Was  
(dB)

Posi�on 
measured

Episode
 Time data 
collected 

(hr:min; PM) 

Number of 
vectors, N

Measurement 
episode 

dura�on

Sum of 
vector 
energy 

es�mates 
Joules (dB)

10*log(N )  
(dB)

10*log(s)  
(dB)

Average 
power 
Was  
(dB)

Table B-1.  Comparison of vector outputs.
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A P P E N D I X  C

As a part of the research project, the research team reviewed various documents related to this 
study. The following summarizes the findings.

Research Review

Table C-1.  National and international standards.

Document Title
Quan��es and procedures for descrip�on and measurement of
environmental sound, Part 1: Basic quan��es and procedures

Publica�on ANSI/ASA S12.9 2013/Part 1

Date June 1, 1993

Summary of Content

This standard defines the basic metrics (quan��es) that can be used
separately or in combina�on for the descrip�on of community sound
and describes basic procedures for measurement of the quan��es. The
scope of this standard encompasses all types of environmental sounds,
separately or in combina�on, that contribute to the total sound at a
site. Defined are consistent metrics for physical quan��es that may be
used to measure and assess environmental sound. This standard does
not specify limits for environmental sounds or recommend
measurement loca�ons or dura�ons. This standard is applicable to the
descrip�on and measurement of community sound for purposes of
land use planning, environmental assessment, and noise control.

Relevance to this study

Essen�ally, the ACRP Project 02 51 aircra� measurements and classic
TL measurements are made in accordance with the procedures of
clause .2.1 and in par�cular, sub clauses (a), (b), and (d). These
procedures are only par�ally relevant to the intensity measurements.

Conclusions/findings/guidance
related to this study

NA

In agreement with this study’s
findings?

NA

 (continued on next page)
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Conclusions/findings/guidance
related to this study

It is to be expected that something so precise as measurement of the
TL of rooms in houses to in situ aircra� noise will not directly mesh
with general environmental noise measurements.

In agreement with this study’s
findings?

NA

Document Title ASTM E 966: Standard Guide for Field Measurements of Airborne
Sound A�enua�on of Building Facades and Facade Elements

Publica�on ASTM Standards E966 2010

Date 2010

Summary of Content

A 15 page standard providing methods to measure the sound isola�on
of a room from outdoor sound, and to evaluate the sound transmission
or apparent sound transmission through a par�cular façade of the
room or an element of that façade such as a window or door.

Relevance to this study Acous�cal measurement techniques are described and discussed.
Conclusions/findings/guidance
related to this study Specific procedures are described in detail.

In agreement with this study’s
findings?

This standard addresses the major issues, such as angle of incidence, in
the measurement techniques. It is state of the art for the �me of
publica�on.

Document Title
Quan��es and procedures for descrip�on and measurement of
environmental sound, Part 3: Short term measurements with an
observer present

Publica�on ANSI/ASA S12.9 2013/Part 3

Date June 1, 1993

Summary of Content

This standard includes the measurement, with an observer present, of
quan��es such as equivalent con�nuous SPL or sound exposure from a
specific source or sources at a specified loca�on. These measurements
require several minutes to several hours to perform; they take less
than one day to perform. Measurements may be obtained with a
standard frequency weigh�ng, may be frequency filtered in a defined
manner, or may be frequency filtered by octave band or frac�onal
octave band filters. This standard specifies procedures to effec�vely
eliminate, to the extent possible, the contribu�ons of extraneous
background sound from the source specific measurements.
Measurement procedures in this standard require the presence of an
instrument operator and are not applicable to measurements by
una�ended instruments.

Relevance to this study Essen�ally, this study’s classic TL measurements (using a loudspeaker)
are made in accordance with the procedures of S12.9 Part 3.

Table C-1.  (Continued).
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(continued on next page)

findings?

Document Title
Determinaon of sound power levels of noise sources using sound
intensity — 
Part 2: Measurement by scanning

Publicaon ISO 9614 1 1996 08 01

Date August 1, 1996

Summary of Content

This standard, like Part 1, is for the measurement o� he sound power
emi�ed by some machinery or device. This document introduces
various quality indicators and the 3 grades of measurement: Precision
grade, engineering grade, survey grade. This Part 2 is for measurement
by scanning. The indicators deal with such topics as background noise;
is it quiet enough? Source variaon; is it stable enough? Is it regular
enough? Etc.

Relevance to this study

The quality grading system and the corresponding indicators are
relevant but not parcularly illuminang in the context of this study.
This study’s source, pink noise, is by definion stable and regular, the
background was very quiet so there could be no highly direconal
extraneous sources. The method of Part 2, measurement by scanning is
relevant to our measurements

Conclusions/findings/guidance
related to this study

The research team is meeng the precision requirements and scanning
substanally as recommended.

In agreement with this study’s
findings?

NA

Document Title
Determinaon of sound power levels of noise sources using sound
intensity —
Part 1: Measurement at discrete points

Publicaon ISO 9614 1 1993 06 01

Date June 1, 1993

Summary of Content

This standard is for the measurement of the sound power emi�ed by
some machinery or device. This document introduces various quality
indicators and the 3 grades of measurement: precisiongrade,
engineering grade, survey grade. This Part 1 is for measurements at
discrete points. The indicators deal with such topics as background
noise: is it quiet enough? Source variaon: is it stable enough? Is it
regular enough? Etc.

Relevance to this study

The quality grading system and the corresponding indicators are
relevant but not parcularly illuminang in the context of this study.
This study’s source, pink noise, is by definion stable and regular, the
background was very quiet so there could be no highly direconal
extraneous sources. The method of Part 1, discrete measurement
points is not relevant to our measurements.

Conclusions/findings/guidance
related to this study

None

In agreement with this study’s NA

Table C-1.  (Continued).
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related to this study measurements (same equipment and staff). The study’s uncertainty
was 0.4 dB for ground level loudspeaker and 0 2 dB for elevated
loudspeaker, so the results were in line with the ISO uncertainty.

In agreement with this study’s
findings?

Yes, the research team measured similar levels of uncertainty for
repeated measurements as s�pulated in the ISO document.

Document Title
Determina�on of sound power levels of noise sources using sound
intensity—
Part 3: Precision method for measurement by scanning

Publica�on ISO 9614 3

Date 2002

Summary of Content

This standard, like Parts 1 and 2, is for the measurement of the sound
power emi�ed by some machinery or device. The terminology in the
first 2 parts was inconsistent and this Part 3 cleaned up these
inconsistencies. It draws on the temporal variability and field non
uniformity, nega�ve par�al power indicators from Part 1 and concepts
from Part 2 to create a coherent set of indicators.

Relevance to this study

Again, this quality grading system and corresponding indicators are
relevant but not par�cularly illumina�ng in the context of this study.
This study’s source, pink noise, is by defini�on stable and regular, the
background was very quiet so there could be no highly direc�onal
extraneous sources. The method of measurement by scanning is
relevant to the research team’s measurements.

Conclusions/findings/guidance
related to this study

Again, the research team is mee�ng the precision requirements and
scanning substan�ally as recommended.

In agreement with this study’s
findings? NA

Document Title Acous�cs: Determina�on and applica�on of measurement
uncertain�es in building acous�cs–Part 1: Sound Insula�on

Publica�on ISO 12999 1

Date May 15, 2015

Summary of Content

This standard discusses how to calculate and quan�fy the
measurement uncertainty (e.g., margin of error) of sound insula�on
measurements conducted in acous�cal laboratories. Tables of standard
uncertain�es for different types of sound insula�on measurements are
provided.

Relevance to this study

While this study’s sound insula�on measurements were field
measurements and not laboratory measurements, this document
provides standard uncertain�es for situa�ons where a measurement is
repeated using the same equipment and staff. The research team did
repeat measurements in the field, so it would be reasonable to expect
that the measurement uncertainty for this situa�on is the same as that
encountered in the lab.

Conclusions/findings/guidance The standard s�pulates a 0.4 dB standard uncertainty for repeated

Table C-1.  (Continued).
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Relevance to this study
Acous�cal measurement techniques are described for internal room to
room measurements, not for exterior measurements.

Conclusions/findings/gui-
dance related to this
study

Specific procedures are described in detail.

In agreement with this
study’s findings?

This standard addresses only interior noise reduc�on measurement.
However, many of the techniques described and discussed are applicable
to exterior measurement.

Document Title
Acous�cs — Field measurement of sound insula�on in buildings and of
building elements — Part 1: Airborne sound insula�on

Publica�on ISO 16283 1

Date Feb. 15, 2014

Summary of Content

This 50 page standard specifies procedures to determine the airborne
sound insula�on between two rooms in a building using sound pressure
measurements. These procedures are intended for room volumes in the
range from 10 m3 to 250 m3 in the frequency range from 50 Hz to 5000 Hz.
The test results can be used to quan�fy, assess and compare the airborne
sound insula�on in unfurnished or furnished rooms where the sound field
may or may not approximate to a diffuse field. The measured airborne
sound insula�on is frequency dependent and can be converted into a
single number quan�ty to characterize the acous�c performance using the
ra�ng procedures in ISO 717 1.

Table C-1.  (Continued).
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Document Title
FAA Advisory Circular 150/5000 9A, Announcement of Availability Report
No. DOT/FA7A/PP/92 5, Guidelines for the Sound Insula�on of Residences
Exposed to Aircra� Opera�ons

Publica�on FAA Advisory Circular 150/5000 9A

Date July 02, 1993

Summary of Content
Announcement and inclusion of a 234 page report by Wyle Laboratories
for the Naval Facili�es Engineering Command, Guidelines for the Sound
Insula�on of Residences Exposed to Aircra� Opera�ons, July 2, 1993.

Relevance to this study Outlines the basic methods and procedures for sound insula�on of
residences used in most sound insula�on projects.

Conclusions/findings/gui-
dance related to this
study

This is mostly a handbook guide for residen�al sound insula�on. It does
not rely on acous�cal measurement but provides good general guidance
for retrofit sound insula�on treatment by home type and basic
construc�on.

In agreement with this
study’s findings?

The research team agrees with most of the conclusions and
recommenda�ons if sound insula�on is to be undertaken without the aid
of acous�cal measurements.

Table C-2.  FAA documents.
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Document Titles

Measurements of the Sound Insula�on of a Wood Frame House
Exposed to Aircra� Noise (IRC IR 831), Bradley et al., 2002.
Interference Effects in Field Measurements of Airborne Sound
Insula�on of Building Facades. Berardi, U. Noise Control Engineering
Journal, April 2011.
The Posi�on of the Instruments for the Sound Insula�on Measurement
of Building Facades: From ISO 140 5 to ISO 16283 3. Berardi, U. Noise
Control Engineering Journal, February 2013.
Sound Fields Near Exterior Building Surfaces. Quirt, J.D. Journal of the
Acous�cal Society of America. February, 1985.

Date Mul�ple (see above)

Summary of Content

Berardi (2011, 2013), Bradley et al. (2002), and Quirt (1985) all have very
similar content. Each is a theore�cal analysis of poten�al geometric
resonances. All use pure tone (single frequency) analyses. Quirt also
provides a simple model to obtain these analyses for bands of noise.
Figure 1 (a�er Berardi, 2011, Figure 4) is typical of these analyses.
These drama�c dips and curves never occur in the real world when
using bands of noise. The only dip that does normally occur is the
broad ground dip. Even the broad ground dip is usually predicted to be
deeper than is measured. Figure 2 (a�er Bradley et al., 2002, Figure 4)
provides a good example of this phenomenon, and there are several
other such examples in this report.

Berardi (2013) and Bradley and Chu (2002) provide data upon which
some inference as to the standard devia�ons can be made.

In addi�on to ground dip, a second major problem is the mass air mass
resonance (MAM) of double glazed windows (Berardi 2013). This is
probably the weakest link in the sound insula�on of the wall and it will
change with orienta�on. And the MAM frequency range pre�y well
coincides with ground dip.

There also are effects from the angle the source makes with the house
surface in ques�on.

Relevance to this study These topics, data, and results are all highly relevant to this study.

Conclusions/findings/guidance
related to this study

Overall, in addi�on to the topics above, these papers discuss number
and posi�on of microphones for both interior and exterior
measurements, scanning microphones, and the posi�on(s) of the
loudspeakers when used.

In agreement with this study’s
findings?

The research team agrees with many of the conclusions and
recommenda�ons but not all. For example, the research team would
not recommend scanning microphones because there is no clear
standard method of scanning.

Table C-3.  Research papers/reports.

(continued on next page)
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Document Title
Policy, Engineering, Analysis, and Research Support (PEARS), Contract No.
DTFAWA 11 D 00019, Study of Noise Level Reduc�on Varia�on, Landrum
and Brown, 2013

Publica�on PEARS Contract No. DTFAWA 11 D 00019

Date April 2013

Summary of Content

A 99 page report on the varia�on of NLR using the different tes�ng
methods, and the execu�on thereof. Tes�ng methods and the elements of
each are described. Parallel measurements are reported for the
loudspeaker and flyover test methods on several homes, with the
varia�on in NLR reported. Sources of error and discrepancy are discussed.

Relevance to this study The en�re report is extremely relevant to this study in that it deals with
the same subject.

Conclusions/findings/gui-
dance related to this
study

An average 3 dB discrepancy is found for NLR results between the two test
methods. Poten�al causes are outlined.

In agreement with this
study’s findings?

The research team agrees with the findings and the outline of possible
sources of error and discrepancy between the test methods.

Document Title ACRP Report 89: Guidelines for Airport Sound Insula�on Programs (Payne
et al. 2013)

Publica�on ACRP Report 89

Date 2013

Summary of Content

A 313 page report outlining the recommended conduct of residen�al
sound insula�on projects conducted for the FAA. Topics include program
development, community outreach, acous�cal engineering, architectural
treatment, historic structures, HVAC, ”Green” ini�a�ves, construc�on
contrac�ng, costs, and repor�ng and closeout.

Relevance to this study Acous�cal measurement techniques are described and discussed in the
sec�ons on acous�cal engineering.

Conclusions/findings/gui-
dance related to this
study

Loudspeaker and flyover measurement techniques are described and
discussed, outlining the various issues with each.

In agreement with this
study’s findings?

The research team agrees with the discussions on acous�cal measurement
and the various issues discussed for the different measurement
techniques.

Table C-3.  (Continued).
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Table C-3.  (Continued).

Authors Ashwin Thomas, Thomas Bowling, Erica Ryherd, Javier Irizarry

Date May 8, 2014

Summary of Content

This presenta�on summarized the authors’ work to validate computer
model NLR predic�ons. Insul and IBANA Calc so�ware were analyzed,
and six buildings (represen�ng the six climate regions) were modeled.
Results were compared to acous�cal measurement results contained in
the DOT FAA AEQ 77 9 study. Calculated NLR was typically within 1 dB
of measured NLR.
Georgia Tech then built a one room home in the lab to compare
modeling results to laboratory gathered NLR data. Laboratory data was
gathered using mul�ple source speaker, microphone posi�ons, and
façade construc�on (e.g., different window STC ra�ngs).

Relevance to this study
The authors did some of the same tests (e.g., exterior loudspeaker) as
performed in this study, although their measurements were conducted
in a laboratory se�ng.

Conclusions/findings/guidance
related to this study

Horizontal loudspeaker source angle of incidence affects measured
noise reduc�on; correc�on factor should be used:

In agreement with this study’s
findings?

Yes, the research team found that angle of the incidence of the exterior
loudspeaker affects the measured noise reduc�on.

Document Title Aircra� Sound Transmission in Homes Categorized by Typical
Construc�on Type

Publica�on Paper submi�ed for 2014 Construc�on Research Congress

Authors Ashwin Thomas, Daniel Castro, Rick Porter, Erica Ryherd, Javier Irizarry

Date May 19, 2014

Summary of Content

This paper summarizes the authors’ work to validate computer model
NLR predic�ons. Insul and IBANA Calc so�ware was analyzed, and six
buildings (represen�ng the six climate regions) were modeled. Results
were compared to acous�cal measurement results contained in the
DOT FAA AEQ 77 9 study. Calculated NLR was typically within 1 dB of
measured NLR.
Georgia Tech then built a 90 square foot room in their lab to compare
modeling results to laboratory gathered NLR data. Laboratory data
gathered using mul�ple source speaker, microphone posi�ons, and
façade construc�on (e.g., different window STC ra�ngs) was
measured.

Relevance to this study
The authors did some of the same tests (e.g., exterior loudspeaker) as
performed in this study, although their measurements were conducted
in a laboratory se�ng.

Conclusions/findings/guidance
related to this study

Georgia Tech found that the modeling of noise reduc�on was within 1
dB of the measured noise reduc�on.

Document Title Simulated and Laboratory Models of Aircra� Sound Transmission

Publica�on
Partnership for Air Transporta�on Noise and Emissions Reduc�on
(PARTNER) Presenta�on at Acous�cal Society of America 2014 Spring
Mee�ng in Providence, RI

In agreement with this study’s
findings?

The research team found that acous�cal modeling was within 1 to 2 dB
of this study’s measured noise reduc�on, so the results generally
agree with this paper.

(continued on next page)
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Document Title
The Posi�on of the Instruments for the Sound Insula�on Measurement
of Building Facades: From ISO 140 5 to ISO 16283 3

Publica�on Noise Control Engineering Journal

Author(s) Umberto Berardi

Date January February 2013

Summary of Content

This paper evaluates the effects of various outdoor, ground level
loudspeaker measurement techniques. Specifically, the author
quan�fies the different NLR values measured with various exterior and
interior microphone posi�ons and different loudspeaker
posi�ons/angles. The author also discusses the uncertainty present in
measuring low frequency noise (50 Hz to 100 Hz) due to interference
wave effects.

Relevance to this study
This paper goes into detail on the effect of loudspeaker and
microphone posi�on on NLR results, which this study also inves�gated.

Conclusions/findings/guidance
related to this study

The loudspeaker’s horizontal angle of incidence and microphone
posi�on affect the overall measured NLR.

In agreement with this study’s
findings?

Yes.

Document Title
Sound Insula�on Measurements of Facades with Variable Microphone
Posi�ons

Publica�on Inter Noise 2011

Authors Sigmund Olafsen

Date September 4 7, 2011

Summary of Content

This paper evaluates interference effects of exterior loudspeaker
measurements. The author quan�fies loudspeaker noise levels
measured at various distances from the façade (0.01 meter to 2 meters
from the façade). Both theore�cal and field measurement results are
presented. Up to a 5 dB one-third octave band difference was measured
between microphone posi�ons.

Relevance to this study
This paper goes into detail on the effect of microphone posi�on on NLR
results, which the ACRP Project 02 51 study also inves�gated.

Conclusions/findings/guidance
related to this study

The author found that there was li¤le difference in uncertainty
between a microphone placed flush on the façade versus a microphone
located in front of the façade.

In agreement with this study’s
findings?

Not applicable. The research team did not directly evaluate the
difference between a flush exterior microphone and a microphone
located 1 2 meters from the façade.

Table C-3.  (Continued).
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Document Title
Rela�onship Between Air Infiltra�on and Acous�c Leakage of Building
Enclosures

Publica�on
Argonne Na�onal Laboratory Presenta�on at Acous�cal Society of
America 2014 Spring Mee�ng in Providence, RI

Author(s) Ralph Muehleisen, Eric Tatara, Bre� Bethke

Date May 8, 2014

Summary of Content

This presenta�on proposes a building infiltra�on evalua�on method
using a microphone array rather than the tradi�onal method of using a
blower door to pressurize a room. Due to patent laws, the authors do
not provide many details on how the microphone array method works.

Relevance to this study

Air infiltra�on measurements and interior loudspeaker measurements
were conducted as a part of this project’s field research; the authors’
proposed air infiltra�on evalua�on method u�lizes an interior
loudspeaker and a microphone array.

Conclusions/findings/guidance
related to this study

None.

In agreement with this study’s
findings?

Not applicable, there were no findings yet.

Table C-3.  (Continued).
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Current Loudspeaker Practice

The basic uncertainty outlined in ISO 1996-2 is for a single source and single receiver mea-
surement. In the study herein, this would be one aircraft flyover or one loudspeaker test. To 
reduce the uncertainty in the source or receiver regions, one can replicate the test or otherwise 
increase the quantity of data, such as by adding additional microphones or sweeping through 
an area. In the case of loudspeakers, one can increase the number of loudspeaker positions. For 
current practice, people have been using the +2-dB source (exterior) measurement position, 
measuring 1 m–2 m from the façade, for virtually every measurement predicated on the use of 
an outdoor loudspeaker. Also, many have been sweeping a large area of the wall or roof under 
test of the building’s surface. It appears that this sweeping is equivalent to using about three or 
four fixed-position microphones. However, the swept measurements can approach a distance 
of 30 cm (~1 foot) from the wall, which is considerably closer to the wall than the +2 dB region. 
A reverberant build-up of 5 dB at the wall surface and 2 dB at 1.5 m (5 ft.) from the wall is 
assumed. This suggests a build-up of 4.5 dB at 0.25 m (10 in.) from the wall and 4 dB at 0.5 m 
(1.6 ft.) from the wall, which is in agreement with existing standards. Even if one wants to get 
only A-weighted data, there are three criteria that must be met in order to use the +2 dB (1 m 
to 2 m) position. Although the two general methods (outdoor loudspeaker and flyover) each 
meet two of the three criteria required for use of A-weighting at the +2 dB position, neither meets 
all three. Thus, the use of the +2 dB position is deprecated for all TL measurements that do not 
utilize sweeping,

The three criteria are essentially (1) the wall be big enough in extent from the point, O, where 
a line normal (perpendicular) to the wall goes through the point representing the microphone 
position. This perpendicular distance is termed d. The shorter of the distances from point O to 
the two vertical wall edges is distance b. The shorter of the distances from point O to the two 
horizontal wall edges is distance c. The requirements for this criterion are that b > 4d, and c > 2d. 
For most houses, the largest d can be is 0.5 m. See Figure D-1 for a graphic representation (from 
ISO 1996-2).

The second criterion is for balance between the incident and reflected waves and essentially 
requires that d ≤ 0.05a, where a is the perpendicular distance from the loudspeaker to the wall. 
When one measures along a perpendicular to a house wall, the distance is 10 m and the corre-
sponding requirement is d < 0.5m, again, purely by chance.

The third criterion, that the measurement be in the +2 dB (1 m–2 m) region and not too near 
the wall, requires that d > 1 m, which is clearly impossible. But it is possible to add a number 
between 2 and 5 dB depending on the distance d. The +5 dB value is currently recommended, 
but the “correct value” could be 3.5 or 4.5 dB. It is not unlikely that the uncertainty to this 
+4 dB offset is 0.5 dB.

Computation of Uncertainty
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Current Flyover Measurements

For flyover measurements, each aircraft measured represents an independent trial. Especially 
on takeoff, each aircraft that flies by does so at a different climb profile and with some lateral 
dispersion. This is equivalent to having the measurement microphones move around during 
the measurement. All three of these positions, in many cases, will suffer from nearby reflecting 
structures. Because many other factors affect the received sound, +3 dB is being used for the 
basic location uncertainty.

Although +3 dB is the basic airplane fly-by uncertainty, independent replications reduce that 
uncertainty. If one has n independent measurements, then the effective uncertainty for the aver-
age of n samples is approximately the basic uncertainty divided by the square root of (n - 1). The 
problem is that it is not known a priori what size n will be for any given measurement or to what 
degree the samples will be independent. So, to be conservative, assume only 26 samples; exactly 
26 were selected so that the square root of (n - 1) is 5, and then divide that 5 by 2 because degree 
of independence for the 26 samples is not known. So for current practice, the outdoor flyover 
measurements for a set of data have a value of 3 dB/2.5 = 1.2 dB for the location factor to the 
measurement uncertainty.

For loudspeaker measurements that use fixed positions, these must be flush-mounted wall 
positions. However, there is a current practice of using a swept microphone, especially when 
two people replicate the basic swept-microphone measurement, each using his/her own sweep-
ing technique.

Figure D-1.  Microphone position geometry.
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For the loudspeaker method, the position of the loudspeaker itself becomes a source of addi-
tional uncertainty. In particular, if the structure under test has insulated windows (dual glazed) 
of the type MAM, these may produce resonances that are dependent on the angle of incidence. 
This source of uncertainty is unrelated to other factors, and therefore will be added in as an 
independent source of uncertainty. This source of uncertainty is due to the change of TL of the 
window with angle of incidence, independent of ground dip (sound reflected off the ground). 
This factor is 1 dB when MAM windows are present and 0 when they are absent.

Uncertainty Analysis

The loudspeaker represents a large and somewhat distributed source as opposed to a micro-
phone, which represents more nearly a one point source. For this reason, there is added uncer-
tainty to the loudspeaker position. Largely, this latter position effect is seen in the variation of 
the well-known ground dip, which is basically a function of the loudspeaker and microphone 
heights, the distance from the loudspeaker to the wall, the measurement position on the wall, 
the acoustic impedance of the ground at the point of reflection, and the angle of reflection. From 
experience, the uncertainty to the ground dip is usually less than 1 dB, but the research team is 
using 1 dB to be conservative.

In addition to location, the other sources of uncertainty are the effect of background noise, instru-
ment error, and the effects that meteorological conditions have on sound propagation. Loudspeaker 
testing is done with a loud source and high indoor levels compared to most neighborhood and 
household backgrounds, so the research team assigns an uncertainty of 0.3 dB to these. The flyovers 
may or may not be loud compared to the background either indoors or outdoors. If consultants 
are careful to ferret out questionable data, and maintain a 10 dB signal-to-noise ratio, then the 
uncertainty is 0.5 dB.

The instrument measurement uncertainty is given in ISO documents as 0.4 dB.

The uncertainty due to meteorological conditions, as with most of these factors, is a function 
of the precise testing conducted and the precise circumstances of the test. In the analysis being 
discussed in this section, relative measurements are contemplated. That is, for measurements 
such as those for pre- and post-construction, most of the meteorological effects will cancel out 
because the fundamental TL may remain almost the same (at least when measured in one-third 
octave bands). However, background noise effects and the amplitude of the test signal may change 
between tests.

Table D-2 provides the uncertainties for the current measurement methods for relative measure-
ments both with and without windows that may exhibit MAM resonance.

Best Practice

For flyover measurements, the two changes the research team suggests are (1) to minimize net 
effects, the distance from the outdoor microphone(s) to the test room should be less than 5% of 
the nominal aircraft distance of closest approach and (2) heightened concern about the effects of 
nearby reflecting objects or structures with the rule that, when in doubt, one should use a ground-
plane or surface-mounted microphone position, whichever is farther from grazing incidence.

For loudspeaker measurements, fixed-position outdoor microphones should be flush-mounted 
on the surface of the structure under test. The number of microphones needed is dependent on 
the number of loudspeaker positions chosen. Measuring with a fixed microphone, the emission 
from two different loudspeaker locations is, for statistical purposes, equivalent to measuring one 
loudspeaker location at two different microphone positions. So for the acoustic measurements, a 
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team will be interested in the number of loudspeaker positions times the number of microphones 
in ascertaining the uncertainty. For best practice, a minimum of four positions/microphones is 
suggested. For example, this might be accomplished with two microphone positions and two other 
loudspeaker positions. The number of loudspeaker positions depends on the presence or absence 
of windows that exhibit MAM resonance, so making additional measurements at various angles 
of incidence is suggested. In the absence of variation with angle of incidence, one loudspeaker 
position is sufficient, but with resonances, at least four different loudspeaker positions are sug-
gested; and it is still ideal to have two microphone positions for each façade. Table D-2 gives the 
best practice uncertainties for the aircraft method and for the loudspeaker method using two 
outdoor fixed-position microphones and four outdoor loudspeaker positions with windows that 
exhibit MAM resonance.

Just below these two cases are the best practice data for the loudspeaker method using the 
swept-microphone technique with two, 30-second sweep measurements made for each test, and 
with four outdoor loudspeaker positions with MAM windows on the façade. This method is 
included for accuracy (low uncertainty in the range from 1 to 1.25 dB) while still being fast and 
simple. The problem is that the measurements can be closer to the wall than 1 to 2 meters, and the 
sound level may be above the +2 dB level and closer to the +5 dB level. Using linear interpolation 
one can estimate the following:

With respect to the table, a normal distribution with a mean of 0.5 m (1.6 ft.) and a standard 
deviation of 0.25 m (10 in.) should be close to the actual situation. This translates to a mean of 
5 dB and a standard of 0.5 dB. Any systematic offset to the mean also should be less than 0.5 dB. 
What is needed is a study on the transition from the level on a test wall surface to its +2 dB distance.

In the near future, further development of intensity in conjunction with an indoor loud-
speaker is suggested because of the many potential benefits that this TL measurement method 
could provide, including:

1. Unaffected by weather.
2. Unaffected by ground dip, MAM resonance or any other resonance effect.
3. Because of the short distances involved, it is unaffected by air absorption, relative humidity, 

ground absorption, and reflections from nearby structures.
4. Because of the high levels, it is usually unaffected by other environmental noises.
5. Because the acoustic signals of interest are confined to the test room itself and to the outdoor 

surfaces of the test room, there are minimal outdoor effects; the only two are wind on the 
microphone and precipitation.

6. Can find “hot spots” (on low TL building elements showing high noise transmission) to a 
resolution of about 10 cm (4 in.).

7. Elimination of logistical problems outdoors like: “Where can I fit in a loudspeaker?”
8. No noise problems with neighbors.
9. Because of all the problems other methods have that this method does not have, this method 

is likely the most accurate method.

The intensity method is listed on its own line in Table D-2.

Wall Distance (m) 0 0.25 0.5 0.75 1.0 1.25 1.5
Level added (dB) –
theore�cal

6 5.5 5 4.5 4 3.5 3

Level added (dB) – real
world

5 4.5 4 3.5 3 2.5 2

Table D-1.  Reverberant build-up at façade.
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Method

Field
Meas.
Margin

of
Error

Calculated
Total

Margin
of Error

Outdoor Measurement Factors Interior Measurement Factors

Meteor
ology

Ground
Dip

MAM
resonanceLoca�on Ambient Instrument Loca�on Ambient Instrument

Exis�ng Prac�ce
Aircra�
flyover ± 1.9 ± 1.9 1.2 0.5 0.4 0.4 0.5 0.4 1.0 0.5

Speaker
outside ± 1.8 ± 1.9 1.3 0.3 0.4 0.4 0.3 0.4 0.5 0.3 1.0

Best Prac�ce
Aircra�
flyover ± 1.4 0.2 0.5 0.4 0.2 0.5 0.4 1.0

Speaker
outside ± 1.1 0.2 0.3 0.4 0.2 0.5 0.4 0.5 0.2 0.5

Intensity ± 0.9 0.4 0.3 0.4 0.4 0.3 0.4

Notes:

1 Flyover method: Assumes only aircra� with a 10 dB or higher signal-to-noise ra�o used.
2 Loudspeaker: Assumes only data with a 10 dB or higher signal-to-noise ra�o used.
3 Loudspeaker Best Prac�ce: Assumes four loudspeaker posi�ons, two surface-mounted microphones (exterior), and interior spa�al

average/manual scan. 

Table D-2.  Calculated measurement uncertainty.
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Abbreviations and acronyms used without definitions in TRB publications:

A4A Airlines for America
AAAE American Association of Airport Executives
AASHO American Association of State Highway Officials
AASHTO American Association of State Highway and Transportation Officials
ACI–NA Airports Council International–North America
ACRP Airport Cooperative Research Program
ADA Americans with Disabilities Act
APTA American Public Transportation Association
ASCE American Society of Civil Engineers
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
ATA American Trucking Associations
CTAA Community Transportation Association of America
CTBSSP Commercial Truck and Bus Safety Synthesis Program
DHS Department of Homeland Security
DOE Department of Energy
EPA Environmental Protection Agency
FAA Federal Aviation Administration
FAST Fixing America’s Surface Transportation Act (2015)
FHWA Federal Highway Administration
FMCSA Federal Motor Carrier Safety Administration
FRA Federal Railroad Administration
FTA Federal Transit Administration
HMCRP Hazardous Materials Cooperative Research Program
IEEE Institute of Electrical and Electronics Engineers
ISTEA Intermodal Surface Transportation Efficiency Act of 1991
ITE Institute of Transportation Engineers
MAP-21 Moving Ahead for Progress in the 21st Century Act (2012)
NASA National Aeronautics and Space Administration
NASAO National Association of State Aviation Officials
NCFRP National Cooperative Freight Research Program
NCHRP National Cooperative Highway Research Program
NHTSA National Highway Traffic Safety Administration
NTSB National Transportation Safety Board
PHMSA Pipeline and Hazardous Materials Safety Administration
RITA Research and Innovative Technology Administration
SAE Society of Automotive Engineers
SAFETEA-LU Safe, Accountable, Flexible, Efficient Transportation Equity Act: 
 A Legacy for Users (2005)
TCRP Transit Cooperative Research Program
TDC Transit Development Corporation
TEA-21 Transportation Equity Act for the 21st Century (1998)
TRB Transportation Research Board
TSA Transportation Security Administration
U.S.DOT United States Department of Transportation
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