Data-Driven Flight Procedure Simulation and Noise
Analysis in a Large-Scale Air Transportation System
by

Luke L. Jensen

B. S, University of Washington (2011)
S.M,, Massachusetts Institute of Technology (2014)

Submitted to the Department of Aeronautics & Astronautics in
Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy in Aeronautics & Astronautics

at the

Massachusetts Institute of Technology

June 2018
© Massachusetts Institute of Technology 2018. All rights reserved.

Author: | Signature redacted

Department of Aeronautics & Astronautics
May 24,2018

Signature redacted

Prof. R. John Hanstman
Professor of Aeronautics & Astronautics, MIT
, Thesis Supervisor

Certfiod by: Signature redacted

Prof. Warren\ Hobi\rg
Visiting Professor of Aeronautics & Astronauti IT

Signature redacted

Certified by:

Certified by:

7 Dr. Brian Yutko
Vice President of Research & Development, Aurora Flight Sciences

Accepted by: Signature redacted

MASSACHUSETTS INSTITUTE Prof. Hamsa BalaKrishnan
OF TECHNOLOGY Associate Professor of Aeronautics & Astronautics, MIT

Chair, Graduate Program Committee

JUN 28 2018

LIBRARIES )
ARCHIVES







Data-Driven Flight Procedure Simulation and Noise
Analysis in a Large-Scale Air Transportation System

by
Luke L. Jensen

Submitted to the Department of Aeronautics & Astronautics
on May 25, 2018 in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Aeronautics & Astronautics

Abstract

Aircraft noise is a growing source of community concern around airports. Despite the
introduction of quieter aircraft, increased precision of onboard guidance systems has resulted in new
noise impacts driven by overflight frequency effects. Noise issues present a potential barrier to the
continued rollout of advanced operational procedures in the US. This thesis presents a data-driven
approach to simulating and communicating noise effects in the flight procedure development and
modernization process, with input from multiple stakeholders with varying objectives that are

technical, operational, and political in nature.

First, a system-level framework is introduced for developing novel noise-reducing arrival and
departure flight procedures, clarifying the role of the analyst given diverse stakeholder objectives.
The framework includes relationships between baseline impact assessment, community negotiation,
iterative flight procedure development, and formal implementation processes. Variability in
stakeholder objectives suggests a need to incorporate noise issues in conjunction with other key

operational objectives as part of larger-scale US air transportation system modernization.

As part of this framework development, an airport-level noise modeling method is developed to
enable rapid exposure and impact analysis for system-level evaluation of advanced operational
procedures. The modeling method and framework are demonstrated by evaluating potential benefits
of specific advanced procedures at 35 major airports in the US National Airspace System, including

Performance Based Navigation guidance and a speed-managed departure concept.
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Chapter 1. Motivation and Objectives

1.1 Problem Introduction

This thesis describes a system-level framework for developing new arrival and departure flight
procedures, evaluating noise, and communicating impacts to communities and other stakeholders.
Noise impacts are one of several key sociotechnical factors driving change in the modern air
transportation system. A diverse set of stakeholder objectives and feedback mechanisms guide the
system dynamic process of procedure inception, development, and implementation. The continued
rollout of advanced satellite-based navigation and guidance technologies requires systematic
integration of feedback from communities as well as operational stakeholders, considering the full
diversity of objectives and stakeholder inputs. The methodological and analytical framework
introduced in this thesis is applied to an example system-level best-case benefits analysis of modern

satellite-based navigation procedures and reduced speed departure procedures.

Aircraft noise is an increasingly common source of community concern with respect to air
transportation activity. The role of noise assessment in traditional procedure design incorporates
community feedback in a manner that misses key elements driving complaints, often resulting in
strained relations between airports and surrounding populations. While it is well understood that
noise generation and propagation to the surface is an unavoidable consequence of aviation activity,
operational and technological modifications can be used to reduce impact. Despite a reduction in
single-event aircraft noise over time[1], changes in flight volume, procedure design, flight patterns,

and community expectations have resulted in an increase in complaints.

Arrival and departure procedure modification for community noise reduction is complicated
due to variable stakeholder priorities and complex technical constraints. Flexibility in aircraft flight
tracks is limited by aircraft performance, navigation technology, traffic separation requirements,
airspace capacity, and regulatory considerations. Furthermore, the success criteria for a procedure

modification may be different for various communities surrounding an airport. A beneficial change
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for one neighborhood may correspond to a detrimental noise increase for another. Stakeholder
incentives are variable both across broad groups (airline incentive structures differ from
surrounding communities and airports) as well as within groups (individual communities may favor

solutions not in the best interest of other populations).

Operating under the assumption that airports provide valuable connectivity that drives
economic activity on a regional and global level, it is important to preserve passenger and cargo
throughput as part of any noise solution. All flights must take off and land from a limited set of
runways at an airport, placing a constraint on where flights may be distributed in the immediate
vicinity of the airport. Community expectations with respect to quality of life may not include
personal evaluation of benefits from air transport. For example, an individual may rely on an early-
morning flight to reach an important meeting one morning, only to be awakened by the same flight
departing overhead the following morning. Despite the personal benefit arising from airport activity,
being awakened by aircraft noise may generate a strong sense of annoyance nonetheless. While not
all people impacted by noise utilize air transportation directly, most benefit from economic activity
induced by thriving air transportation. It is important to explore opportunities to reduce annoyance

from aircraft noise while simultaneously acknowledging the economic importance of airport activity.

In typical procedure redesign processes, community stakeholders have high-level noise
reduction objectives and procedure modification concepts that do not account for complex technical
constraints and opportunities. Analysts and regulators in the procedure development process may
not be positioned to communicate these constraints and opportunities in a timely and effective
manner, resulting in a disconnect between community desires and the realistic opportunity space for
system modification. With a better understanding of the interactions and processes connecting these
technical and political components, there is an opportunity to improve the system evolution process
to more efficiently account for community desires while meeting technical and operational

objectives.

The framework introduced in this thesis is demonstrated in the context of representative case
studies evaluating specific advanced operational procedures with potential noise reduction

implications. These procedures are introduced in a generic sense, evaluated at specific airports, and

18



applied to a simplified system-level analysis to determine potential noise implications. The benefits
mechanisms and potential operational implications expected from each procedure are explored in
the context of the noise evaluation framework developed in this thesis. These case studies suggest

several best practices for noise-motivated arrival and departure procedure development.

1.2 PBN Track Concentration

The drivers of aircraft noise complaints have shifted over the past decade. While noise has been
a focal point of airport environmental planning and policy for decades, recent developments in
navigation and surveillance technology have enabled new high-precision approach and departure
operational procedures using GPS and Performance-Based Navigation (PBN) standards. These
procedures have proven effective for reducing fuel consumption and streamlining some aspects of
air traffic control. In addition, the procedures have resulted in increased access and improved safety
at airports with challenging terrain or airspace constraints. However, flight tracks that were
previously dispersed over wide areas due to less precise navigation or air traffic control (ATC)
vectoring are more concentrated on specific published tracks with effects on underlying
communities. Figure 1 shows flight track concentration for arrivals and departures at Boston Logan
International Airport (BOS) before and after implementation of arrival and departure procedures
using Area Navigation (RNAV), a type of PBN procedure. The change in flight path concentration that

results from RNAV arrival and departure routes is qualitatively evident from the figure.
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Departures

implementation (Source: Massport Noise and Operations Management System)

PBN procedure implementation is a central component of air traffic control modernization
under the Federal Aviation Administration’s (FAA) Next Generation Air Transportation System
(NextGen). The original objective of the procedures was to increase safety, fuel efficiency, and airport
throughput while reducing pilot and ATC workload. In terms of noise, the new procedures were
required to maintain or improve population exposure levels relative to existing procedures in
accordance with federal environmental guidelines. This “no net harm” objective was defined relative
to the existing regulatory noise metric (Day-Night Average Level, or DNL) and threshold (65 dB DNL)
for significant exposure. In order to avoid triggering the need for costly and time-consuming
Environmental Impact Statement based on NextGen procedure modifications, new RNAV and
Required Navigation Performance (RNP) procedures were required to maintain or reduce the
number of people exposed to these regulatory significant noise levels. In an effort to accelerate the
development and implementation of RNAV procedures, Congress approved a special “categorical
exclusion” from typical environmental assessment requirements under the National Environmental
Policy Act (NEPA) for RNAV procedures. This approach to noise analysis and evaluation, combined
with a development procedure that did not incorporate community stakeholder feedback early in the

process, meant that the negative community reaction to PBN procedures was largely unanticipated.
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Community concerns related to aircraft noise followed implementation of RNAV arrival and
departure procedures are occurring at airports throughout the National Airspace System (NAS). It
became evident that regulatory “noise significance” metrics and levels did not adequately capture
annoyance and complaints arising from flight concentration. As an example of this phenomenon,
Figure 2 shows the geographic location of noise complaints after RNAV deployment at BOS relative
to the 65dB DNL contour. It is seen that most complaints occur well outside the 65dB contour. Vocal
opposition and requests for reconsideration of RNAV procedures based on noise annoyance were
directed to airports, the FAA, and political representatives. Noise became a fundamental political
constraint to continued RNAV deployment throughout the NAS, increasing scrutiny on

environmental review policies and NextGen priorities.

Arrivals in green
Departures in blue

e

Each

Y

Figure 2. 65 dB DNL contour vs. noise complaint locations (red circles)

Communities around the US have expressed frustration with flight track concentration and noise
arising from PBN implementation, resulting in increased political and legal action at airports
throughout the country [2]. At the same time, operational and safety benefits of PBN and the

worldwide implementation of new procedures make it difficult to revert to non-PBN procedures.
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Ideally, PBN technology and procedures could be used to reduce overflight noise while retaining
operational benefits [3]. The challenges associated with flight track concentration may be
addressable through a clearer system-level view of noise evaluation processes, methods, and metrics.
This thesis introduces a noise analysis framework that acknowledges the diversity of stakeholder
priorities and interplay between complex sociotechnical factors in the noise management process.

The presentation of this framework involves several key elements:

e Development of a noise analysis method and corresponding visualizations to enable
feedback and negotiation between stakeholders from different technical and operational
contexts, particularly with respect to available advanced operational procedures for
noise reduction

e Discussion of several promising operational techniques available for noise reduction,
including expected noise benefits at the 35 US Operational Evolution Partnership (OEP-
35) airports and potential barriers to entry for each concept

e Introduction to a real-world case study involving procedure development incorporating
stakeholder feedback within the sociotechnical framework developed above, utilizing
noise analysis tools and visualizations to enable productive design iteration and
refinement while respecting operational and safety requirements

e Discussion of emergent characteristics of particular operational procedures on a system
level, including potential benefits and opportunities for advanced PBN procedure

implementation

1.3 Sociotechnical System Framework for Procedure Development

Arrival and departure procedure redesign programs may be initiated in response to operational,
environmental, or technological drivers. Operationally-motivated procedures are normally intended
to increased throughput, efficiency, and safety for runways and airspace. Procedures intended to
reduce environmental impact may be initiated in response to community feedback and complaints
or broad-based policy objectives with respect to noise, air quality, and emissions. In some cases, new

technological capabilities in terms of navigation capability or aircraft performance standards may
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allow for the design of new arrival and departure procedures to supplement or replace existing
procedures that made use of older technology. Such redesign efforts enabled by technology infusion

into the NAS may enable both operational and environmental benefits.

As discussed above, PBN navigation technology has enabled new and precise arrival and
departure procedures. The design and implementation process of new RNAV and RNP procedures
around the NAS has focused primarily on operational drivers (lowering minima for runways in the
vicinity of terrain, increasing efficiency, and improving safety) while treating noise as a constraint on
a “do no harm” basis according to existing metrics, thresholds, and NEPA review requirements.
Regardless of the motivation and objectives for a new procedure development program, compliance
with environment review and reporting regulations is mandatory. When developmental drivers are
primarily operational, environmental evaluation and public feedback may not be considered during

the preliminary development process.

It is clear that implementation of NextGen procedures in the NAS could be more successful if
community feedback on noise impact was included in the procedure iteration process. While noise
cannot be the sole concern in procedure development, consideration at a stage prior to NEPA review
in the pre-implementation process has the potential to address community objections more
effectively and increase buy-in for the eventual solution. This thesis introduces a framework for noise
evaluation that incorporates environmental and operational objectives. This framework (shown in
Figure 3) begins with the baseline procedure and noise environment (shown in the upper left)
driving community responses and complaints (upper right). Communities react and request changes
through a technical analysis process, which also accounts for operational system constraints and
stakeholder values (shown in the lower right). Formal procedure requests from this process are
ultimately forwarded to a formal pre-implementation process (shown on the left), including
regulatory (NEPA) environmental review and operational implementation processes. Successful
implementation pre-implementation processes result in new or modified procedures being
integrated into the baseline noise environment. For this thesis, the framework and its implications
for the procedure design process are discussed in the context of a specific PBN arrival and departure

redesign effort at Boston Logan Airport.
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Figure 3. Sociotechnical system framework for flight procedure development

1.4 System Noise Benefits of Specific Operational Procedures

Advanced arrival and departure procedures have the potential to reduce noise through two

pathways:

e Increased use of modern guidance and navigation technology

e Modifications to how airplanes are flown on existing procedures, including management

of aircraft speed, thrust, altitude, and /or configuration

Such procedure modifications could also increase the options available to procedure designers
and communities when discussing redesign efforts, providing opportunities for community
engagement and successful outcomes consistent with air traffic control modernization efforts. This
thesis discusses the potential system noise reduction potential examples from both advanced

operational procedure pathways (advanced navigation and profile management), providing specific

24



examples of the opportunity space for procedure modification under the flight procedure

development framework.

1.5 Thesis Outline

Chapter 2 provides a background on the aircraft noise problem. This includes an introduction to
the physics of noise generation and propagation, human response and impact, noise modeling
techniques and tradeoffs, and regulatory frameworks constraining procedure design with respect to

operational and environmental objectives.

Chapter 3 introduces an analysis framework used in this project for evaluating noise and
population impacts from modifications to arrival and departure procedures. Noise metric selection

and communication of impacts to communities are discussed.

Chapter 4 provides a summary of current design standards and other considerations for PBN
approach procedure design. The key design constraints for RNAV and RNP procedures are discussed

along with a discussion of current characteristics for published approaches around the NAS.

Chapter 5 provides an analysis of noise-reduction potential from PBN arrival procedures at
every runway end for 35 major airports in the US OEP-35 airports. The potential benefits from RNAV

and RNP procedures are discussed through an analysis at all 282 runways in the OEP-35.

Chapter 6 provides an analysis of noise-reduction potential from reduced-speed departure

constraints applied to RNAV departure procedures at the major airports in the US.

Chapter 7 introduces the multi-stakeholder sociotechnical system framework for evaluating
flight procedures. Implications for procedure design and implementation are discussed. An example
procedure development process at Boston Logan Airport is introduced to illustrate practical

opportunities and challenges using such a framework.

Chapter 8 draws conclusions about implementing an arrival and departure procedure design
process that incorporates both operational and environmental objectives. The primary contributions

of the thesis are summarized. Considerations for arrival and departure procedure design efforts are
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discussed to maximize the positive environmental potential of NextGen technologies in conjunction

with operational and safety objectives.
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Chapter 2. Literature Review and Background on
Aircraft Noise

2.1 Physics of Aircraft Noise

Aircraft noise is a physical phenomenon defined as undesirable sound arising from an aircraft
source. Noise generation arises from a combination of engine sources, aircraft aerodynamics (such
as the turbulent flows around landing gear and high-lift devices), propulsive mixing and pressure

fields in the aircraft wake, and mechanical interactions within the engine and aircraft systems.

2.1.1 Noise Sources on an Aircraft

Broadly speaking, aircraft noise emanates from both aerodynamic and engine sources. Engine
noise from a turbojet arises from several independent sources. Each of these sources is associated
with a directivity pattern as well as frequency and tonal characteristics that impact the far-field noise
experienced by an observer on the ground. Fan noise occurs due to shock formation at the tips of
engine intake fan blades at high thrust settings and due to wake interactions between fan blades.
Additional core noise components occur due to mechanical/aerodynamic interactions and vibrations
in the compressor, bypass duct, combustor, and turbine sections of the engine. Each of these noise
sources can be mitigated with tailored component aerodynamics, engine material tuning, and
acoustic liners in the engine nacelle [4]. Jet noise is generated at the shear layer between the high-
velocity exhaust stream exiting the rear of the engine and the surrounding ambient airflow and/or
bypass stream. The velocity differential in the shear layer is dissipated through vorticity and
turbulence that is ultimately experienced as noise. The physics of this dissipation is fundamentally
difficult to model due to the chaotic nature of turbulence, making theoretical jet noise prediction an

area of fertile continued research and experimentation [5].

Engine noise was traditionally louder than airframe noise such that modeling efforts could focus

on engine sources with only low-fidelity treatment of airframe sources without a major loss in overall
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sound level prediction. With the reduction in engine noise corresponding to increasing bypass ratios
and modern engine materials, airframe sources have become a larger contributor to the total
perceptible noise signature from an aircraft. Airframe noise is generated due to bluff-body turbulence
(large-scale irregular vortex shedding from large components including the fuselage, high-lift
devices, and wings) and small-scale turbulence from parasitic components such as landing gear, high-

lift device tracks and fairings, and flap/slat edge interactions [6].

The larger-scale bluff body noise sources, often referred to as clean-airframe noise, results from
the shear mixing between turbulent boundary layers and the free-stream velocity. The theoretical
far-field noise contribution from this effect is proportional to the fifth power of aircraft velocity,
meaning that clean-airframe noise is significantly higher for fast-moving aircraft [7]. Airframe noise
generated by landing gear and other parasitic sources is much more complicated from a detailed flow
modeling perspective, involving both direct vortex shedding by components as well as aerodynamic
interactions with downstream physical components and flow fields [6]. This effect is highly
dependent on aircraft-specific configuration details. For example, the Airbus A320 family has a well-
known airframe noise component arising due to fuel vent openings in the wings generating an
audible whistle tone. While this tone specifically is addressable through the addition of vortex
generators upstream of the vent openings [8], the original tonal noise problem would have been very

difficult to predict with conventional modeling capability.

2.1.2 Propagation and Perception

The perceptible loudness associated with a sound is proportional to the sound pressure level
(SPL) of an acoustic wave striking the eardrum. Noise is typically quantified in decibels, a logarithmic
unit that compares the magnitude of SPL in a sound wave to a reference level representative of the
minimum sound perceptible to average human listeners. A ten-decibel increase in SPL corresponds
to an approximate doubling in perceived loudness [9]. While the absolute SPL provides important
information about the annoyance associated with a particular noise event, additional characteristics
also play key roles in perceptibility and noise quality. In general, annoyance from noise is a function
of sound intensity, spectral composition, tonality, exposure frequency, time of day, and personal

preference among other factors.
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To the first order, a transient broadband noise is not perceptible to a human observer when
background environmental noise exceeds the SPL of the noise event and has similar spectral
characteristics. However, much as a distinctive voice or laugh can be discerned in a crowded room, a
noise below surrounding environmental SPL levels may be both perceptible and displeasing due to
spectral and tonal variation from the background [10]. Aircraft noise signatures are often highly tonal
due to steady-state mechanical movements inside the engine (e.g., rotational movement of engine
components) and speed-based aerodynamic effects (including whistle tones excited at specific

frequencies).

The magnitude and character of aircraft noise experienced on the surface is also impacted by the
slant distance between the source and observer, atmospheric attenuation and refraction, surface
composition, sound reflection and interference, terrain, and structural insulation. In the absence of
other factors, simple spherical wavefront spreading results in a reduction in SPL of 6dB for a doubling
of observer slant range distance. For realistic aircraft noise sources, sound energy is concentrated by

directivity, resulting in reduction in expected attenuation from wavefront spreading.

Additional attenuation in the atmosphere occurs through conversion of sound energy to heat
due to molecular excitation and interaction. The magnitude of atmospheric attenuation is highly
dependent on temperature and humidity. Attenuation increases for higher-frequency noise sources,
meaning that low-frequency spectral and tonal components are audible farther from the noise source
than high-frequency components at the same source pressure level [11]. Meteorological conditions
also play an important role, with non-linear influence from both temperature and humidity. In
general, total attenuation is greatest in low-humidity conditions due to increased overall air density.
There is also strong temperature dependence, although the functional relationship is non-monotonic
and dependent on humidity and sound frequency [12]. Taken cumulatively, the variability of
atmospheric attenuation based on temperature and humidity complicate modeling efforts for noise
propagation to the surface, leading to potential modeling discrepancies when standard atmospheric

conditions are assumed for all operations.

Temperature profiles with altitude, wind direction, and small-scale turbulence in the

atmosphere also contribute to variations in noise absorption and propagation pathways from an
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aircraft source to the surface. To the first order, sound waves refract (or bend) away from the surface
in standard temperature profiles (warmer at lower altitudes) and toward the surface in temperature
inversion conditions (increase in temperature with altitude). Wind profiles also contribute to sound
wave refraction due to any wind velocity gradient with altitude. Increasing wind speed with altitude
results in refraction toward the surface in the downwind direction and away from the surface in the

upwind direction [11].

Surface composition has a strong effect on noise experienced on the surface. Surfaces are
broadly categorized into acoustically “hard” and “soft” surfaces, indicating the degree to which sound
pressure waves are reflected or absorbed. Acoustically hard surfaces are characterized by strong
reflection, reducing attenuation on the ground and causing noise propagation distances to increase.
This is commonly experienced over open water, for example. Acoustically soft surfaces reflect sound
waves to a lesser degree and absorb more energy directly. Vegetation and soil reduce sound wave
reflection. Acoustically hard surfaces also result in stronger ground effects including multi-path
interactions between direct and reflected sound waves. Depending on the geometry of the noise
source, reflecting surface, and observer, this can increase or decrease the absolute noise level
experienced at an observer location through constructive or destructive interference between sound

waves.

Sound propagation to an observer is also affected by barriers between the source and observer,
whether natural or artificial. In the outdoor environment, topographic features or manmade
structures impact wavefront propagation, normally providing a noise shielding effect. In addition,
sound insulation of inhabited structures and dwellings reduces the noise experienced inside those
structures. The quality and construction of windows, doors, walls, and ventilation systems have a

strong impact on attenuation of noise from the outdoor environment to the indoor environment.

The physical characteristics of aircraft noise generation, propagation, and perception are
sufficiently complicated to pose challenges for rapid and efficient computational modeling. Source
noise fidelity and spectral characteristics, atmospheric assumptions, surface modeling, and

underlying population data all impact the accuracy of noise models relative to empirical
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measurement data. Section 2.4 introduces the typical approaches used for aircraft noise modeling

and propagation.

2.2 Effects of Aircraft Noise

This thesis focuses on the impact from aircraft noise on underlying population in terms of
annoyance as expressed in broad community sentiment and complaints. A growing body of research
aims to quantify human health and sociological impacts attributable to aircraft noise to a degree of
confidence sufficient for policymaking. Broadly speaking, negative consequences arise from sleep
interruption, learning disruption for children, and increased risk to cardiovascular health due to
stress and other intermediary effects [13]. This section presents a brief introduction to the impacts
of aircraft noise on human populations, motivating the importance of noise reduction research and

mitigation efforts.

2.21 Annoyance from Noise

The ultimate objective of any noise study is to quantify the psychological impact of noise on
people in surrounding communities. If a given combination of sound characteristics does not produce
annoyance, there should be no concern with that sound source. However, the meaning of ‘annoyance’
and the resulting analysis techniques are widely debated amongst experts and impacted

communities [14].

Noise is a key component impacting the total environmental footprint from aviation, along with
emissions (climate impacts and air quality) [15]. Despite subjectivity in the definition and evaluation
of noise, many in the literature have attempted to quantify annoyance as a function of sound
exposure. An SPL time history from a typical aircraft overflight event is shown in Figure 4. While
absolute pressure level does not translate directly to human annoyance from noise, the
characteristics of overflight events are used to calculate acoustic metrics such as Sound Exposure
Level (SEL) and Maximum Sound Level (Lmax), both of which are used in population impact analysis.

These metrics and other integrated derivatives are presented in more detail in Section 2.5.
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Figure 4. Sound pressure level time history at a single observer location illustrating Luax and
SEL metrics

Annoyance measures generally account for the absolute magnitude of sound pressure level,
tonal characteristics, frequency exposure, and other environmental variables. Early research in the
field of aircraft acoustics attempted to identify which characteristics were primary drivers for
perceived annoyance [16]. Kryter extended this research into early sound metric development that
weighted particular frequency bands more heavily than others and accounted for tonality in an
attempt to capture human annoyance response [17]. Perceived Noise Level (PNL) has been
supplemented by a wide array of alternative metrics since Kryter’s early work, notably DNL [18].
Different metrics are suitable for different types of analysis, leading to further complications in terms

of translating quantitative noise metrics to community annoyance values.

Schultz established the first formal functional relationship between DNL and perceived
annoyance using a survey approach [19]. This “Schultz Curve” was the basis for selecting 65 dB DNL
as the significant noise threshold for the purpose of legal interpretation in the US. Others have
extended this survey-based approach using larger data sets, also examining annoyance from other
transportation methods [20]. In the intervening years, Fidell and others have evaluated the
underlying assumptions driving the dose-response methods and metrics pioneered by Schultz and
attempted to identify refinement opportunities (i.e. [21]). Finegold et al revisited the concept of
annoyance to better emphasize disruptive noise exposure (i.e. sleep awakenings) compared to other

types of annoyance [22]. Guski integrated social science surveys and international expert opinions to
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establish differences in annoyance characteristics by country, indicating a strong cultural component

to how noise is perceived [14].

Recent studies indicate that community sensitivity to aircraft noise has increased over time [23],
[24]. This is despite the fact that aircraft have become quieter in terms of single-event noise levels.
The FAA has implemented regulatory noise limitations based on the certification noise levels for
turbojet aircraft. The total effective perceived noise from three measurement locations must fall
underneath a threshold of increasing stringency over time. These thresholds are referred to as noise
“stages” [25]. Figure 5 shows the increasing noise stringency from Stage 2 (the earliest and least
stringent standard applicable to early jets) to Stage 5 (the latest standard applicable to new
certifications). The figure also shows actual certification noise levels for common turbojet aircraft
types, illustrating that aircraft noise levels are reducing over time at a rate that exceeds regulatory

requirements.
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Figure 5. Noise stage levels and certification values for common turbojet aircraft types as a
function of certification year (Source: FAA [26])

Technology improvements are expected to continue to reduce noise contour area [27], although

this is not guaranteed to reduce community annoyance. Research by Brink indicates that changing

33



aircraft noise exposure (i.e. increased flight frequency or redesigned flight procedures) leads to
stronger annoyance responses than steady-state noise [28]. In addition, research has consistently
shown the importance of non-acoustic variables in determining community response to noise.
Research by Job indicated that sound exposure accounted for less than 20% of variation in reported
annoyance from community members, with the remainder associated with non-acoustic variables
[29]. Non-acoustic variables that may have a stronger impact on annoyance than absolute sound
levels were identified by Guski, such as general attitude toward aviation as well as sensitivity to noise

regardless of level [30].

The general approach to quantifying annoyance is to correlate the measurable noise metrics
introduced above with levels of subjective annoyance reported by sample subjects. These survey
methods result in statistical distributions which are converted to annoyance functions using simple
regression methods. Using these annoyance functions, appropriate regulatory thresholds for noise
metrics can be established. For example, early synthesis done by Schultz led to the establishment of
65 dB Day-Night Average Level as a key regulatory cutoff for community noise mitigation programs,
as shown in Figure 6. The analysis performed by Schultz compiled experimental data from 18 social
surveys on noise annoyance correlated to annual average Day-Night Level arising from a combination

of aviation, rail, and road noise [19].
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Figure 6. Schultz Curve relating A-weighted DNL to community annoyance [19]
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The original work establishing the correlation between annual average DNL and community
annoyance did not evaluate finer-resolution time impacts, such as frequency-driven annoyance
occurring during peak utilization periods of transportation infrastructure. While the annual-average
method is convenient for policy and regulatory purposes, its practical application is complicated by
the large variation in community expectations between people and over time. Significant research
effort has been devoted to quantifying annoyance levels. These studies attempt to refine
methodology for collecting annoyance attitude data as well as the mathematical regression models
used to fit these results. While refined models are available as a result of this work, most have not
been implemented by regulators or analysts on account of longstanding legal precedent and policy
use of existing metrics and tools [18]. Correlating measurable sound characteristics with community
annoyance is central to the fundamental premise of noise regulation, which is to mitigate impacts of
aircraft noise on quality of life for surrounding communities. Therefore, this correlation remains one

of the great research and implementation challenges for aviation environmental specialists.

2.2.2 Sleep and Learning Effects from Noise

Noise-induced delay of sleep onset and/or sleep disruption is associated with negative health
and lifestyle outcomes including elements of general fatigue, immune system degradation,
cardiovascular and endocrine system function, and psychiatric symptoms [31]. Measurable
physiological responses to noise may be observed at sound pressure levels as low as 33 dB [32],
although thresholds that cause awakenings are generally higher and are not consistent across
samples. Local variables such as background noise levels, habituation patterns of residents, and
sociopolitical norms result in highly contextual noise thresholds for sleep disturbance [33].
Nonetheless, sleep disturbance is one of the most acutely disruptive and noticeable byproducts of

aircraft noise.

In terms of learning effects, several epidemiological studies appear to show that chronic noise
exposure may impair reading and memory as well as standardized test scores ([34], [35]). The
mechanism for this effect appears to be through communication disruption and distraction during

school hours, as well as high correlation with heightened noise exposure outside of school hours and
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at night due to proximity of schools to student homes. The World Health Organization recommends
that classrooms be insulated to an equivalent sound pressure level of 35dB and that healthy outdoor
playground environments be limited to equivalent sound pressure levels of 55dB to reduce learning

impairment at schools due to noise [36].

2.2.3 Health Effects from Noise

Research is ongoing with regard to direct health impacts from aircraft noise. Early work
indicates possible links between noise and cardiovascular disease [37], [38]), hypertension [39], and
psychological health [40], although the early-stage maturity of results has not led to noise policy
changes pending further validation. Negative health effects of aircraft noise are generally determined
through epidemiological studies that attempt to control for other risk factors leading to the outcome
in question. While efforts are made to isolate noise impacts from other confounding variables, other
demographic factors may be associated with housing locations in high-noise areas, suggesting a need

for continued study in this area.

2.2.4 Social Effects from Noise

Noise is a negative externality of air transportation imposed on communities. While this
externality must be balanced with the positive economic benefits arising from air transportation,
there are many potential methods for determining an appropriate level of noise (or other
environmental impact) for a given economic benefit [41]. This is particularly difficult in the case of
noise, where those experiencing the externality are often different from those experiencing the
economic benefit. Social welfare is an integral component of noise regulation and policy, requiring

simultaneous consideration with airline and airport efficiency objectives [42].

Social welfare is of particular concern to policymakers with respect to demographic variables
including race and socioeconomic status. In the realm of environmental policymaking and system
implementation, social welfare concerns are referred to as Environmental Justice (E]). These
concerns began entering the legal framework for policy evaluation in the 1990s, as fairness and
equity became increasingly important in the evaluation of undesirable externalities from a wide

variety of factors [43]. E]J considerations are a component of modern environmental assessments
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performed for major transportation projects of all modes [44]. This concern is now considered a key
component of noise assessment around airports [45]. Despite this growing consideration of E] in the
noise analysis process, there are no clear definitions or benchmarks of equity, meaning that analysis

tools must be flexible to alternative policies and dynamic objectives moving forward.

Noise distribution around airports also has a strong impact on property values (quantified
through the Noise Depreciation Index (NDI) [46]) and residential land development in metropolitan
areas [47]. This leads to strong economic incentives for communities impacted by airport noise to
request procedural modifications regardless of equity considerations [48]. Hedonic pricing models
(which account for both internal and external price impact factors) and other methods have been
applied in the economics literature to attempt to quantify the economic impact of noise on housing
values, with potential implications for economic distribution of environmental externalities (e.g.
[49]-[51]). Significant challenges remain with balancing economic and equity arguments in noise
policy [52], further supporting the development of impact analysis tools capable of evaluating

various stakeholder preferences and viewpoints.

2.2.5 Visual Effects on Perceived Noise

Consistency of flight tracks on PBN arrival and departure procedures makes it easier for surface
observers to visually acquire overflying aircraft. On clear-weather days, successive flights using the
same procedure appear in nearly the same location in the visible line of sight from a structure or
outdoor location. This results in heightened perceptibility of overflights regardless of acoustic

factors. Aircraft size, speed, and lighting can also influence perceived altitude and noise levels.

Visual effects of air transportation activity are acknowledged as a source of environmental
impact by FAA regulatory documentation [53]. State and local regulations, policies, and zoning
ordinances that apply to visual effects on a case-by-case basis. However, there is no level of
significance associated with “visual effects” from a federal standpoint. Furthermore, guidance states
that “the visual sight of aircraft and commercial space launch vehicles, aircraft and commercial space

launch vehicle contrails, or aircraft lights at night, particularly at a distance that is not intrusive,
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should not be assumed to constitute an adverse effectl.” Therefore, while visual effects are an
acknowledged non-acoustic factor associated with aircraft noise, visual concentration and/or

dispersion of aircraft overflight locations is not generally considered in noise analysis.

2.3 Noise Reduction Literature Review

Noise annoyance mitigation strategies can be classified in several broad categories. The
International Civil Aviation Organization (ICAO) advocates a balanced approach between four

strategies for noise reduction [54]:

e Noise Abatement Arrival and Departure Procedures
e Source Noise Reduction
¢ Qperational Restrictions

e Land Use Restrictions

Girvin outlined the high-level potential for each area [55], [56]. Environmental planners hope to
combine all of these techniques to maintain or reduce air transportation environmental impact

despite forecasts for sustained growth [57].

In some cases, operational modifications are coupled with technological changes due to
performance impacts, while in other cases the two effects can be treated independently. The most
significant reductions in community noise impact have arisen from noise reduction at the source [58],
most clearly as a result of engine technology improvement. Advanced research in acoustic signatures
from aerodynamic sources continues, including an extensive body of research on flap and landing
gear derived noise and physical modeling (i.e. [59], [60]). In 2008 Dobrzynski, et al presented a
survey of current research for characterizing airframe noise with improved accuracy relative to

legacy methods [61].

1 FAA Order 1050.1F Desk Reference: Section 13.3.3
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Air traffic management and operational strategies optimized for noise became an area of
particular interest within the past 20 years. Clarke explored the implications of advanced air traffic
management technology and operational procedures, with primary focus on arrival procedures
including continuous descent approaches [62]-[64]. Kim, et al examined opportunities for procedure
optimization including noise effects as well as sometimes-competing environmental objectives of fuel

burn and emissions [65].

Much of the literature on procedure optimization for noise minimization has focused on single-
procedure optimization given a population exposure reduction objective function. Betts provided a
survey of numerical methods typically used in lateral flight route optimization [66]. Visser
characterized the location-specific nature of the trajectory optimization problem with respect to
noise [67]. Many researchers have examined specific lateral optimization algorithms. For example,
Capozzi, et al examined lateral trajectory optimization schemes based on dynamically shifting
population sensitivities [68]. Pratt, et al examined lateral optimization for departures given multiple
discrete noise-sensitive surface locations and weightings [69]. However, it is widely agreed upon that
future noise abatement arrival and departure procedures are likely to rely on altitude and speed

dimensions in addition to lateral procedure design [70].

Aircraft performance modeling is a key component of noise modeling for advanced operational
procedures that do not rely solely on lateral modification. All noise models require estimation of
thrust throughout the various stages of a procedure, while more advanced models also make use of
aircraft configuration to calculate airframe noise. Filippone reviewed current methods generally
used for jet aircraft performance analysis for environmental studies [71]. Visser et al examined
custom vertical profile generation and resulting noise analysis in Amsterdam in successive studies

[72], [73].

Noise implications from specific procedures have been the subject of several recent studies. For
example, Thomas et al developed a method to integrate performance models and advanced noise
models to evaluate noise impacts of advanced operational procedures [74]. An example evaluation
of a delayed deceleration approach procedure was analyzed using this framework to demonstrate its

utility on an individual procedure basis with strong speed effects on airframe noise [75].
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2.4 Modeling Aircraft Noise
2.4.1 Noise Modeling Background and Literature Review

Aircraft noise modeling has made significant strides in the past several decades. Initial noise
models were driven primarily by engine noise as a function of thrust, derived broadly from empirical
measurements. For example, the Aviation Environmental Design Tool (AEDT) uses a noise-power-
distance (NPD) based approach that calculates noise based on thrust level and distance from the
observer [76]. The primary drawback of this approach is a lack of aerodynamic noise modeling for
various flap and slat configurations, landing gear settings, and general flow interactions causing noise
on the airframe. Nonetheless, AEDT is the legal standard for noise analysis in current U.S.

environmental reviews [77].

Over the past 40 years, increased audibility of airframe noise driven by quieter turbofan engine
technology has driven improvements in modeling aerodynamic noise generation [6]. An example
model with improved airframe noise treatment include NASA’s Aircraft Noise Prediction Program
(ANOPP) [78]. Several studies have attempted to validate the various models against empirical
measurements (e.g. [79], [80]). No industry-standard noise analysis tool currently exists that capture
all noise sources, with many competing alternatives. Full physics-based modeling of airframe noise
may be feasible with advanced computation power in future tools, although the current set of

alternatives rely on hybrid computational and heuristic methods [81].

2.4.2 Noise Model Fidelity

Human perception of aircraft noise is driven by several components: source noise, propagation
and atmospheric attenuation, ground reflection effects and absorption, background noise levels and
characteristics at the observer location, and psychological factors affecting the observer. As modeling
fidelity increases, computational burden can also increase significantly. All noise models include
some accounting for variation in source noise, whether this is a simple correlation-based approach
or a more involved physics-based method that accounts for various noise sources, accounting for
speed and configuration among other factors. Due to the variety of complex aerodynamic and
mechanical sources generating noise on an aircraft, a high-fidelity acoustic modeling approach can

be too cumbersome for practical applications. Propagation, absorption, and shielding effects can be
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accounted for with simplifying assumptions (such as standard atmospheric temperature, pressure,
and humidity) or with higher-fidelity ray tracing methods [79]. Ground effects are dependent on
surface composition, vegetation, and other factors such as snow cover. While accurate modeling of
the surface may be incorporated in high-fidelity propagation models, the ground composition is
normally classified as acoustically “hard” or “soft” to broadly characterize reflection and absorption

properties without sacrificing computation time.

Environmental factors such as background noise are required for accurate determination of
audibility metrics. However, background noise in a particular location is highly dependent on
surrounding terrain and structures, time of day, observer location inside or outside of structures, and
prevailing wind conditions. Background level mapping is typically unavailable at a sufficient
resolution to enable audibility metrics on a case-by-case basis, resulting in standard threshold levels

being applied in most cases.

Variation in psychoacoustic response factors between individuals also prevents effective
incorporation of individual preferences in noise models. Therefore, noise models typically output
acoustic variables directly. These acoustic variables can be further processed depending on a desired

annoyance-response function or other impact evaluation strategy.

2.4.3 NPD Approach (AEDT)

The standard analysis technique in the US for evaluating new flight procedures, paths, and
schedules is the NPD approach. Noise levels are determined on a segment-by-segment basis using a
lookup table or interpolation function based on slant-range distance between an observer and the
aircraft location as well as aircraft thrust level. The NPD approach is implemented in the FAA's AEDT

and other third-party noise evaluation software packages based on Standard SAE-AIR-1845A [82].

For the NPD method, empirical data is collected for arrival and departure procedures in several
aircraft configurations (characterized by flap setting, thrust level, and landing gear configuration).
Based on these configurations, noise levels are interpolated as a function of observer distance from
the noise source assuming a standard atmosphere and consistent sound energy dissipation with

distance. Noise for thrust levels other than those with data available are determined by interpolating
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between the available arrival and departure thrust levels. The number of NPD curve sets varies by
aircraft type within most of these models, generally ranging from 4 to 12 curves (different power
settings or configurations) per engine family. In AEDT, NPD curves are typically provided for aircraft
in an approach configuration - to capture aerodynamic source noise with flaps and landing gear

extended - and a departure configuration representing a clean aerodynamic configuration.

The NPD approach allows for noise calculation at a single point on the ground given one flight
operation (approach, departure, or overflight). The output of the calculation can be a variety of
instantaneous or integrated metrics. The process is then repeated for a full grid of observer locations

underlying the flight procedure, allowing for the generation of equal-noise contour lines.

While AEDT is an integral component of the environmental regulatory framework, its limited
fidelity in aerodynamic noise prevents direct application for the evaluation of advanced operational
concepts. Because the NPD approach requires interpolation between a limited set of thrustlevels and
aircraft configurations, detailed noise changes resulting from aircraft speed or configuration
variations cannot be captured. For example, delayed deployment of landing gear and flaps cannot be
implemented using standard NPD curve sets, as approach NPD curves assume that the aircraft is in

full landing configuration throughout a procedure.

Another limitation of the NPD approach is the limited fidelity of noise shielding and directivity
assumptions. The direction of noise propagation from an aircraft depends on the configuration of the
aircraft (such as wing and engine geometry), flight attitude (including pitch and bank angle), and the
specific source of the noise (e.g., aerodynamic noise from particular structural components or jet
mixing noise from the high-speed engine exhaust). A detailed treatment of noise in advanced
operational procedures requires a higher-fidelity directivity assessment of noise than can be

achieved with a simple single-source distance-based noise attenuation model.

One way to address the limitations of the NPD noise calculation method is to use standalone
physics-based noise models. Such models generally include source modeling, shielding, and
propagation. The benefit of such a model is higher fidelity for advanced procedures, although the

process is not directly compatible with existing NPD-based methods. Approaches are under
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development to convert high-fidelity results into a multi-dimensional lookup table similar to the NPD
method but incorporating thrust and configuration variables as well [83]. It is expected that such
methods could be used to incorporate noise characteristics for advanced procedures into existing

tool workflows.

2.4.4 Source-Based Approach (ANOPP)

To address the limitations in the NPD-based noise modeling, higher-fidelity models can be used
to capture various noise sources, shielding, and propagation. This is important for modeling
procedures where aerodynamic sources are important, such as modified speed profiles and changes

in aircraft configuration scheduling (landing gear and high-lift device deployment).

The outputs of source-based models can be used to directly calculate noise fields from an
overflight or calculate higher-fidelity NPD data sets that better capture aircraft configuration, speed,
and thrust levels of interest. The Aircraft Noise Prediction Program (ANOPP) is one model that can
be used for this purpose. ANOPP is a NASA-developed model that computes noise levels from the
airframe and engine components (fan, core, jet, and turbine) at a user-defined observer grid for a
single flight procedure. It accounts for propagation through user-defined atmosphere and aircraft

component shielding effects.

The methods used in ANOPP for noise computation are semi-empirical, based on historical noise
data combined with physical noise models. These models have been improved over time, based on
new full-scale and experimental data, but the fundamental noise source models are essentially
unchanged. A series of modules take input on aircraft and engine parameters to generate cumulative
noise projections for an aircraft configuration and flight procedure. ANOPP is configured primarily

for noise prediction on conventional tube and wing aircraft configurations.

2.4.5 Alternative and International Noise Models

In light of the physical complexity of noise generation, propagation, and perception, there exists
as wide range of potential modeling approaches and implementations. While AEDT and ANOPP are
the primary tools used for analysis in this thesis, alternative noise models are used for particular

applications in both in the US and international settings. These models could serve a similar role to
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AEDT and ANOPP in the data-driven procedure design approach described in this thesis, with the
caveat that exact contour geometry and recommended design configurations are sensitive to
modeling assumptions and results. As discussed in this thesis, the tradeoff between fidelity and run-
time means that the noise model of choice for any particular application or procedure may vary based
on specific analysis goals, since increased accuracy is overshadowed beyond a certain modeling

utility threshold by flight-to-flight randomness and variation in measured noise [84].

Example physics-based or semi-empirical models in use include NOISEMAP, developed by the
US Air Force for military aircraft and airport noise studies [85]. Outside of the US, the Parametric
Aircraft Noise Analysis Module (PANAM) developed by the German Aerospace Center (DLR) was
developed with the intention of accounting for various significant noise sources efficiently and semi-
empirically to allow for rapid configuration evaluation in system-level aircraft design analysis [86].
NASA and others have developed higher-fidelity engine noise modeling program for specific
applications, such as the FOOTPR framework for jet noise [87]. High-fidelity component noise models
with full three-dimensional computational fluid dynamic solutions have been demonstrated for
specific components. In one recent NASA study, computational mesh resolutions sufficient to capture
high-frequency noise components from landing gear required a runtime upward of two months for a

single simulation on a 1,200 core supercomputer [88].

Other noise models have been developed based on lookup table methods and empirical
regression. These models have significant run-time benefit at the potential cost of fidelity and
modeling capability for non-standard procedures. The original model developed for use in the US
regulatory context was the FAA Integrated Noise Model (INM) [89]. This model was an early
implementation of the NPD method as outlined in the standard SAE-AIR-1845 [82]. Various additions
and integrations using INM have been developed. The Model for Assessing Global Exposure to the
Noise of Transport Aircraft (MAGENTA) was developed with INM as a noise core to allow for rapid
batched evaluation of noise impact at the regulatory level of significance. Other large-scale reduced
order models have been developed for use in large-scale noise evaluation studies in the US, including

the Noise Integrated Routing System (NIRS) developed by Metron Aviation between 1998 and 2012.

44



Beginning in 2012, INM, MAGENTA, and NIRS were superseded by AEDT as the regulatory noise code

for noise evaluation of operations.

Other noise models are used for operational noise evaluation. In the UK, ANCON is the primary
noise model for calculating noise quota count impacts using an NPD-based approach for determining
flight-level SEL impacts [90]. In Switzerland, the FLULA code serves a similar purpose with additional
treatment and validation for directivity assumptions [91]. In Germany, the SIMUL model
incorporates empirical lookup functions on a source-specific basis with basic physics-driven
relationships to generate aeroacoustic predictions [92]. Direct adaptations of INM and/or AEDT are

also used in some countries outside of the US.

2.5 Noise Metrics

Noise can be quantified using a variety of methods and metrics with the ultimate objective of
capturing the acoustic and non-acoustic factors that cause annoyance, complaints, and health
impacts. Fundamentally, noise is sound that is unwanted due to its loudness, pitch, or other
characteristics. Sound itself is pressure variation relative to steady-state pressure within a medium,
normally measured in decibels (dB). Sound pressure level (SPL) is defined based on this concept in

Eq. 1.

SPL (dB) = 20 log (m) Eq.1
Pref
Where:

Prms = root-mean-square of pressure variation about ambient steady state
Pref = root-mean-square of minimum audible reference pressure variation

The most straightforward method for comparing noise levels is to compare raw SPL values from
background levels to noise-generating events. However, human perception of SPL varies greatly as a
function of sound frequency or tone. For example, a mid-frequency noise (e.g., 3,000 Hz) at a fixed
SPL is perceived as louder than a low frequency noise (e.g.,, 50 Hz) at the same SPL. Raw magnitude
measurements typically don't capture key elements of sound frequency and tonality that drive

human noise perception.
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In addition to frequency, several qualities of a sound (sharpness, tonality, roughness, and
fluctuation strength) impact perceived noisiness. Most of these effects vary between individuals in
absolute terms (total SPL tolerance) as well as relative importance (e.g., frequency vs. sharpness).
Therefore, no quantitative metric for noise can correlate to annoyance for all human observers. The
methods and metrics most commonly used in industry are based on research performed during the
1970s and before, leading to decades of noise analysis and policy based on a set of common metrics
and thresholds. Commonality between metrics and methods across studies and over extended
periods of time allows for comparison between different technologies and time periods. The
following discussion presents a partial list of metrics currently in use with a discussion of practical

limitations and relevant supplemental information to inform procedure design efforts.

Many metrics have been developed to quantify noise for various context and purposes. Broadly
speaking, metrics can be divided into two categories: single event and cumulative. Single event
metrics quantify the sound exposure from a single overflight and can be used to evaluate specific
operational changes or procedure designs on a before-and-after basis. Cumulative metrics
incorporate many operations over a representative time interval (such as average annual day, peak
day of operations using a particular runway configuration, or peak hour of operations using a
particular procedure). These metrics show the impact of operational or procedural changes in the

context of the actual operational intensity, procedure sets, and fleet mixes.

2.5.1 Frequency Spectrum Weighting

Human response to a given SPL depends upon the frequency of that sound. A given sounds
intensity results in a different perception of noise depending on the frequency of that noise. Scientific
exploration of these spectral effects began in the 1930s, with refinements and applications
continuing for the next several decades. One strategy to account for spectral noise sensitivity is to
apply a masking function that weights high-sensitivity frequencies most heavily. The filter function
used most frequently is referred to as A-weighting, which amplifies the intensity from frequencies

near the middle of the audible spectrum. The A-weighted filter function is shown in Figure 7.
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Figure 7. A-weighting filter function for determining equivalent instantaneous loudness

within the frequency range of human hearing

A-weighted sound pressure level (commonly shortened to dBA) has become the de-facto
standard for many noise certification purposes, including applications in transportation and
consumer electronics [93]. The filter is effective at emphasizing the frequencies to which humans are
most sensitive, translating raw mixed-spectrum sound signatures to levels reflective of

psychoacoustic perceived loudness [94].

2.5.2 Single Event Metrics

While the aggregate impact of noise on communities depends on the entire daily distribution of
flights tracks and operational strategies, each individual flight has an instantaneous impact on
community annoyance. A class of “single-event” noise metrics has been established to allow for
quantification of each noise event. Aircraft flyover events produce a characteristic rise and fall in SPL
as the aircraft nears the observer, passes the point of closest approach, and recedes out of audible
range. To the first order, the aircraft is only audible when the SPL rises above the background (or
threshold) noise level. These metrics are derived from a typical SPL time history for a single aircraft

overflight event, as was shown in Figure 4.

Flyover event measurements and single event metrics can be determined using microphones

tuned for the desired spectral weighting (typically A-weighting). Alternatively, spectral gain
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functions can be applied in post-processing analysis using data from full-spectrum microphones.
While a wide variety of metrics are available that account for tonal components and other specific
characteristics of noise events, two primary metrics were analyzed in this thesis for single-event

sound exposure:

e Lmax: The simplest metric for single-event noise reporting is the maximum SPL occurring
from that event. This metric measures full-spectrum SPL at a single observer location.
This is an instantaneous metric that corresponds to the loudest sound level generated
by an overflight without accounting for duration.

e SEL: Sound Exposure Level (SEL) accounts for the duration of a noise event by
integrating the total sound energy for the time during which the sound level is within

10dB of its peak.

Both Lmax and SEL can be used as building blocks for analyzing multiple flights in cumulative

noise analysis.

2.5.3 Cumulative Metrics

While single-event metrics are meant to describe the instantaneous impact of a single flight in a
single location, cumulative metrics aim to assign a single value for overall noise impact at an airport
averaged across all operations. Such an averaging allows consideration for fleet mix at an airport and
flight time of day distributions. In addition, some cumulative metrics allow quantification of

repetitive noise exposure and overflight frequency.

DNL

DNL is the most commonly-used cumulative metric. DNL is calculated as an average continuous
daily A-weighted noise level due to aviation activity. This metric has been the regulatory benchmark
in the United States and Europe since airport noise became part of required environmental
assessment. Night time activity between 10:00pm and 7:00am is penalized with an additional 10dBA
to reflect the lower background noise experienced during those hours as well as the sleep disruption

caused by singular loud events. The mathematical formulation for DNL is a logarithmic summation
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of SEL levels at each observer location over the course of a 24-hour period with a 10dB penalty

applied for all night operations, as shown in Eq. 2.

1
DNL = 101 [ SELgdqy/10 10(SELnighe+10)/10 ]
886,200 (Z 107+ Z ) Eq.2

Where:
SELgay = Single-Event Daytime Sound Exposure Level
SELuignt = Single-Event Daytime Sound Exposure Level

There are several drawbacks to using DNL as the primary noise evaluation metric for airports.
First, because the metric averages sound energy over a 24-hour period, the impact of individual
overflight events that are highly distressing to communities are not be clearly represented by the
metric. Maximum sound level is usually significantly higher than DNL, thus obscuring the true noise
impact of an overflying aircraft. Additionally, the night-time penalty of 10 dB is not fully justified by
scientific research on lifestyle and health impacts. The time window for which this penalty is effective
is also debatable, leading to potential tension between airline schedulers, airport planners, and

community members.

65dB is the standard DNL threshold used to determine land use requirements, mitigation
funding eligibility, environmental impact compliance, and other important airport economic impacts.
Thus, the 65dB geographic DNL footprint has become the primary noise metric reported by airports.
Many airports supplement 65dB DNL contours with additional noise thresholds and operational
data. In order to minimize noise complaints, many airports invest in noise programs outside the
legally-binding footprint. As aircraft technology permits quieter operations, movement to a lower

DNL threshold may be feasible.

NaBove

The number of noise events above a set threshold is a metric of growing interest among noise
analysts and communities inside and outside the US. Research and evaluation of the metric originated
in Australia in an effort to address shortcomings of DNL in certain analytical contexts [95]. The metric

is a straightforward count of operations louder than a set threshold Luax value, which can be different
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for day and night operations (where night is defined as the period from 10pm to 7am). The method
used for selecting Nagove thresholds in this thesis is based on an analysis of geographic location of

noise complaints relative to various exposure levels as described in Section 2.7.

2.5.4 Other metrics

Airport noise offices, development planner, regulators, and communities frequently propose and
use alternative noise metrics to those presented here. For example, cumulative metrics specific to the
standard school day help airports plan traffic flows around highly-impacted schools where jet noise
can significantly impact the teaching environment. Audibility metrics are used to evaluate jet noise
impacts in national parks, where background noise is low and noise exposure is unwelcome. The time
spent above certain sound intensity levels can also be used to evaluate the impacts of aviation on

speech, a factor that heavily influences noise complaint rates.

2.6 Noise Management Objectives

The objective of aircraft noise management programs depends on stakeholder perspective and

incentives. Broadly, noise management outcomes can be categorized into three types:

1. Reduction in noise levels generated on a single-event basis for a particular location
2. Reduction in total number of impacted people based on a desired noise metric

3. Reallocation of noise exposure to address perceived equity issues

These objectives may conflict, preventing a simple optimal solution for addressing noise. For
example, reduction in population exposure may favor concentration of flight operations over specific
low-population areas. Such a strategy reduces noise impact on other populated areas at the expense
of the overflown community. This outcome reduces the number of individuals affected by aircraft
noise but does not address noise exposure equity between communities. Therefore, the design of
new arrival and departure procedures is strongly influenced by stakeholder negotiations and

preferences.
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2.6.1 Reduction in Single-Event Noise Levels

The simplest noise management outcome is single-event noise reduction for specific locations
on the surface or for all communities underlying a given arrival or departure track. In terms of
measurable outcomes, this can consist of quieter measured sound levels at a specific location on the
surface or a reduction in overall noise contour area as a result of procedure modification. This
objective implies adherence to baseline track locations, relying on flight profile modifications to
achieve noise benefits. These modifications may include source noise reduction through improved
engine technology and aerodynamics, climb or descent speed adjustments, thrust level adjustments,

or other profile-related modifications.

Operational concepts to reduce single-event noise levels through profile modification can alter
contour geometry in a way that is beneficial to all underlying communities or creates areas of benefit
and disbenefit. For example, a procedure that results in reduced source noise generation throughout
an arrival or departure benefits all underlying communities. However, other procedures such as
high-thrust departures may have detrimental impacts on communities along the sideline of the initial
climb segment and beneficial impacts to communities underlying the departure track farther from
the departure runway due to increased overflight altitude. The relationship between specific
observer location and procedure definition means that single-event analyses should be evaluated on
a runway-specific basis. For example, existing noise abatement departure procedures (NADPs)
optimized for close-in noise reduction (NADP-1) and mid-distance noise reduction (NADP-2) were

tailored to benefit populations at specific distances from the departure runway [96].

2.6.2 Population Exposure Reduction

Total population exposure reduction is one possible objective for noise management. Given a
noise metric and threshold of interest, procedures or operational strategies can be implemented to
minimize the total number of people exposed to that level or higher. Total population exposure is
widely reported for the purposes of environmental reporting and accounting for progress in noise
over time. For example, the population within the 65dB DNL contour is widely available on an

airport-by-airport basis through FAA Part 150 studies and resulting Noise Exposure Maps.
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Minimizing total population exposure numbers does not guarantee desired system
configuration. Population exposure counts do not typically account for the magnitude of exposure for
those communities falling within the impacted area. An observer exposed to an integrated noise level
barely above the threshold value is counted the same as an observer with significantly higher
overflight volume and noise impact. Once an observer location falls within a noise tabulation contour,
additional noise exposure at that location does not increase the overall population count. Therefore,
the objective of minimizing noise exposure population count incentivizes the concentration of noise
over a small geographic area. Furthermore, net population exposure reduction may be achieved by
relocating noise from one high-population region to a different low-population region. While the total
number of people exposed to noise is reduced, the introduction of noise to a previously unimpacted

area may generate new and disproportionate annoyance among the newly-impacted community.

2.6.3 Equity

Minimizing impacted population counts does not account for potential equity factors between
communities. An alternative noise management objective is to increase equity between communities
based on noise exposure, or alternatively stated, to "spread the pain" of noise exposure. At the most
basic level, the concept is that people should share the burden of negative noise impacts along with

the benefits arising from air transportation.

There are two key problems with equity as a noise management objective. The first is that,
regardless of technical innovation, airplanes make noise and must operate at low altitudes in the
vicinity of airports in order to take off and land. Runways are built in fixed locations and operational
patterns are dictated by wind direction. Technical constraints on arrival and departure procedures
mean that the initial climb and final approach segments of flight are aligned with runways according
to prevailing use patterns. Communities in the vicinity of airports, particularly along the extended
runway centerline for aircraft on approach, are therefore bound to experience higher overflight
concentration than other communities (including communities located an equal distance from the
airport in a direction not aligned with an approach or departure runway). Despite the physical
constraint on flight track redistribution imposed by runway infrastructure, there are areas located

further from the airport where equity considerations may be taken into account.
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The second key problem with equity as a noise management objective is the lack of clear
definition of equity. Assuming that the objective is equitable noise exposure, the choice of
measurement metric is one key consideration. Multiple metrics, such as DNL and Nagove, may be used
to evaluate differences in noise exposure between communities. A proposed solution may be
considered "equitable” under one metric and threshold but not under another. An alternative
definition of noise equity involves equalizing annoyance or other secondary impacts between
communities. This definition is fundamentally subjective and variable between individuals. Non-
acoustic factors, such as number of flights visible from a particular location, may play a role in
addition to annoyance dose-response functions. In practice, community desires may include
elements of equal noise distribution as well as equal annoyance/perception. Designing an equitable
solution requires preliminary concurrence between communities on what constitutes equity, a

fundamentally political process involving negotiations and tradeoffs outside the scope of this thesis.

2.7 Environmental Regulations

In the US, changes to flight procedures are subject to federal environmental review. The National
Environmental Policy Act (NEPA) of 1969 established new environmental assessment requirements
for Federal agencies undertaking development work. The act provides a legal structure by which
stakeholders evaluate and communicate environmental impacts prior to and during major federal
projects, also outlining requirements for reporting and mitigation of any adverse effects. NEPA
established the Council on Environmental Quality (CEQ) within the Executive Branch in order to
ensure compliance with the Act by all federal agencies. In compliance with NEPA and CEQ guidelines,
the FAA provides specific environmental policy guidance in the form of the Airport Environment
Program (AEP). This program addresses environmental impacts in many categories including air
quality, wildlife impact, land use, and sustainability. Guidance and requirements on airport noise are
also provided under the AEP. This section describes some of the legal reporting requirements related

to airport noise as well as special categorical exclusions for certain types of improvements.
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2.71 FAA Order 1050.1: Environmental Impacts, Policies and Procedures

Infrastructure development projects proposed by the FAA, a federal agency, are subject to the
requirements of NEPA as well as guidelines and regulations from the CEQ contained in 14 CFR parts
1500-1508. FAA Order 1050.1F provides detailed guidance for airport, airspace, and procedure
projects with respect to environmental impact assessment and reporting. In terms of noise
evaluation, Order 1050.1F prescribes the types and scope of analysis required, metrics to be
reported, and thresholds for significant impact determination. This includes specific requirements
and best practices for initial environmental review and the preparation of Environmental
Assessment (EA) and Environmental Impact Statement (EIS) analyses and documentation. The
guidelines help ensure that FAA actions comply with federal guidance and that environmental

assessment is executed consistently across the NAS.

2.7.2 14 CFR Part 150: Noise Compatibility Planning

In 1979, Congress enacted the Aviation Safety and Noise Abatement Act with a series of new
requirements for the interface between community and airport. 14 CFR Part 150 was adopted in
1981 to provide key definitions, reporting requirements, metrics, and thresholds for use in airport
environment analysis around the NAS. Part 150 established annual average DNL as the legal standard
metric for evaluating noise impacts. It also establishes INM or FAA-approved equivalent (e.g., AEDT)
as the standard tool for generating annual average DNL noise exposure contours. The law prescribes
the methods by which airports should prepare noise exposure maps, calculate population noise
exposure, and establish Noise Compatibility Programs (NCPs) to lessen noise issues in areas of
significant exposure. These include appropriate land use and zoning in high-noise areas, as well as

mitigations such as sound insulation for qualifying homes [97].

Participating in the Part 150 program is voluntary, but the benefits of doing so are potentially
quite large [98]. Once a Part 150 noise study is accepted by the FAA, the airport authority may
recommend two types of programs. The first are operational mitigations, including flight path
adjustments and runway use guidelines. Once an NCP is accepted, the FAA has 180 days to implement
the operational guidelines. The second type of program involves land use, so areas within high-noise

DNL contours may be rezoned (such as industrial or agricultural use). Existing residences and other
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noise-sensitive structures may qualify for federally-funded noise insulation as well. Both of these
land-use mitigations benefit airports by reducing noise complaints in the short term. In the long term,

appropriate zoning prevent development in noise-sensitive areas.

2.8 Capturing Annoyance from Overflight Frequency

Section 2.2.1 introduced the background and scientific underpinning of annual-average DNL as
the regulatory metric for noise impact evaluation in the US. The metric was effective for capturing
the effects of high noise levels in the immediate vicinity of airports, particularly given the high source
noise levels of early jet aircraft. However, the noise complaints around the NAS are now occurring
well outside the 65 dB annual average DNL contour. An example of this was shown in Figure 2 from
BOS, where over 95% of complaint locations fall occurred outside of the official annual average 65
dB DNL “significant noise” contour between August of 2015 and July of 2016. This trend is repeated
across the NAS, with complaints occurring further from the airport and with greater frequency in
locations where single-event and integrated noise levels are lower than in prior years. This suggests
a need for alternative metrics to supplement annual average DNL in order to capture contemporary

annoyance effects.

Complaints do not serve as a direct proxy for annoyance or population impact due to
sociopolitical factors that may influence who complains and with what frequency. Lack of
information, political organization, communication channels, and other factors may prevent people
impacted by aircraft noise from complaining. Any equitable procedure modification for noise
reduction must take into account all impacted people regardless of ability to complain. Nonetheless,
complaint locations do provide high-level information about the geographic extent of airport noise
impacts. Information derived from complaint location data about annoyance factors and thresholds

can be applied to all procedures that impact nearby communities.

Alternate metrics have been studied in the literature, although the longstanding regulatory
status of DNL as the principal analysis method for formal environmental studies has prevented
widespread adoption of these alternates in the US. For example, in an effort to determine appropriate

metrics and thresholds for analysis of candidate PBN arrivals and departure procedures at BOS,
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Brenner evaluated the potential impact of calculating DNL and Nagove for peak day and peak hour
traffic levels corresponding to a specific departure runway configuration rather than annual average
day for all runway configurations [99]. The research used complaint data provided by Massport,
operator of Boston Logan Airport, to evaluate the percentage of complaints contained by noise

contours generated using the two metrics and assumptions.

Figure 8 shows the impact of using annual average day traffic levels compared to a peak day of
use for the procedure being analyzed. In this analysis, Brenner isolated complaint data geographically
that appeared to be associated with Runway 33L departures. It was demonstrated that contours
generated with annual average day traffic assumptions captured a relatively small percentage of
complaints, with a 54.2% complaint capture at alow 45dB DNL level. Complaint capture values were
higher when a peak day of runway 33L departures was used for the traffic baseline, raising complaint
capture to 87.3% for the 45dB DNL contour. This suggests the potential utility of considering peak
day traffic for individual procedures when evaluating annoyance rather than averaging results to

include days when that procedure is not in use.

Qualitative feedback from communities indicates that overflight frequency is an important
factor driving annoyance. Nagove captures overflight frequency effects directly, essentially counting
the number of qualifying events experienced by a surface observer over the period of interest. Figure
9 shows analysis that aimed to establish an adequate threshold for the Nagove metric based on
complaint capture. Based on the BOS case study shown here with a peak day flight procedure
assumption, the appropriate threshold for qualifying events appears to be 60dB Luax for daytime
overflights and 50dB Lwmax for nighttime overflights. At a 25 flight per day overflight frequency
assuming these threshold values, the complaint capture was 84.3%. At a 50 flight per day overflight

frequency, the complaint capture was 77.5%.

56



Salem

WELGERS
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45dB 54.2% SN, S 7
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65dB 0.1% 5.17%

Figure 8. BOS 33L departures complainant coverage for all scenarios by DNL contour level
Source: Brenner 2017
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Figure 9. BOS 33L departures complainant coverage for peak day by Nagove thresholds
Source: Brenner 2017
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In 2018, Yu extended the Nagove thresholds identified in the preliminary results above to
additional runway ends at BOS [100]. In Yu’s analysis, complaints were grouped using a K-means
clustering approach to correlate geographic complaint locations with specific arrival and departure
runways. Three procedures with readily-identifiable complaint clusters were identified: Runway 33L
departures, runway 27 departures, and runway 4L/R arrivals. Peak days of utilization for each of
these procedures were identified using radar data corresponding to the period of complaints (August

2015- July 2016) for the purpose of generating Nagove contours for complaint capture analysis.

Results are shown in Figure 10.

BOS Rw3;33L Departures

BOS Rwy4L/R Arrivals
Daily Overflights | Complaint Capture| Daily Overflights | Complaint
25 25
50 50 67.9%
100 59.0% 100 43.8%

Figure 10. Complaints captured by peak-day Nagove contours at BOS (60dB day, 50dB night)
Source: Yu 2018

Results from Brenner and Yu provide preliminary support for using peak day traffic for specific
procedures to evaluate the potential for noise annoyance rather than limiting analysis to traditional
annual average day DNL contour generation. While additional work is required to determine whether
the specific results from this study are generalizable to other runways and airports in the NAS, it
appears that Nagovethresholds of 25 or 50 flights daily at a daytime level of 60dB Luax and a nighttime
level of 50dB Lwmax are appropriate for preliminary analysis of flight procedures and operational
strategies. The analysis in this thesis uses an annoyance threshold of 25 daily flights at the 60dB (day)
and 50dB (night) level.
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2.9 Multi-Stakeholder System Modeling Literature Review

Group decision making in the context of environmental policy has been the subject of several
papers and dissertations. At a broad level, policy planning problems have been established as
“wicked” problems characterized by a lack of singular formulation, stopping rules, or evaluation
criteria. Wicked problems are uncertain, complex, and involve divergent values from involved
stakeholders. The general concept of handling such problems in system design have been addressed
in broad systems (e.g. [101], [102]) as well as in the specific context of environmental planning (e.g.
[103], [104]). The majority of literature on wicked problems focuses on formulation and
characterization rather than evaluating a solution space. The problem of airport noise falls under the
category of wicked problems due to the lack of clear objective function or stopping criteria. This leads
to difficulty implementing an optimization scheme in the design space. Rather, a multi-stakeholder
framework to assist in a negotiation process through informed impact analysis appears to best suit

the analytical needs for the airport noise problem.

Communities impacted by environmental effects comprise one of the many stakeholder groups
in the air transportation system. Fraser et al framed the problem of environmental policy-making as
a balance between bottom-up engagement and top-down decisions [105], indicating that
environmental policy issues must involve significant interaction between communities and
authorities. By its nature, this leads to negotiations between stakeholders. Gregory et. al introduced
a method to make environmental decisions incorporating community input without requiring
consensus among all stakeholders [106]. Van den Hove argued that collaborative environmental
policy solutions require equal measures of negotiation and consensus building due to fundamental

divergence in value structures that prevent optimal solution generation [107].

Multi-stakeholder evaluation models may be used to evaluate simplified versions of wicked
problems. By definition, these problems cannot be fully enumerated or expressed in closed analytic
form. O’'Neill presented a generalized framework for 